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Preface

To the authors of this text, teaching graphics is not a job; 

it is a “life mission.” We feel that teaching is an impor-

tant profession and that the education of our engineers 

and technologists is critical to the future of our country. 

Further, we believe that technical graphics is an essen-

tial, fundamental part of an engineer and technologist’s 

education. We also believe that many topics in techni-

cal graphics and the visualization process can be very 

diffi cult for some students to understand and learn. 

For these and other reasons, we have developed this 

text, which addresses both traditional and modern el-

ements of technical graphics, using what we believe to 

be an interesting and straightforward approach.

Engineering and technical graphics have gone through 

signifi cant changes as a direct result of the use of comput-

ers and CAD software. Although these changes are im-

portant to the subject of technical graphics, there is much 

about the curriculum that has not changed. Engineers and 

technologists still fi nd it necessary to communicate and 

interpret designs, using graphics methods such as draw-

ings or computer models. As powerful as today’s comput-

ers and CAD software have become, they are of little use 

to engineers and technologists who do not fully under-

stand fundamental graphics principles and 3-D modeling 

strategies or do not possess high-level visualization skills.

This graphics text is therefore based on the premise 

that there must be some fundamental changes in the con-

tent and process of graphics instruction. Although many 

graphics concepts remain the same, the fi elds of engineer-

ing and technical graphics are in a transition phase from 

hand tools to the computer, and the emphasis of instruc-

tion is changing from drafter to 3-D geometric modeler, 

using computers instead of paper and pencil.

Goals of the Text
This text was written to help the engineering and technol-

ogy student learn the techniques and standard practices of 

technical graphics so that design ideas can be adequately 

communicated and produced. The text concentrates on the 

concepts and skills necessary to use both hand tools and 

2-D or 3-D CAD. The primary goals of the text are to show 

how to

 1. Clearly represent mental images.

 2. Graphically represent technical designs, using 

accepted standard practices.

 3. Use plane and solid geometric forms to create and 

communicate design solutions.

 4. Analyze graphics models, using descriptive and 

spatial geometry.

 5. Solve technical design problems, using traditional 

tools or CAD.

 6. Communicate graphically, using sketches, tradi-

tional tools, and CAD.

 7. Apply technical graphics principles to many engi-

neering disciplines.

The authors of this text have gone to great lengths to 

truly integrate traditional and modern engineering design 

graphics theory and practice into a single text. 

xi
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xii Preface

Features of the Fourth Edition
Much thought has gone into designing a complete in-

structional approach to teaching and learning of techni-

cal graphics. The instructor is provided with a number of 

tools to assist in the instruction aspects, and the student is 

provided with tools to assist in the learning process.

This text was specifi cally written using techniques that 

will prepare students to use technical graphics concepts, 

practices, and modern tools, to solve design problems and 

communicate graphically. One goal was to provide to the 

students a textbook that was clear, interesting, relevant, 

and contemporary.

Some of the distinguishing features of this text include 

the following:

 1. New Feature—Supplemental Solid Modeling 
Exercises—A series of new problems focusing on 

3-D solid modeling for parts and assemblies have 

been developed and are included in a special sec-

tion at the ends of Chapter 10 Multiview Drawing, 

Chapter 13 Auxiliary Views, Chapter 16 Section 

Views, and Chapter 20 Working and Assembly 

Drawings. Visual examples for each part and as-

sembly have been created with various solid mod-

eling software packages and are included with 

engineering sketches to aid students in visualizing 

part geometry and the modeling process. In addi-

tion to supplementing traditional subjects in each 

of the chapters, these problems also provide a 

logical extension to the chapter on 3D Modeling 

by furnishing students a new series of software 

independent solid modeling exercises that may 

be modeled with any of the popular parametric 

based solid modeling software packages currently 

in use. In addition to 3-D solid modeling experi-

ence, it is also intended that these problems may 

serve as a basis for students to; 1) explore basic 

property analysis of solid models, 2) develop vari-

able parametric models based on design intent, 

3) generate detail and working assembly docu-

mentation drawings, 4) create intelligent spread 

sheet driven bills of material for managing the 

product development process and 5) explore meth-

ods of relational bottom up and top down assem-

bly modeling.

 2. Design Problems—The new design problems in 

Chapter 3 were developed to provide students an 

opportunity to exercise the various stages of the 

design process outlined in this chapter. They pro-

vide an ideation stage, a decision-making stage, 

design creation stage, and a documentation stage. 

Each problem includes provisions for sketching, 

3D modeling, and documentation of the student’s 

fi nal solution to the problem. In addition, the 

problems were deliberately designed in an open-

ended fashion to promote creativity in the solution 

process, and to provide a context in which the 

student can work to develop a 3D model that ad-

dresses the required criteria.

 3. Integration of CAD—CAD concepts and prac-

tices have been integrated through all the chapters 

when they are relevant to the topic. They are not 

simply “tacked onto” the end of a chapter.

 4. Visualization chapter (chapter 5)—This unique 
chapter, devoted exclusively to visualization, as-

sists the student in understanding the concepts 

and importance of visualization and offers tech-

niques for reading and visualizing engineering 

drawings.

 5. 3-D modeling chapter (chapter 9)—This unique 
chapter is devoted exclusively to the theory and 

practice of 3-D modeling with an emphasis in 

constraint-based CAD.

 6. Modern topics—The book is fi lled with modern 

examples, illustrations, and industry examples so 

students can relate to the material being presented 

and get excited about the subject.

 7. Integration of design—Design concepts are in-

tegrated through the text to give relevance and 

understanding of the relationship of design to 

technical graphics. This is visually reinforced 

throughout the text through the use of an icon 

located in the margin of the text whenever a de-

sign concept is covered. The icon is a smaller 

version of the Concurrent Engineering Design 

Process fi gure fi rst introduced in Chapter 2. Fig-

ure 2.8 breaks design into three major compo-

nents: ideation, refi nement, and implementation. 

Whenever one of these topics is discussed in the 

text, a smaller version of Figure 2.8 is placed in 

the margin with ideation, refi nement, or imple-

mentation highlighted. This lets the student know 

that the topic being covered is relevant to the engi-

neering design process and constantly reinforces 

design as the underlying theme for engineering 

and technical graphics.

Ideation Refi nement Implementation
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  Preface xiii

Coverage of Modern Topics

One of the primary reasons we wrote the text is that many 

modern topics are either not found or not covered in suf-

fi cient detail in traditional texts. Examples of contempo-

rary topics covered in this book include:

Computer simulation

Human factors

Product data management (PDM)

Virtual reality (VR)

NURBS

Data exchange standards

3-D modeling problems

3-D modeling concepts and practices

Extensive Coverage of Traditional Topics

Even though we fi rmly believe our coverage results in the 

most modern text available, we have been very careful 

to include all the traditional topics normally found in a 

technical drawing textbook. The authors fully understand 

that students must learn the fundamentals whether using 

hand tools or CAD to communicate graphically. There-

fore, coverage of traditional topics is comprehensive and 

in many cases includes step-by-step procedures and en-

hanced color illustrations to facilitate teaching and learn-

ing. The text includes the latest ANSI standard practices 

used in industry.

Chapter Overviews and Features

Every chapter has been carefully planned and written 

with a consistent writing, illustration, design style, and 

pedagogy. The book was written as a part of a more 

global instructional approach to engineering and techni-

cal graphics and will serve as a starting point for instruc-

tor and student. 

To accomplish these goals, the text is divided into 

4 parts and 25 chapters. Each part has a brief introduc-

tion with a listing of chapters in the part so the instructor 

and student understand the logical sequencing of topics 

and chapters. Each chapter has a logical sequence and or-

ganization that is easily navigated. Each chapter contains 

these features:

Relevant Quotes  Each chapter opens with a quote that is 

relevant to the chapter material being covered or the topic 

of graphics in general. These quotes, many by famous 

historical fi gures, reinforce the importance of graphics in 

industry and society. 

Objectives  Each chapter has a list of measurable objec-

tives that can be used as a guide when studying the ma-

terial presented in the text. Instructors can also use the 

objectives as a guide when writing tests and quizzes.

Introduction  A brief overview of the chapter contents pre-

pares the student for the material to be presented. The in-

troduction sets the stage for the relevancy and importance 

of the material to be covered for the engineer or technolo-

gist. The introduction includes a rationale explaining why 

it is important to learn the material in the chapter. 

Color Is Important in a Modern Engineering and Technical 

Graphics Textbook  This was the fi rst technical graphics 

textbook to use four-color illustrations throughout to bet-

ter present the material and improve learning. The selec-

tion and use of color in the text is consistent to enhance 

learning and teaching. Many of the color illustrations 
are also available to the instructor in the image library 
found in the Instructor Resources to supplement lectures, 
as explained in detail later in this Preface.

The use of color in the text was done specifi cally to en-

hance teaching, learning, and visualization. Workplanes 

are represented as a light pink (Figure 9.30). Projection 

and picture planes are a light purple color (Figure 10.10).

Important information in a fi gure is shown in red to 

highlight the feature and draw the attention of the reader 

(Figure 8.6). Color shading is often used on pictorial illus-

Right No!Oblique

u

w

v

u

w

v

u

w

v

Profile

Direction
of

sweep

Figure 9.30

Types of linear sweeping operations
In some systems, linear sweeps are restricted to being perpendicular to the workplane.

Right side view

Plane of projection

(profile
)

Right side view

Line ofsight

Depth

Height

Perpendicular
to plane

Figure 10.10

Profi le view
A right side view of the object is created by projecting onto the profi le plane of projection.
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xiv Preface

trations so the user can better visualize the 3-dimensional 

form of the object (Figure 10.43). This is especially im-

portant for most students who are being asked to use their 

visual mode to think and create. Color shading highlights 

important features, more clearly shows different sides of 

objects, and adds more realism to the object being viewed. 
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Figure 8.6

Display of coordinate axes in a multiview CAD drawing
Only two of the three coordinates can be seen in each view.

No!

Figure 10.43

Most descriptive views
Select those views which are the most descriptive and have the fewest hidden lines. In this 
example, the right side view has fewer hidden lines than the left side view.

Given

A B

C D

Step 1

DC

BA

P

Step 2

A B

C D

M N

Step 3

A B

C D

M N

Application of ogee curves
in road design

P
P

Figure 8.48

Constructing an ogee curve between two parallel lines

Figure 3.40

Production drawing
A production drawing showing views of a welded body part.
(Courtesy of Dassault Systemes.)

demonstrates that having the ability to display objects 
and text illustrations in many different colors provides 
a considerable advantage when teaching engineering 
and technical graphics. Effective use of color improves 

the pedagogy and can greatly enhance an instructor’s lec-

ture and ability to teach complicated or hard to understand 

concepts. Being limited to one or two colors as in other 

texts is an unnecessary obstacle to effective teaching and 

learning.

Photographs and screen captures are much more in-

teresting and show much more detail when in color (Fig-

ure 3.40). In some aspects of engineering design, such as 

Frequently, different shades of color are used on objects 

to highlight various features, improve visualization of 

objects, and better describe them (Figure 8.48). Different 

shades of color are also used on a single object to highlight 

surface features, which is useful especially when trying to 

draw attention to certain features, such as holes, oblique 

planes, and surfaces to be projected onto a picture plane. 

Some texts use two colors, which are adequate for some 
illustrations, but our research with students clearly 
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  Preface xv

fi nite element analysis, color is the method used to com-

municate or highlight areas of stress or temperature. 

Showing a black and white illustration to explain fi nite ele-

ment analysis is just short of being useless. CAD systems 

are capable of displaying millions of colors and can cre-

ate photographic realistic models of designs and assem-

blies. Full-color illustrations in engineering and technical 

graphics are prerequisite for a modern text.

Practice Exercises  A unique feature of the text is the use 

of practice exercises, which cause the student to pause and 

actively engage in some activity that immediately rein-

forces their learning. For example, Practice Exercise 7.1 in 

Chapter 7, “Sketching and Text,” asks the student to fi nd a 

few familiar objects and begin making isometric sketches. 

elements or to solve problems. These step-by-step proce-

dures show the student in simple terms how a drawing is 

produced. Most of the illustrations accompanying the step-

by-step procedures are in multiple parts so the student can 

see how the drawing is created. In many cases the color red 

is used in each step of the illustration to show what is being 

added or created. 

Integration of CAD  Every chapter includes specifi c refer-

ences to CAD rather than simply adding them to the end 

of the chapter. By integrating the references in the text, the 

student learns how CAD is used in the context of the topic 

being explained. In some cases whole sections or chapters 

deal with CAD topics. For example, Chapter 9, “Three-

Dimensional Modeling,” covers the use of CAD to create 

3-D models. Students begin to understand that CAD is an-

other tool used by the engineer and technologist to com-

municate. Traditional topics and CAD topics are seam-

lessly integrated because the text was written that way 

from the outset. CAD is not an add-on or afterthought. It 

is fully integrated and embraced as a means of creating 

graphics for engineers and technologists (Figure 10.35).

Step 3

Step 1 Step 2

A

B

Figure 7.21

Sketching identically proportioned squares
An identically proportioned square is created by extending both top and bottom horizontal 
lines and constructing diagonals across the existing box. 

Figure 7.36

Isometric sketches of common objects

Screwdriver

Stapler

Step-by-Step Illustrated Procedures  Most chapters include 

many drawing examples that use step-by-step procedures 

with illustrations to demonstrate how to create graphics 

Figure 10.35

Predefi ned multiviews on a CAD system

Historical Highlights  Many of the chapters include infor-

mation about important events and people in the history 

of graphics. This is an extension of the history of graph-

ics fi rst introduced to the students in Chapter 1. Historical 

Highlights are presented as a special boxed feature that 

contains an overview of the person or event along with 

photographs and drawings. They are used as a means of 

giving the student an historical context to graphics. 
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xvi Preface

Dream High Tech Jobs  This feature is included in many 

chapters and describes interesting jobs that are available 

to engineers and technologists who have mastered techni-

cal communications.

Design in Industry  Most chapters includes a special fea-

ture covering some aspect of design as practiced in in-

dustry. This Design in Industry feature covers design in 

many types of industries so that students with varied en-

gineering interests can see how design is used to solve 

problems. Many feature quotes from engineers working 

in industry explaining how they solved problems or used 

CAD tools to enhance the design process. All the Design 

in Industry items include fi gures to supplement the infor-

mation presented. 

Highlighting Key Terms  Important terms are highlighted 

in each chapter with bold or italicized text. All boldfaced 

terms are included in the extensive glossary found at the 

end of the text for easy reference. Italicized text draws the 

attention of the reader to highlighted important terms or 

phrases. 

Summary  Each chapter ends with a summary as a means 

to pull everything covered in the chapter together for the 

student. The summary is a brief overview of the most im-

portant topics covered in the chapter. In some cases, the 

summary also includes important information listed in 

tables or bulleted lists. 
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456 PART 2  Fundamentals of Technical Graphics

Designing Snowboards

The engineering design process is 

used in many types of jobs from 

the design of consumer product 

packaging to the design of snow-

boards and related equipment. An 

understanding of the design process 

and 3-D solid modeling—along with 

 eld of engi-

neering—can lead to exciting job op-

portunities, such as the one described 

here of an engineer who worked on 

the design of snowboards.

Snow Sports

“When I was a kid, we called my 

grandfather ‘Fix-it Grandpa.’ He could 

 x anything, and I often followed 

him around asking questions about 

everything. I was always fascinated 

when he took everything apart; only, 

if I did it, I couldn’t always get it back 

together. Neither of my parents were 

mechanically inclined, so, when I 

 xed, I either had 

 x it myself.

“When I was graduating from high 

school, I wanted to go to college at 

University of California, Santa Bar-

bara. My dad and I were looking 

through the college catalog and ran 

across a picture of a Human Pow-

ered Vehicle under the mechanical 

engineering section. We both agreed 

that it looked interesting, and I felt 

 dent that I could study mechani-

cal engineering because I enjoyed 

math, science, and physics.

“Because of my engineering edu-

cation, I feel that I can solve any 

problem and can do whatever I want 

with my life. The education gave me a 

set of tools to have a successful life.

Dream High Tech Job

“To make extra money, I worked 

for Joyride Snowboards as a college 

sales rep. I had been an avid snow-

boarder for the last 12 years so it 

 t to use my en-

gineering skills to further the sport of 

snowboarding.

“My employment at K2 started as 

an internship after graduation and 

eventually became a full-time gig. At 

K2, I designed snowboard footprints, 

 les, and constructions with an 

emphasis on women’s boards. I also 

organized and led on-snow tests on 

Mt. Hood for prototype testing. My de-

sign, the K2 Mix, is still in production 

and was ranked in the Top 5 Women’s 

boards in the 2002 Transworld Buyers 

Guide. In fact, Gretchen Bleiler, the 

winner of the Women’s Super-pipe in 

the 2003 X-Games and the Women’s 

U.S. Open Half-pipe Championships, 

rides my board!”

Skis and Snowboards

Engineers who love to ski and snow-

board naturally gravitate toward work 

in the snow sports industry. Tradi-

tionally, when an idea for a new ski 

or snowboard design came along, 

engineers would build a prototype, 

perform laboratory tests for stiffness, 

and test it on the slopes. Based on 

the test experience, engineers would 

make design changes and retest the 

equipment. This method of design re-

sulted in a slow and tedious process. 

In addition, the perfectly crafted ski 

or snowboard is not perfect for ev-

eryone. The needs of a 5 2  female 

snowboarder are much different 

than the needs of a 6 0  male snow-

boarder. The snowboard’s height, 

weight, and skill level, as well as the 

snow conditions and the angle of the 

slope, all need to be taken into con-

 t the per-

fect board to the enthusiast.

Snowboards are made out of 

several layers of materials, along 

with glue and paint. Snowboarders 

believe that the edge design, or ef-

fective edge, is the most important 

part of the design. Edge design de-

termines how the snowboard will 

turn. The more surface area the edge 

has, the more control and, hence, the 

sharper the turns that can be made. 

Structural strength of the snowboard 

is also very important. Engineers de-

 guring out 

the acceleration of the rider.

To accommodate these various 

conditions, engineers from manufac-

turers such as K2 and Head are de-

signing intelligent technology that will 

enable skiers and snowboarders to 

go faster and have more control.

Reprinted with permission from Baine, Celeste, 

High Tech Hot Shots, 2004, NSPE, hightechhotshots

.com.

S T A C I E  G L A S S

Former Snowboard Design Engineer, K2 

Snowboards

(Courtesy of Stacie Shannon Glass.)

Questions for Review  Each chapter includes an extensive 

list of questions for review. Included are questions meant 

to measure whether students learned the objective listed 

at the start of each chapter. Other questions are used 

to reinforce the most important information presented 

in the chapter. The types of questions used require stu-

dents to answer through writing or through sketching and 

drawing. 

Further Reading  Many of the chapters include a list of 

books or articles from periodicals relevant to the content 

covered in the text. The Further Reading list can be use-

ful for the instructor to fi nd additional information about 

a topic. 

Problems  Every chapter in the text includes an extensive 

number and variety of problem assignments. Most chap-

ters include text-based problems that describe a problem 

to solve or drawing to create. Most chapters include prob-

lems with fi gures that students are to solve or replicate us-

ing traditional tools and CAD. The fi gure-based problems 

are very extensive and range from the very simple to com-

plex. This arrangement allows the instructor to carefully 

increase the complexity of the problems as students learn 

and progress. The most complex drawings can be used to 

supplement assignments given to the most talented stu-

dents or for group-based projects. 

Most of the problems are of real parts made of plas-

tic or light metals, materials commonly found in industry 

today. There are many examples of unique problems that 
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are not found in other textbooks. For example, many of 

the problems in Chapters 5 and 9 are not found in other 

engineering and technical graphics texts. These problems 

reinforce student learning and give them experience that 

will be of great value in industry. 

The wide range and numerous problems allow the in-

structor to frequently change assignments so that fresh 

problems are used from semester to semester. Additional 

problems are available on the website and through our 

workbooks. 

Classic Problems  Many chapters include Classic Prob-

lems, which are additional problems that can be assigned. 

They have been taken from the seminal technical graphics 

textbooks by Thomas E. French, published by McGraw-

Hill. Many of the problems are castings with machined 

surfaces giving the student experience with additional 

materials and machining processes. 

tion is the only useful method of describing design and 

the power of graphics over the written or spoken word.
■ Chapter 2, “The Engineering Design Process,” was 

signifi cantly changed for the 3rd and 4th editions. 

Much of the original content was moved to a new 

Chapter 3, and new material was added. Chapter 2 is a 

brief introduction to traditional and modern technical 

design methodologies with more emphasis on concur-

rent engineering and product lifecycle management. 

One unique aspect of this chapter is the explanation 

of the modern practices used in engineering design, in 

which engineers interact and communicate with other 

professionals in the company. 
■ Chapter 3, “Design in Industry,” is an in-depth over-

view of modern engineering design practice in in-

dustry. Before the 4th edition this was chapter 4. It 

was moved adjacent to Chapter 2 to provide a more 

comprehensive view of the processes and artifacts of 

the technical graphics processes as utilized in indus-

try. Engineering design is explained in context with 

3-D CAD modeling and the sharing of design infor-

mation across the enterprise. The design process is 

covered in detail and includes important topics, such 

as ideation, the designer’s notebook, computer simula-

tion, design analysis, and design review meetings. 
■ Chapter 4, “The Role of Technical Graphics in Produc-

tion Automation and Manufacturing Processes,” is an 

introduction to modern manufacturing and production 

processes. The chapter explains in contemporary terms 

the general manufacturing and production process and 

its relationship to technical design and drawing, in-

cluding 3-D models. In addition, quality management, 

automation, and design for manufacturability (DFM) 

are explained. 

Part 2
Fundamentals of Technical Graphics

This part explains visualization in the context of en-

gineering design and shows students how to construct 

2-D and 3-D geometry and create multiview and pictorial 

technical drawings. 

■ Chapter 5, “Design Visualization,” is a unique chap-

ter aimed at helping students improve their visualiza-

tion abilities, which are fundamental to understanding 

and creating technical graphics. This chapter is unlike 

anything found in other technical graphics texts. The 

chapter briefl y explains the human visual systems so 

students understand the complexity and power of hu-

man visualization. 

Figure 10.156

Bearing rest

Part 1
Global Implementation for Technical Graphics

This section contains four chapters that introduce the 

student to engineering design graphics. It includes an ex-

planation of the importance of graphics instruction for 

engineers and technologists, has a brief overview of the 

engineering design process, explains the tools used to 

communicate graphically, and shows how to create sim-

ple sketches. 

■ Chapter 1, “Introduction to Graphics Communica-

tions,” explains the role and importance of graphics 

communications in engineering design. The concept of 

visualization is fi rst introduced to the student so they 

can begin to relate its importance to design graphics. 

There is a strong emphasis on communications so stu-

dents begin to understand that graphics is a powerful 

form of human communications. One unique feature 

of the chapter is Practice Exercise 1.1, which shows 

through a simple exercise why graphics communica-
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The chapter quickly moves into the very basics of 

visualization as it related to engineering design graph-

ics. The nomenclature and techniques used to describe 

objects are explained in detail so students understand 

the language of engineering and technical graphics. 

This leads into extensive coverage of the visualization 

techniques employed for technical drawings, such as 

image planes and orientation. Students get their fi rst in-

troduction into inclined, normal, and oblique lines and 

planes. 

Integrated into the chapter is information about data 

visualization and the use of graphs and charts to de-

scribe and visualize engineering data. Another unique 
feature of this chapter is the extensive coverage of VR 

in Section 5.8, “Virtual Reality and Visualization.” 
■ Chapter 6, “Technical Drawing Tools,” is an introduc-

tion to the traditional and modern tools used to create 

sketches, drawings, and computer models. Traditional 

tools are described, with step-by-step instructions on 

how to use them. The instructions also cover how CAD 

is used to supplement traditional tools. This is the fi rst 

chapter employing one of the major features of this 

text: step-by-step instructions.
■ Chapter 7, “Sketching and Text,” is an introduction to 

the creation of sketches and their use to support the de-

sign process. Traditional sketching tools are described, 

along with important sketching techniques. Step-by-

step procedures guide the student through simple 

sketching activities.

The additional sketching techniques are similar to 

those found in the classic text, Drawing on the Right 
Side of the Brain by Betty Edwards, and includes con-

tour sketching, negative space sketching, and upside-

down sketching. All of these techniques can dramati-

cally improve a person’s ability to make sketches. 
■ In Chapter 8, “Engineering Geometry and Construc-

tion,” the student is shown how to create and edit 2-D 

geometry, using both traditional tools and CAD. More 

advanced technical geometry that can be created with 

3-D CAD is also introduced. This chapter includes an 

extensive explanation of coordinate space which is es-

pecially useful for 3-D CAD. Another unique aspect 

of this chapter is the extensive coverage of geometric 

principles, such as parallelism, intersections, tangen-

cies, and comprehensive coverage of 2-D and 2-D 

geometry.
■ Chapter 9, “Three-Dimensional Modeling,” is an ex-

tensive coverage of 3-D modeling theory, techniques, 

and applications. The chapter shows how computers 

are used to create all types of 3-D models, using vari-

ous construction techniques. Coverage includes wire-

frame, surface, and solid modeling, constraint model-

ing, constructive solid geometry modeling CSG, and 

boundary representation modeling. Feature analysis is 

explained so students begin to understand design in-

tent which is so important when concerned with mod-

ern engineering design. A section on feature defi nition 

explains how to build models using various features 

defi ned by the user. Virtually every method and tech-

nique used to create 3-D models with CAD is covered 

in the chapter, giving the student the understanding 

necessary to use any 3-D modeling system.  Chapter 9 

has more modern topic coverage, including more ma-

terial on constraint-based modeling.
■ Chapter 10, “Multiview Drawings,” introduces stan-

dard multiview drawings for technical design and pro-

duction. The chapter begins by explaining projection 

theory in general and multiview projections in particu-

lar. Standards and conventional practices for multiv-

iew drawings are then introduced. Integrated into the 

chapter are explanations and the use of illustration to 

assist the learner in visualizing the principles of or-

thographic projection. These visualization techniques 

provide a solid foundation and understanding of ortho-

graphic projection and how it relates to creating multi-

view drawings. 
■ Chapter 11, “Axonometric and Oblique Drawings,” 

is an introduction to such drawings and contains 

an in-depth discussion of pictorial projections and 

drawings, building on the material covered in Chap-

ter 7, “Sketching and Text.” Through step-by-step 

instructions, the student is shown how to create pic-

torial drawings, using traditional instruments or 

CAD. This chapter also goes to great lengths to ex-

plain the theory and technique of axonometric and 

oblique drawings so students understand at a very 

fundamental level how these projection techniques 

are created.
■ Chapter 12, “Perspective Drawings,” is an introduction 

to perspective projection and drawings. This chapter 

again builds on the information presented in Chapter 

7, “Sketching and Text.” Step-by-step instructions de-

scribe how to create one- and two-point perspective 

drawings. Extensive background material is provided 

so students understand the concepts underlying per-

spective projections. 
■ Chapter 13, “Auxiliary Views,” introduces the theory of 

auxiliary views and the techniques for drawing them. 

The fold-line and reference plane methods are ex-

plained using step-by-step instructions. Auxiliary view 

techniques are then applied to the solutions of prob-

lems concerning reverse construction, views in a spec-
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ifi ed direction, dihedral angles, and the true size of an 

oblique plane.

Part 3
Descriptive Geometry

Part 3 is a basic introduction to the theory and practice of 

descriptive geometry, intersections and developments. 

■ Chapter 14, “Fundamentals of Descriptive Geometry,” 

is an introduction to the application of descriptive ge-

ometry to the solution of spatial problems. There is ex-

tensive coverage of the underlying concepts and pro-

jection theory related to auxiliary views. One unique 
feature of this chapter is the fi ve principles of descrip-

tive geometry, which summarize the important con-

cepts in the solution of spatial geometry problems. 

Another feature is the list of tips and axioms useful in 

solving such problems.
■ Chapter 15, “Intersections and Developments,” in-

troduces two concepts: (1) the intersections between 

geometric forms and (2) 3-D geometric developments. 

The chapter presents the standards and techniques for 

drawing these important elements through detailed 

step-by-step illustrated procedures. One unique aspect 

of the illustrations used in the step-by-step procedures 

includes 3-D pictorial color illustrations of the inter-

secting objects, making it easier for the student to vi-

sualize the problem being solved. 

Part 4
Standard Technical Graphics Practices

Part 4 includes ten chapters which describe the standard 

practices commonly used to create technical drawings to 

support the engineering design process. In this part stu-

dents learn how to create section views, dimension and 

tolerance a drawing, and represent fasteners on drawings. 

Modern manufacturing practices are covered as well as 

working drawings.

■ Chapter 16, “Section Views,” is an introduction to the 

techniques and standards used to create all types of 

section views. One important concept is section view 

visualization, which is explained early in the chapter. 

Each section view type is examined in terms of its vi-

sualization, the applicable standards practices, and the 

techniques useful in its construction. A Summary of 

Important Practices is included at the end of this chap-

ter to assist the student in making section views.

■ Chapter 17, “Dimensioning and Tolerancing Practices,” 

introduces the techniques and standards for adding 

dimensions to technical drawings. There is extensive 

coverage of standard practices used for nearly any fea-

ture found on drawings, and they are explained using 

illustrations which sometimes include color rendered 

pictorial views useful in visualizing the dimensioning 

or tolerancing concept being explained. The need for 

tolerancing is discussed in great detail so that the stu-

dent will understand and appreciate the importance of 

tolerancing in technical design. The summary includes 

two tables that condense important dimensioning and 

tolerancing information useful for students in develop-

ing their own technical drawings.
■ Chapter 18, “Geometric Dimensioning and Toleranc-

ing Basics,” introduces the standards, techniques, and 

practices associated with ASME Y14.5M-1994 stan-

dard geometric dimensioning and tolerancing. The 

chapter explains each type of geometric dimension, 

how it is measured, and how its associated symbols are 

used in technical drawings. There is extensive use of 

illustrations with rendered pictorial views of the prin-

ciple being explained. 
■ Chapter 19, “Fastening Devices and Methods,” intro-

duces the student to various types of fasteners and their 

representation on technical drawings. Step-by-step pro-

cedures demonstrate how to read a thread table, create 

simplifi ed and schematic internal and external thread 

forms, and draw bolts and springs. One unique feature 

of this chapter is the many references to the Machinery 
Handbook to familiarize students with this important 

guide to information on fasteners. Another is the very 

detailed explanation of how to read an ANSI standard 

thread table.
■ Chapter 20, “Working Drawings,” describes how 

to create a standard set of drawings that specify the 

manufacture and assembly of a product based on its 

design. All of the important features of a set of work-

ing drawings are described and illustrated, along with 

engineering change orders (ECO) and reprographic 

practices, including digital technologies. 
■ Chapter 21, “Technical Data Presentation,” describes 

how to create technical illustrations and represent data 

using both traditional techniques and computers. The 

chapter covers such modern illustration techniques as 

color theory, lighting, animation, and multimedia. Stu-

dents learn the basic concepts used to represent data 

graphically followed by examples of charts and graphs 

produced from data. One unique feature of this chap-

ter is the representation of 3-D graphs and charts to 

represent data. 
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■ Chapter 22, “Mechanisms: Gears, Cams, Bearings, 

and Linkages,” is an introduction to the standard tech-

nical drawings for gears, cams, bearings, and linkages. 

In this chapter students learn the theory and practice 

used to represent mechanisms. Included in this chapter 

are a number of step-by-step procedures used to read 

mechanism catalogs and draw the mechanism using 

standard practices.
■ Chapter 23, “Electronic Drawings,” is an introduction 

to the symbols and applications of electronic drawings 

in industry. 
■ Chapter 24, “Piping Drawings,” explains the funda-

mentals of piping, as well as the symbols used to cre-

ate standard piping drawings. 
■ Chapter 25, “Welding Drawings,” is an introduction to 

welding processes and the symbols used to represent 

welded assemblies in technical drawings.

Glossary, Appendixes, and Index
At the end of the text is an extensive glossary containing 

the defi nitions of all key terms shown in bold in the text. 

This glossary contains over 600 terms related to engi-

neering and technical drawing, engineering design, CAD, 

and manufacturing. 

The appendixes contain supplementary information 

useful to the student, such as an extensive listing of abbre-

viations commonly used in technical graphics;  geometric 

dimensioning and tolerancing information; materials 

properties, useful when creating a materials library for 

CAD solid modelers; properties of geometric forms, use-

ful for 3-D modeling; ANSI standard tolerancing tables; 

and standard fastener tables for drawing and specifying 

various fasteners, keys, washers, and pins.

An extensive index is included at the end of the text to 

assist the reader in fi nding topics quickly. This index is 

carefully cross-referenced so related terms can easily be 

found by the user. 

Supplements
A number of supplements have been developed to assist 

in the instruction of technical graphics.

Instructor’s Manual

This supplement is available on the instructor’s web site 

and it contains

Chapter objectives

Chapter outlines

Chapter summaries

Key terms

Questions for review with answers

True-false questions with answers

Multiple-choice questions with answers

Teaching tips and suggestions

Solutions Manual

This solutions manual contains answers to the end-of-

chapter word problems, as well as many of the end-of-

chapter drawing problems. Solutions are available on the 

instructor’s web site. 

Workbooks

A workbook with additional drawing problems is avail-

able. Graphics Drawing Workbook contains many of 

the problems found in the text in workbook form. This 

workbook has many traditional and nontraditional types 

of problems that are useful for visualization exercises and 

3-D modeling.

Online Learning Center (OLC)
The OLC website follows the textbook chapter by chap-

ter. As students study, they can refer to the OLC website 

for learning objectives, a chapter summary, fl ashcards, 

animations, and more. Before taking an exam, students 

will know if they’re ready thanks to interactive exercises 

and taking self-grading quizzes.

A secured Instructor Center stores your essential course 

materials to save you prep time before class. The Instruc-

tor’s Manual and presentation materials are now just a 

couple of clicks away. You will also fi nd additional prob-

lem material and exercises (some are Internet-specifi c).

OLC Supplements

Many supplements for each chapter are found on the 

 online learning center, including the following;

Learning Objectives  A listing of all learning objectives 

for each chapter in the text.

Chapter Outline  An extensive outline of each chapter.

Multiple-Choice Quiz  An interactive online quiz covering 

important topics in the chapter. Answers are submitted 

for automatic and immediate grading for review by the 

student.
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Questions for Review  The questions include a hint button 

if a student cannot answer the question. The hint button 

refers the student to the chapter page where the material 

relevant to answering the question can be found.

True or False Questions  An interactive online true and 

false test covering important topics in the chapter. An-

swers are submitted for automatic and immediate grading 

for review by the student.

Flashcards  Interactive exercises to assist students in 

learning important terms from each chapter of the text.

Web Site Links  Many chapters include numerous web site 

links that can be used by students and faculty to supple-

ment the textbook material.

Animations  Many chapters include animations that can 

be downloaded and played on a computer showing how to 

visualize and understand concepts.

Related Readings  A listing of additional books that can 

be used as references or further reading on topics covered 

in the chapter.

Image Library  The image library, available to instruc-

tors, contains all the images in each chapter that can be 

viewed, printed, or saved.

AutoCAD Problems  Some chapters contain additional me-

chanical, civil, and architectural AutoCAD problems in 

PDF format for viewing and printing hard copies. These 

problems include step-by-step procedures useful in draw-

ing the problem using AutoCAD software.

Stapler 3-D Modeling Project  The 3-D stapler modeling 

project was removed from the 4th edition, but it can be 

found on the Online Learning Center. The purpose of 

the integrated 3-D modeling project is to further assist 

and motivate students to learn engineering and techni-

cal graphics concepts through a real project. The 3-D 

modeling project uses a real product, a stapler made by 

Swingline. The stapler is a fairly simple device with some 

challenging surfaces. The range of complexity allows stu-

dents to begin with simple parts and move on to increas-

ingly sophisticated graphics and models as they become 

more knowledgeable and experienced in using computer 

graphics.

Old Drawing Problems  Many of the drawing problems 

that were in the 3rd edition but not replaced with new 

problems in the 4th edition can be found on the Online 

Learning Center.

Geometric Forms  Patterns of simple geometric forms are 

patterns that can be cut out by the student and formed into 

their 3-D shape. Instructors can use them to supplement 

their lectures, as visualization aids, and for additional 

problem assignments.

Acknowledgments
The authors wish to thank the reviewers for the numer-

ous editions, focus groups, and industrial advisory board 

members for their contribution to the content, organiza-

tion, and quality of this book and its supplements.

Reviewers/Survey Respondents for the Fourth Edition

Douglas C. Acheson, Purdue School of Engineering 
and Technology at IUPUI

Mark W. McK. Bannatyne, Purdue University, IUPUI 
Campus

Christina Barsotti, Clark College

Tom Bledsaw, ITT Educational Services

Joel Brodeur, Montana State University-Northern

Perry Carmichael, Linn-Benton Community College

Ralph Dirksen, Western Illinois University

Yaomin Dong, Kettering University

Dale P. Eddy, Kettering University

Howard M. Fulmer, Villanova University

Mohammad Ghaffarpour, University of Illinois-Chicago

Joseph P. Greene, California State University, Chico

Karen Groppi, Cabrillo College

Bruce A. Harding, Purdue University

Hong–Tae Kang, University of Michigan-Dearborn

Edward J. Nagle, Tri-State University

Alan D. Papendick, Central Michigan University

Anne Perry, Kankakee Community College

Rex Pierce, Southern Illinois University Edwardsville

George Platanitis, University of Ontario

Anthony A. Roberts, Southwest Virginia Community 
College

Alexei V. Saveliev, University of Illinois-Chicago

Bert A. Siebold, Murray State University

ber28376_ch00_fm.indd   xxiber28376_ch00_fm.indd   xxi 1/2/08   2:46:32 PM1/2/08   2:46:32 PM



xxii Preface

Nancy E. Study, Virginia State University

Slobodan Urdarevik, Western Michigan University

Ken Youssefi , University of California-Berkeley, 
San Jose State University

John A. Zaner, University of Southern Maine

Illustrators

A text of this type would be useless without good, ac-

curate graphics. We have had the good fortune to have 

some of the best young illustrators in the country work 

on this text. Joe Mack and James Mohler led a team of 

illustrators that worked many months on the illustrations. 

The authors are indebted to these two individuals, both of 

whom have enormous talent. Joe Mack has since moved 

on to a very successful career in multimedia software de-

velopment, and James Mohler has started his own mul-

timedia company. In addition, the authors would like to 

thank the other illustrators on the team: Rob Cumberland, 

Jonathan Combs, Doug Acheson, Doug Bailen, Aaron 

Cox, Brad Johnson, Steve Adduci, Clark Cory, Trent 

Mohr, Keith Huggins, Dale Jackson, Jonathan Humphries, 

Sue Miller, Andy Mikesell, Travis Fuerst, Jason Bube, 

and Kevin Bertoline.

Other Contributors
Accuracy checking of end-of-chapter problems was done 

by Ted Branoff, North Carolina State University; Ed 

Nagle, Tri-State University; Jim Hardell, Virginia Poly-

technic Institute; and Murari Shah, Purdue University. 

Special thanks to Peter Booker for the use of historical 

fi gures found in his text, A History of Engineering Draw-

ing. We would like to thank Gary Lamit for permission 

to adopt some fi gures from his text, Technical Drawing 

and Design (West Publishing Company), that were used 

in Chapter 25 and Appendix 6.

The authors would also like to thank the publisher, 

McGraw-Hill, for its support of this project. Special 

thanks to Kelley Butcher for all the work she put into this 

project. She is simply the best developmental editor with 

whom the authors have ever worked. Our thanks to Bill 

Stenquist and Darlene Schueller who have given us the 

support and direction needed to complete the project and 

stay focused. Our thanks also to the production staff at 

McGraw-Hill, especially Rose Kernan, who pulled the 

graphics and text together into a beautifully designed and 

easy-to-use textbook.

Gary Bertoline would like to especially thank his wife, 

Ada, and his children, Bryan, Kevin, and Carolyn, for the 

support they have given so that he might fulfi ll this im-

portant mission in his life. His thanks also go to Caroline 

and Robert Bertoline, who encouraged him to pursue his 

studies. He would also like to thank all his colleagues, 

especially those at Purdue University, his instructors at 

Northern Michigan University who inspired him to pur-

sue graphics as a discipline, and Wallace Rigotti who 

taught him the basics.

Finally, we would like to know if this book fulfi lls 

your needs. We have assembled a “team” of authors and 

curriculum specialists to develop graphics instructional 

material. As a user of this textbook, you are a part of 

this “team,” and we value your comments and sugges-

tions. Please let us know if there are any misstatements, 

which we can then correct, or if you have any ideas for 

improving the material presented. Write in care of the 

publisher, McGraw-Hill, or E-mail Gary R. Bertoline at 

bertoline@purdue.edu.

Gary R. Bertoline
Eric N. Wiebe
Nathan W. Hartman
William A. Ross

“If I have seen further . . . it is by standing upon the 
shoulders of Giants.” Isaac Newton

This book is dedicated to the pioneers in graphics, 
and our teachers, colleagues, family, and students 
from whom we have learned so much and to whom 
owe our gratitude.
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Part One

Global 
Implementation for 
Technical Graphics

Technical graphics is an important—and essential—area 

of expertise for the modern 

technologist. Graphics 

permeates nearly every 

aspect of a technologist’s 

career. This text attempts 

to provide a clear and 

understandable description 

of the graphics theories and 

techniques currently in use, 

including both traditional 

approaches and computer-

based operations.

Throughout the text, you will fi nd Practice Exercises, 

which are intended to help you see more clearly the 

theories and concepts being described. There are also 

numerous Design in Industry, which describe how the 

techniques you are learning are being applied now in 

the real world.

Part I introduces the special tools and procedures 

used in technical graphics, and includes discussions on 

the “art” of visualization, the techniques of sketching, 

and the importance of technical graphics to the 

communications process.

1   Introduction to Graphics 

Communications 5

2  The Engineering Design Process 27

3  Design in Industry 46

4   The Role of Technical Graphics in 

Production, Automation, and Manufacturing 

Processes 109

3
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Chapter One

Introduction 
to Graphics 
Communications

Objectives
After completing this chapter, you will be 
able to:

 1. Describe why technical drawings are 

an effective communications system 

for technical ideas about designs and 

products.

 2. Discuss the historical development of 

technical graphics.

 3. Defi ne important terms related 

to graphics communications for 

technology.

 4. Defi ne standards and conventions as 

applied to technical drawings.

 5. Describe the difference between artis-

tic and technical drawings.

 6. List six areas in engineering technol-

ogy that are important to creating and 

using graphics communications.

Introduction
Chapter 1 is an introduction to the graph-

ics language of the engineer and technolo-

gist. The chapter explains why technical 

drawing is an effective way to communi-

cate engineering concepts, relating past 

A drawing acts as the refl ection of the 

visual mind. On its surface we can probe, 

test, and develop the workings of our 

peculiar vision.

—Edward Hill

C
hapter O

ne
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6 PART 1  Global Implementation for Technical Graphics

3-D Modeling and Documentation

Manufacturing Engineering

Functional Design

Engineering Analysis

Other

0 5 10 15 20 25 30

Figure 1.1

A total view of engineering divided into its major activities
Graphics plays a very important role in all areas of engineer-
ing, for documentation, communications, design, analysis, and 
modeling. Each of the activities listed is so heavily slanted to-
ward graphics communications that engineering is 92 percent 
graphically based.

Figure 1.2

Aircraft designed using graphics
This jet aircraft would be impossible to create without com-
puter graphics models and drawings. Drawings are the road 
maps which show how to manufacture or build products and 
structures.

(© The Boeing Company.)

Like any new product, it was designed for a specifi c task 

and within specifi ed parameters; however, before it could 

be manufactured, a 3-D model and engineering drawings 

like that shown in Figure 1.3 had to be produced. Just 

imagine trying to communicate all the necessary details 

verbally or in writing. It would be impossible!

developments to modern practices, and examines current 

industry trends, showing why engineers and technologists 

today have an even greater need to master graphics com-

munication. Concepts and terms important to understand-

ing technical drawing are explained and defi ned, and an 

overview of the tools, underlying principles, standards, 

and conventions of engineering graphics is included.

1.1 Introduction
What is graphics communications? For one thing, it is an 

effective means of communicating technical ideas and 

problem solutions.

Look at what happens in engineering design. The pro-

cess starts with the ability to visualize, to see the problem 

and the possible solutions. Then, sketches are made to 

record initial ideas. Next, geometric models are created 

from those sketches and are used for analysis. Finally, 

detail drawings or three-dimensional (3-D) models are 

made to record the precise data needed for the production 

process. Visualizing, sketching, modeling, and detailing 

are how engineers and technologists communicate as they 

design new products and structures for our technological 

world.

Actually, graphics communications using engineer-

ing drawings and models is a language, a clear, precise 

language, with defi nite rules that must be mastered if 

you are to be successful in engineering design. Once 

you know the language of graphics communications, it 

will infl uence the way you think, the way you approach 

problems. Why? Because humans tend to think using the 

languages they know. Thinking in the language of tech-

nical graphics, you will visualize problems more clearly 

and will use graphic images to fi nd solutions with greater 

ease.

In engineering, it is estimated that 92 percent of the 

design process is graphically based. The other 8 percent 

is divided between mathematics and written and verbal 

communications. Why? Because graphics serves as the 

primary means of communication for the design process. 

Figure 1.1 shows a breakdown of how engineers spend 

their time. Drafting and documentation, along with de-

sign modeling, comprise more than 50 percent of the 

engineer’s time and are purely visual and graphical ac-

tivities. Engineering analysis depends largely on reading 

technical graphics, and manufacturing engineering and 

functional design also require the production and reading 

of graphics.

Why do graphics come into every phase of the engi-

neer’s job? To illustrate, look at the jet aircraft in Figure 1.2.
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Figure 1.3

Engineering drawing
Engineering drawings and computer models such as these were needed to produce the hangar assembly shown. The 3-D model is 
used to design and visualize the hangar. The engineering drawings are used to communicate and document the design process. 

A designer has to think about the many features of 

an object that cannot be communicated with verbal de-

scriptions (Figure 1.4). These thoughts are dealt with in 

the mind of the designer using a visual, nonverbal pro-

cess. This “visual image in the mind” can be reviewed 

and modifi ed to test different solutions before it is ever 

communicated to someone else. As the designer draws 

a line on paper or creates a solid cylinder image with a 

computer, he or she is translating the mental picture into 

a drawing or model that will produce a similar picture 

in the mind of anyone who sees the drawing and shares 

the same mastery of language. This drawing or graphic 

representation is the medium through which visual im-

ages in the mind of the designer are converted into the 

real object.

Technical graphics can also communicate solutions to 

technical problems. Such technical graphics are produced

according to certain standards and conventions so they 

can be read and accurately interpreted by anyone who has 

learned those standards and conventions.
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8 PART 1  Global Implementation for Technical Graphics

The precision of technical graphics is aided by tools; 

some are thousands of years old and still in use today, and 

others are as new and rapidly changing. This book will 

introduce you to the standards, conventions, techniques, 

and tools of technical graphics and will help you develop 

your technical skills so that your design ideas become a 

reality.

Engineers are creative people who use technical 

means to solve problems. They design products, systems, 

devices, and structures to improve our living conditions. 

Although problem solutions begin with thoughts or im-

ages in the mind of the designer, presentation devices 

and computer graphics hardware and software are pow-

erful tools for communicating those images to others. 

They can also aid the visualization process in the mind 

of the designer. As computer graphics have a greater im-

pact in the fi eld of engineering, engineers will need an 

ever-growing understanding of and facility in graphics 

communications.

Technologists assist engineers and are concerned 

with the practicable aspects of engineering in planning 

and production. Technologists must be able to communi-

cate quickly and accurately using graphics by sketching 

design problems and solutions, analyzing design solu-

tions, and specifying production procedures.

Both engineers and technologists are fi nding that shar-

ing technical information through graphical means is 

becoming more important as more nontechnical people 

become involved in the design/manufacturing process. 

As Figure 1.5 illustrates, the circle of people requiring 

technical information is rapidly widening, and engineer-

ing and technical information must be effectively com-

municated to many other people who are not engineers 

or technologists, such as marketing, sales, and service 

personnel. Computer graphics can assist in the process. 

It can be the tool used to draw together many individuals 

with a wide range of visual needs and abilities.

1.2 Human Communications
Humans have developed a number of different ways to 

communicate both technical and nontechnical informa-

tion. Spoken language is a highly refi ned communica-

tions system that humans use to express thoughts, emo-

tions, information, and other needs. Writing is another 

highly developed communications system based on the 

use of a formal system of symbols. Writing began as a 

form of picture communications, as shown in the ancient 

Egyptian hieroglyphics in Figure 1.6. With the develop-

ment of alphabets, the written symbols became more ab-

stract, creating an extremely sophisticated and versatile 

system of communication. Nonetheless, written commu-

nications have all the same weaknesses as spoken lan-

guage when describing technical ideas. The old saying, 

“a picture is worth a thousand words,” is an understatement

when it comes to technical concepts because it is simply 

impossible to communicate some ideas with only words.

Mathematics is an abstract, symbol-based communi-

cations system built on formal human logic. Chemistry 

also has its own communications systems based on sym-

bols, as do other sciences. It is important to realize that 

mathematics plays a very important role in engineering 

design; in fact, all human communications systems dis-

cussed here are needed. A successful engineer is one who 

can effectively use all of these forms of communication, 

especially technical drawings.

A communications system is selected according to 

the human need to be communicated. For example, you 

would not attempt to use mathematics to express human 

emotion. Instead, you would use a verbally based com-

munications system, whether oral or written, whether 

sign language, Braille, or even Morse Code. However, for 

solving the technical problems of engineering, the visual 

language of technical graphics is the most effi cient.

Figure 1.4

Technical drawings used for communications
Technical drawings are a nonverbal method of communicating 
information. Descriptions of complex products or structures 
must be communicated with drawings. A designer uses a 
visual, nonverbal process. A visual image is formed in the 
mind, reviewed, modifi ed, and ultimately communicated to 
someone else, all using visual and graphics processes.

(© Charles Thatcher: Stone.)
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  CHAPTER 1  Introduction to Graphics Communications 9

Graphics is a visual communications language incor-

porating text, images, and numeric information. Graph-

ics includes everything from the more traditional types of 

engineering drawings to sophisticated computer models, 

such as the solid model of a mechanical part or the dis-

play in the goggles of a virtual reality system, and all fol-

low the rules or laws of visual science.

Practice Exercise 1.1
 1. Attempt to describe the part shown in Figure 1.27 

using written instructions. The instructions must be 

of such detail that another person can make a sketch 

of the part.

 2. Now try verbally describing the part to another 

person. Have the person make a sketch from your 

instructions.

These two examples will help you appreciate the diffi culty 

in trying to use written or verbal means to describe even 

simple mechanical parts. Refer to Figure 1.7 and others in 

this text to get an idea of how complicated some parts are 

compared with this example. It is also important to note that 

air and water craft have thousands of parts. For example, 

the nuclear powered Sea Wolf class submarine has more 

than two million parts. Try using verbal or written instruc-

tions to describe that!

Engineers Designers Service

Figure 1.5

Users of graphics
The circle of people requiring technical information is growing rapidly.

Figure 1.6

Egyptian hieroglyphics are pictures that were used for 
communication.
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Designing Robots to Explore 
Planets in Our Solar System

The engineering design process is 

used in many types of jobs—from 

the design of consumer product 

packaging to the design of robots 

used to explore planets in our solar 

system. An understanding of the de-

sign process along with strong skills 

in a fi eld of engineering can lead to 

exciting job opportunities, such  as 

the one described here of a young 

engineer working at NASA.

NASA’s twin Mars rovers, Spirit 

and Opportunity, have already re-

written the book on the Red Planet’s 

history, their amazing discoveries 

transmitted to an audience of mil-

lions. But Ayanna Howard is not con-

tent to let NASA rest on its laurels. 

She’s designing future generations of 

robotic explorers to bring back even 

more science for the buck. Her goal: 

a robot that can be dropped off on a 

planet and wander around on its own, 

eliminating the kind of intense super-

vision from Earth that Spirit and Op-

portunity require—their every move 

must be meticulously choreographed 

in advance and on a daily basis.

“I want to plop a rover on Mars 

and have it call back when it fi nds 

interesting science,” Howard says. 

“Like a geologist, it should wander 

Dream High Tech Job

around until it sees something that 

might be interesting. Then it should 

be able to investigate further and de-

cide if it’s really interesting or just an-

other rock.”

Howard works as a senior robotics 

engineer at NASA’s Jet Propulsion 

Laboratory in Pasadena, Calif. The 

laboratory has dominated the robotic 

M A R S  O N  E A R T H

Ayanna Howard cradles a Sony AIBO robot used to test new software approaches in JPL’s Mars 

Yard. Here, prototype Mars rover designs are put through their paces in a simulated Martian 

landscape.

(© Henry Blackham)

1.3 The Importance of Technical Graphics
Technical graphics is a real and complete language used 

in the design process for

 1. Visualization

 2. Communication

 3. Documentation

A drawing is a graphical representation of objects and 

structures and is done using freehand, mechanical, or 

computer methods. A drawing serves as a graphic model 

or representation of a real object or idea. Drawings may 

be abstract, such as the multiview drawings shown in Fig-

ure 1.7, or more concrete, such as the very sophisticated 

computer model shown in Figure 1.8. Even though draw-
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exploration of the solar system since 

the earliest days of the Space Age.

Space exploration, however, is 

only a test bed for Howard’s ultimate 

technical objective: making robots 

better at helping people. “It’s bigger 

than space exploration—it’s robots 

assisting people,” she says. “But 

space exploration is defi nitely one 

of the prime ways that robots assist 

people.”

The 1970s TV show The Bionic 

Woman sparked Howard’s interest in 

human-robot interaction and inspired 

her to become an engineer. The TV 

series depicted a severely injured 

woman who was given superhuman 

powers, courtesy of bionics; artifi cial 

replacements for human parts. “But 

around the 10th grade, I took biology—

and I hated it!” Howard says.

She was stuck, because she knew 

she’d need medical training if she 

were going to attach limbs to peo-

ple. Then someone suggested she 

check out robots. “I could still build 

limbs and fi gure out how to make 

them move, and as long as I didn’t 

work on people, I didn’t have to go 

to med school,” Howard remembers 

thinking.

So she studied computer en-

gineering—at Brown University in 

Providence, R.I., because her par-

ents insisted she leave her native 

California for her undergraduate edu-

cation. “They felt California was too 

laid back!” she says, laughing. She 

returned to the West Coast for her 

school-break vacations, and she was 

accepted to JPL’s summer program 

for students.

“When I fi rst got here, I was de-

signing a database. I didn’t even re-

ally know that JPL had robotics until

I started talking to people. Then I re-

alized all these spacecraft, like the 

Voyager probes, were robots,” she 

recalls. Howard kept working at the 

laboratory during summers, nurtur-

ing her growing interest in artifi cial 

intelligence. After graduating from 

Brown, she earned a master’s de-

gree and then a doctorate in electri-

cal engineering from the University of 

Southern California, in Los Angeles, 

while working at JPL.

Ayanna Howard (SM)

Age: 33

What she does: Develops autono-

mous robots

For whom: NASA’s Jet Propulsion 

Laboratory

Where she does it: Pasadena, Calif.

Fun factors: Her robots could end 

up exploring Mars and beyond

What Howard likes best about her 

job is integrating diverse hardware 

and software elements into a work-

ing robot. “Problem shooting with a 

device that you have to touch and 

interact with is the hardest part of 

developing a robot, but it’s the most 

fulfi lling,” she says.

Howard also mentors disad-

vantaged girls and frequently ad-

dresses elementary and high school 

students, often in poor neighbor-

hoods.  Although a lack of comput-

ers and other resources can be a 

big problem, she fi nds that simply 

showing up and explaining that you 

can make a good living as an engi-

neer can widen a child’s horizons. 

“They haven’t talked to somebody 

who’s a professional, except for 

teachers,” Howard says. “They look 

at TV, and it’s all acting and sports, 

so that’s what they want to be. But 

when you meet children, it’s surpris-

ingly easy to get them excited about 

engineering.”

“My hobby is my job,” she adds. 

And if the fi rst mission to use tech-

nology she invented departs for Mars 

early next decade, as planned, How-

ard will be among the select few who 

count exploring planets as one of 

their hobbies.

—Stephen Cass

Portions reprinted, with permission, from S. Cass, 

“Dream Jobs 2005,” IEEE Spectrum, February 

2005, pp. 21–22, © 2005 IEEE.

ings may take many forms, the graphics method of com-

munication is universal and timeless.

It may seem to be a very simple task to pick up a pen-

cil and start drawing three-dimensional images on two-

dimensional paper. However, it takes special knowledge 

and skill to be able to represent complex technical ideas 

with suffi cient precision for the product to be mass-

produced and the parts to be easily interchanged (Figure 

1.9). This special knowledge is called technical drawing.

The projection techniques used to represent 3-D im-

ages on 2-D paper or fl at computer screens took many 

years to develop. Actually, it has taken millennia for 

the techniques needed for graphics communications to 

evolve into the complex and orderly systems we have today. 
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12 PART 1  Global Implementation for Technical Graphics

The volumes of standards developed by the American Na-

tional Standards Institute (ANSI) will quickly convince 

you that technical drawing is a precise, formal language.

1.3.1 Visualization

A powerful tool for design engineers is the ability 

to see in their minds the solution to problems. 

Visualization is the ability to mentally picture things that 

do not exist. Design engineers with good visualization 

ability not only are able to picture things in their minds, 

but are able to control that mental image allowing them to 

move around the image, change the form, look inside, and 

other movement as if they were holding the object in their 

hands. Some of the greatest engineers and scientists 

throughout history have had powerful visualization abil-

ity, such as Albert Einstein, James Clerk Maxwell, Leon-

ardo DaVinci, and Thomas Edison.

In his book titled Engineering and the Mind’s Eye, 
Eugene Ferguson summarizes the importance of visual-
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Figure 1.7

Multiview drawing of a journal bearing
Only experienced users of technical drawings can interpret the various lines, arcs, and circles suffi ciently to get a clear mental pic-
ture of what this part looks like three-dimensionally. 

Figure 1.8

3-D computer model of the interior of an automobile
This computer rendering of a 3-D computer model is more eas-
ily understood because more detail is given through the use of 
colors, lights, and shades and shadows. 

(Courtesy of Burrows, rendered on Render Drive.)
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  CHAPTER 1  Introduction to Graphics Communications 13

ization to the design process. “It has been nonverbal think-

ing, by and large, that has fi xed the outlines and fi lled 

in the details of our material surroundings for, in their 

innumerable choices and decisions, technologists have 

determined the kind of world we live in, in a physical 

sense. Pyramids, cathedrals, and rockets exist not because 

of geometry, theory of structures, or thermodynamics, but 

because they were fi rst a picture—literally a vision—in 

the minds of those who built them.”

Most designers will initially capture their mental 

images by sketching them on paper. Sometimes these 

sketches are very rough and quickly done to capture some 

fl eeting detail in the mind of the designer. When com-

municating one’s sketch to others, the sketches must be 

refi ned (Figure 1.10).

Your ability to visualize should improve as you solve 

the problems located at the end of every chapter in this 

book. Visualization and the resulting sketch is the fi rst 

phase in the whole process of graphics being used in the 

Figure 1.9

Technical drawings are used to communicate complex technical information.

(Courtesy of Priority Designs (www.prioritydesigns.com).)

Figure 1.10

Design sketch of a hand digitizing tool
This type of sketch allows designers to quickly explore and 
communicate design ideas.

(Courtesy of Priority Designs (www.prioritydesigns.com).)
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14 PART 1  Global Implementation for Technical Graphics

design process. You will fi nd that as a professional engi-

neer or technologist, the ability to visualize problem solu-

tions and communicate them through your sketches will 

be one of your most important skills.

1.3.2 Communication

The second phase in the graphics produced to sup-

port the design process is communication drawings 

and models. In this phase your goal is to refi ne your ini-

tial sketches so your design solution can be communi-

cated to others without ambiguity. In other words, you 

must be able to improve the clarity of your graphics to 

such an extent that others are able to visualize your de-

sign. This is done by adding more detail to your sketches, 

then creating a 3-D model using CAD software (Figure 

1.11). The 3-D model is modifi ed and changed as the de-

sign is refi ned. In the past real models of the design were 

created; however, many industries use rendered 3-D com-

puter models to replace real models. Sometimes it is nec-

essary to have real models, which can be easily produced 

from the 3-D model through a process called rapid proto-

typing, which will be explained later.

1.3.3 Documentation

After the design solution is fi nalized, graphics is the 

most effective way to permanently record that solu-

tion. Before 3-D modeling, documentation drawings were 

2-D detail drawings that were copied through a process 

called blueprinting. These blueprints were then used to 

produce the design. Although few companies still use this 

process, the trend is for companies to refi ne the 3-D model, 

which is then used directly by machine tools to create the 

design. 2-D detail drawings may still be created, but 

their primary purpose is for legal and archival purposes 

(Figure 1.12). 2-D documentation drawings follow very 

strict standard practices so everyone in the engineering 

fi eld can “read” the drawings. These standards are the 

“language” used to communicate graphically. 

1.4 A Brief History of Graphics 
Communications
Drawing is so old that its history is virtually that of hu-

manity, and it closely parallels human technological 

progress. Drawing may be called a “universal language.” 

It is the natural method for humans to communicate vi-

sual images of the mind. As far back as 12,000 b.c., cave 

drawings recorded and depicted aspects of the prehistoric 

human experience. Drawings to communicate technical 

ideas may even predate the advent of written language, 

as shown in Figure 1.13. This Bronze Age diagram of a 

plow dates from 1500 b.c. Figure 1.14 is a timeline show-

ing signifi cant accomplishments in graphics.

The earliest evidence of drawing instruments can be 

found in the Museum of the Louvre, Paris, on two headless 

statues of Gudea (2130 b.c.). Gudea was an engineer and 

governor of the city/state of Lagash in the country later 

known as Babylon. On the knees of the statue, the sculptor 

modeled two contemporary drawing boards. The draw-

ing boards are inscribed with the plan view of the temple 

of Ningirsu and with some kind of scribing instrument

and scales (Figure 1.15).

The ancient Greeks had a great deal of infl uence on 

drawing through their work in geometry. Many of the tools 

used in engineering, such as the compass and triangles, 

were developed at this time. Around the year 450 b.c., the 

architects of the Parthenon, Ictinus and Callicrates, made 

a type of perspective drawing by foreshortening and con-

verging parallel lines in their drawings. (See Chapter 10 

for more information about perspectives.)

There was very little development in art and drawing 

from Christ’s time until the Renaissance (1300–1500). 

Figure 1.11

A refi ned 3-D model of a bicycle used to communicate the 
design without ambiguity.
(Courtesy of IDE, Inc.)
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  CHAPTER 1  Introduction to Graphics Communications 15

Two approaches to drawing developed during the Renais-

sance, the nonmathematical and the mathematical. In the 

nonmathematical approach, Giotto and Duccio advanced 

the clarity of perspective drawings with the use of symme-

try, converging lines, and the technique of foreshortening. 

Masaccio improved the techniques for the proper shading 

and coloring of a drawing by developing a method called 

aerial perspective drawing.

The mathematical approach to drawing was advanced 

by the Italian architect Brunelleschi (1377–1446). He dem-

onstrated the theoretical principles of perspective drawing. 

Brunelleschi was followed by Alberti, who wrote the trea-

tise della Pittura (1435), which defi ned in mathematical 

terms the principles of perspective drawing in paintings.

Others who advanced the mathematical approach to 

drawing were Francesca (1420–1492), who developed 

theoretical works on perspective drawings and made 

three-view drawings using orthogonal projection meth-

ods; da Vinci (1453–1516), who wrote a treatise on the 

theory of perspective drawings (Figure 1.16); and Durer 

(1471–1528), whose book Vier Buchen von Menschlicher 

Proportion, published in 1528, used orthographic projec-

tion techniques in many of the illustrations. Durer also 

developed a method of more easily creating perspec-

tive drawings by using a perspective picture window, as 

shown in Figure 1.17. Orthographic projection was used 

in Durer’s book on the geometry of drawing, published 

in 1525. Isometric drawing, a type of pictorial drawing, 

Figure 1.12

A detail drawing used in the documentation process
(Courtesy of IronCAD, LLC. and Simon Floyd Design Group.)
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Figure 1.13

A Bronze Age plow from a rock engraving of about 
1500 b.c. from Fontanalba, Italian Alps
This probably was not a work of art, but a crude technical 
drawing showing the arrangement of oxen and harness.

(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)

Figure 1.14

Historical timeline of major events in graphics over the last four millennia

Gudea
2130 B.C.

Type of
Perspective
Drawings

450 B.C.
Renaissance

Perspective and
Aerial Perspective

Durer
da Vinci

Francesca
Alberti

Brunelleschi

1300 – 1500
William Farish

Isometric

1820
Standard
Practices

1900

Computer Graphics
Ivan Sutherland

"Sketch Pad"

1963 1990 1995
Drafting
Machine

1950
Gaspard Monge

Descriptive
Geometry

1790
CAD
1970

3-D Modeling

1985
Constraint
Modeling

2000
PLM

PDM

HISTORICAL TIMELINE

Figure 1.15

The drawing plan and scribing instruments inscribed into 
the statue of Gudea dated 2130 b.c.
The upper board displays the ground plan of a building, and 
both have representations of a scribing instrument and scale.

(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)

Figure 1.16

Perspective drawing created by da Vinci
(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)

16
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  CHAPTER 1  Introduction to Graphics Communications 17

shape (Figure 1.19). He used orthographic projection and 

the revolution method to solve the complicated fortress 

problems graphically instead of mathematically, which 

was the traditional technique.

Gaspard Monge developed the science of descriptive 

geometry in the late 1700s. It is the basis of all of today’s 

types of three-dimensional representations on two-

dimensional media. The fundamentals of graphic projec-

tion have not changed signifi cantly since Monge’s time, 

although the methods and tools, as well as the standards 

and conventions, have changed drastically, evolving from 

instruments such as the T-square to the drafting machine 

to computer-aided design/drafting (CAD).

1.4.2 Computer Graphics

The computer has had a major impact on the methods used 

to design and create technical drawings. In 1950, the fi rst 

computer-driven display attached to MIT’s Whirlwind I 

Figure 1.17

A reproduction of a woodcut by Durer from 1500 a.d. 
showing perspective drawing using a glass screen 
(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)

was introduced in the early 19th century by an English-

man named William Farish. The ordinary graph or curve 

used to represent the variation of quantities plotted along 

two coordinates was developed in the 19th century. (See 

Chapter 8 for more information about orthographics 

drawings, and Chapter 9 for isometric drawings.)

It is clear that from the earliest recorded times humans 

have struggled with trying to communicate 3-D objects 

using images on 2-D surfaces. Most of the efforts of these 

pioneer artists and artisans were aimed at developing a 

drawing technique that closely related what they saw 

or perceived. Both artistic and technical applications of 

drawings used the developments of the early graphics 

pioneers for their own purposes. From the 1400s on, the 

perspective technique has been the primary method used 

to communicate graphically. However, people have real-

ized that perspective drawings have limitations in pre-

senting true conditions, especially for technical purposes 

(Figure 1.18).

1.4.1 Descriptive Geometry

It took a brilliant young mathematician, Gaspard Monge 

(1746–1818), to organize and develop the science of tech-

nical drawing called descriptive geometry. Monge was 

faced with designing a complicated fortress in a star 

Figure 1.18

Perspective drawing of a screw lathe from 1568
Although the perspective drawing visually represents the 
machine accurately, dimensionally the drawing does a very 
poor job. Dimensionally accurate drawings are important in 
the design and production of products; therefore, some other 
type of drawing must be used. 

(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)
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18 PART 1  Global Implementation for Technical Graphics

computer was used to generate simple pictures. In the late 

1950s MIT’s TX-0 and TX-2 computers were used to cre-

ate interactive computing, and interest in computer graph-

ics began to increase rapidly.

In 1963, Ivan Sutherland, a graduate student at MIT, 

published his doctoral thesis, which led to the develop-

ment of interactive computer graphics, which in turn 

evolved into CAD.

In the mid-1960s, large computer graphics research 

projects were begun at MIT, GM, Bell Telephone labs, 

and Lockheed Aircraft. D. T. Ross of MIT developed an 

advanced compiler language for graphics programming. 

Steven A. Coons, also at MIT, and J. C. Ferguson at Boe-

ing began work in sculptured surfaces. GM developed 

their DAC-1 system, and other companies, such as Doug-

las, Lockheed, and McDonnell, also made signifi cant de-

velopments in computer graphics. 

In the 1970s, research began to produce interactive 

computer graphics systems. Developments in the math-

ematics of parametric geometry were initiated by Coons 

(bicubic patches) and Bezier (special surfaces). Wireframe 

and polygonal modeling schemes began to develop. 

About 1980, Apple and IBM PCs popularized the use 

of bitmap graphics. This resulted in an explosion of easy-

to-use and inexpensive graphics-based applications. 

In the early 1980s PC-based software programs be-

gan to emerge, with Versa CAD and AutoCAD being the 

leaders. In the mid-1980s a proliferation of CAD soft-

ware programs began to fl ood industry. The 1990s saw 

a consolidation of CAD software companies into a few 

strong vendors and the development and implementation 

of 3-D modeling. Further consolidation is expected in the 

decade of 2000 with further development and common 

use of 3-D modeling to support the design of products 

and structures.

1.5 Visual Science
Approximately eighty percent of our sensory input comes 

from our visual system. Studies have shown that one-half 

of the population has a preference for visual rather than 

verbal learning style. Much of what we learn and experi-

ence is through our visual sense. Much of our technologi-

cal world could not exist without the use of graphics to 

plan, produce, market, and maintain goods and services. 

Visual science is defi ned as the study of the processes 

that produce images in the mind. Visual science has at 

least three major categories: spatial cognition, imaging, 

and geometry (Figure 1.20). These three categories form 

the foundation for any fi eld of study related to the visual 

sciences. For example, an engineering design graphics 

course should have elements of all three areas.

Spatial cognition is the mental process used to per-

ceive, store, recall, create, edit, and communicate spatial 

images. It is generally agreed that the ability to think 

quickly and to recognize complex mental models are 

signs of intelligence and important prerequisites to learn-

ing. Imaging is the process of producing, and reproduc-

ing ideas. A knowledge of imaging processes is used to 

create graphics that are easily visualized or recognized 

by the user. Geometry is the branch of mathematics that 

deals with the properties, relationships, and measure-

ments of points, lines, planes, and solids. There are three 

primary areas of geometry: plane, solid, and descriptive. 

Plane geometry is concerned with planar fi gures, such as 

circles and polygons, and their relationships. Solid geom-

etry is concerned with three-dimensional objects, such 

as cylinders, cones, and cubes, and their relationships. 

Figure 1.19

Type of fortifi cation Gaspard Monge worked on while 
developing descriptive geometry
Monge used orthographic projection and the revolution method 
in designing this star-shaped fortress. Monge advanced graph-
ics communications by organizing and developing the science 
of descriptive geometry. 

(From P. Booker, A History of Engineering Drawing. London: Chatto & 

Windus, 1962.)
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Virtual reality and simulation software tools hold the 

promise of drastically slashing product development 

costs through the elimination of expensive physical pro-

totypes. With costs for the latest virtual reality (VR) 

tools and simulation systems coming down, automotive 

and aerospace manufacturers increasingly are seeking to 

deploy sophisticated, collaborative visualization systems 

throughout their product development planning organi-

zations, as well as using virtual simulations for design-

ing overall plant layouts and within manufacturing cells.

Although VR tools historically have been the do-

main of researchers, commercial applications in auto-

motive, aerospace, and medical device manufacturing 

are becoming much more common. Using VR systems 

like the CAVE (Computer Automated Visualization En-

vironment), developed in the early 1990s by the Elec-

tronic Visualization Laboratory at the University of Il-

linois at Chicago (EVL, UIC), automakers and aircraft 

manufacturers can review realistic virtual model proto-

types, avoiding the expense of $200,000 for a fi berglass 

auto prototype to upwards of $3 million for an aircraft 

prototype.

Over the past few years, the addition of more real-

istic visualization software also has furthered VR’s 

acceptance, with efforts like the partnership between 

software developer Engineering Animation Inc. (Ames, 

IA), workstation supplier Silicon Graphics Inc. (Moun-

tain View, CA), and General Motors Corp. (Detroit) 

offering EAI’s VisConcept, a software suite providing 

a true 1:1, or human-scale, immersive visualization 

environment. In addition, projection and display tech-

nologies have improved to the point where it’s possible 

to easily create high-resolution stereoscopic images—

seeing an image in each eye with depth and volume just 

as in the real world.

Collaborative visualization may represent a new 

opportunity to manufacturers, particularly in the auto-

motive industry where many major auto manufactur-

ers are trying to persuade their top suppliers to adopt 

visualization technology. Large-scale displays like the 

WorkWall enable manufacturing teams to collaborate 

in much the same way they used to work around draft-

ing tables, but with realistic, full-scale 3-D models.

Copyright by Society of Manufacturing Engineers. All rights retained. This 

article may only be viewed or printed one (1) time for personal use. User may 

not save any text or graphical items to hard drives or duplicate this article 

in whole or in part in any medium. Excerpts from this article appear with 

permission from Manufacturing Engineering, the offi cial publication of the 

Society of Manufacturing Engineers (SME). www.sme.org.

Going Virtual

19

With Fakespace Systems’ WorkWall, teams can view real-
istic stereoscopic images during product development team 
design reviews.

(Image courtesy of Fakespace Systems Inc.)

Users of the Fakespace wall can review styling and compo-
nent changes on virtual models before committing to fi nal 
product designs.

(Image courtesy of Fakespace Systems, Inc.)
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Descriptive geometry is concerned with analyzing and 

solving space distances and relationships. 

Practice Exercise 1.2
 1. Look ahead to the engineering drawing shown in 

Figure 1.25.

 2. From the drawing, mentally visualize the 3-D form of 

the object.

 3. Try to sketch your mental image of the 3-D object.

Are you having diffi culty making the transition from the 2-D 

drawing to the 3-D object? Being able to make the men-

tal transition from 2-D to 3-D is part of what you will learn. 

Visualization is a very important part of technical graphics 

because engineers and technologists must be able to make 

the transition quickly from 2-D to 3-D and from 3-D to 2-D.

Artistic applications are concerned with the conscious 

production or arrangement of color, form, and other ele-

ments that affect the sense of beauty (Figure 1.21). Artis-
tic drawings are used to express aesthetic, philosophical, 

and abstract ideas. Of course, this text is primarily con-

cerned with the technical applications of visual science.

Technical graphics or technical drawing is a spe-

cialized type of graphics used to communicate technical 

information. Examples of technical graphics include 3-D 

computer modeling, drafting, and illustrating of a techni-

cal device. Technical graphics is a universal language that 

allows individuals to go beyond the limitations of other 

communications forms, as described earlier.

1.5.1 Geometry

Geometry is the foundation for technical graphics, just 

as grammar is for language. Geometry includes the 

following:

Plane geometry. The geometry of planar fi gures, such 

as circles and triangles, and their relationships 

(Figure 1.22).

Visual Science

Transformation &
Rotation

Spatial Relations

Sequencing

Classification

Visualization

Whole to Part
Relationships

Dynamic

Sketching

Graphic Design

Static

Analytic

Plane

Solid

Descriptive

Spatial Cognition Imaging Geometry

Figure 1.20

Visual science
Visual science includes the study of spatial cognition, imaging, and geometry as applied to artistic and technical processes.
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Solid geometry. The geometry of three-dimensional ob-

jects, such as cylinders, cubes, and spheres, and their 

relationships (Figure 1.23).

Analytic geometry. The analysis of geometric structures 

and properties, principally using algebraic operations 

and position coordinates.

Descriptive geometry. The analysis of space distances 

and relationships, using graphics.

As a student of technical graphics, you will study 

plane, solid, and descriptive geometry because they form 

the foundation or the grammar of technical drawings.

1.5.2 Standards and Conventions

The language of graphics has been used for thou-

sands of years; however, its effectiveness in modern 

times is due to the establishment of standards. There is 

no effective communication without an agreed-upon stan-

dard of signs or symbols. The letters of the alphabet are 

the signs used for writing, and grammar forms the science 

that underlies word language. Standards and conventions 

are the “alphabet” of technical drawings, and plane, solid, 

and descriptive geometry are the science that underlies 

the graphics language.

The English language has many similarities to the 

graphics language. Following the standard rules of Eng-

lish makes the communication of thoughts between peo-

ple easier. If the words in a sentence were presented in 

a random order, it would be very diffi cult for anyone to 

understand what was being said.

The graphics language must also follow a set of stan-

dards and conventions in order to make communica-

tion using technical graphics effective. However, these 

standards and conventions are not timeless, unchanging 

Circle Square Rectangle HexagonTriangle

Figure 1.21

Artistic application for graphics
Artistic drawings are concerned with colors, forms, and other 
elements, whereas technical drawings are used to communicate 
technical information. 

(Leonardo da Vinci, Mona Lisa, Louvre: Scala/Art Resource, New York.)

Figure 1.22

Plane geometry
Plane geometry deals with two-dimensional fi gures and their relationships.
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22 PART 1  Global Implementation for Technical Graphics

truths. Just as English gradually changes and we no lon-

ger speak in the manner of 16th-century Shakespeare, the 

standards and conventions of the graphics language have 

evolved over the years and are still changing as new tech-

nologies affect how technical drawings are produced.

Conventions are commonly accepted practices, rules, 

or methods. In technical drawing, an example of a con-

vention is the use of dashed lines on multiview drawings 

to designate a feature hidden from the current viewpoint 

(Figure 1.24).

Standards are sets of rules that govern how technical 

drawings are represented. For example, mechanical draw-

ings are dimensioned using an accepted set of standards, 

such as placing the dimension text such that it is read 

from the bottom of the sheet (Figure 1.25). Standards 

allow for the clear communication of technical ideas. In 

the United States, the American National Standards 
Institute (ANSI) is the governing body that sets the stan-

dards used for engineering and technical drawings. Pro-

fessional organizations also assist ANSI in developing 

standards, such as the American Society for Mechanical 

Engineers (ASME). ANSI standards are periodically re-

vised to refl ect the changing needs of industry and tech-

nology. The Y series of ANSI standards are the ones 

most important for technical drawing. Some important 

ANSI standards used in technical drawings include the 

following:

ANSI Y14.1–1980(R1987), Drawing Sheet Size and For-

mat (Chapter 6).

ANSI Y14.2M–1979(R1987), Line Conventions and Let-

tering (Chapter 6).

ANSI Y14.3–1975(R1987), Multiview and Sectional View 

Drawings (Chapters 10 and 16).

ASME Y14.5M–1994, Dimensioning and Tolerancing 

(Chapters 17 and 18).

ANSI Y14.6–1978(R1987), Screw Thread Representation 

(Chapter 19).

ANSI Y14.6aM–1981(R1987), Screw Thread Representa-

tion (Metric Supplement) (Chapter 19).

ANSI Y14.7.1–1971(R1988), Gear Drawing Standards, 

Part 1 (Chapter 22).

ANSI Y14.7.2–1978(R1989), Gear Drawing Standards, 

Part 2 (Chapter 22).

Other standards are from the International Standards Or-

ganization (ISO), Japanese Standards (JIS), Department 

of Defense (DOD), and the U.S. Military (MIL). 

Standards are used so that drawings convey the same 

meaning to everyone who reads them. For example, 

Figure 1.25 is a detail drawing that refl ects many of the 

ASME standards for dimensioning mechanical drawings. 

It is quite common in American industry to have parts of 

an assembly produced in many different locations. Hav-

ing a standard graphics language is the only way this can 

be accomplished effectively.

Cube Cone Sphere Cylinder

Figure 1.23

Solid geometry
Solid geometry deals with three-dimensional objects and their 
relationships.

Figure 1.24

Drawing conventions
Dashed lines used to represent hidden features on an engineer-
ing drawing are an example of a drawing convention. In this 
case the drawing convention, dashed lines, is used to represent 
the location of the drilled hole’s diameter, in a view where 
the hole cannot be seen directly. Following such conventions 
means that your technical drawing can be accurately inter-
preted by anyone who reads it.

Dashed lines are an
example of a drawing
convention
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Practice Exercise 1.3
Figure 1.25 is a typical technical drawing used in industry to 

document the design of a product and to aid in manufactur-

ing the product. Carefully read the technical drawing and try 

to answer the following questions:

 1. What do the thin, short-dashed lines represent?

 2. What do the areas with closely spaced thin lines 

drawn at a 45-degree angle represent?

 3. What do the numbers and symbols located inside 

the long, horizontal rectangles represent?

 4. What do the thin alternating long- and short-dashed 

lines represent?

Standards and conventions provide the design detail 

necessary to manufacture a product to precision. A person 

with a technical drawing background should be able to eas-

ily answer all of the questions listed above. Can you?

1.6 What You Will Learn
In this text, you will learn the six important areas in tech-

nical graphics:

Visualization. The ability to mentally control visual 

information.

Graphics theory. Geometry and projection techniques.

Standards. Sets of rules that govern how parts are made 

and technical drawings are represented.

Conventions. Commonly accepted practices and methods 

used for technical drawings.

Tools. Devices used to create engineering drawings and 

models, including both hand-held and computer tools.

Applications. The various uses for technical graphics in 

engineering design, such as mechanical, electrical, 

and architectural.

Each chapter in the text will explain the graphics 

theory important for a topic, integrate the visualization 

practices, explain the relevant standards and conventions, 

demonstrate the tools used to create drawings, and apply 

the topic to engineering design.

1.7 Specialists and Technical Drawings
Drawings are used throughout the design process to de-

velop and document design solutions. Over the years 

specialized fi elds of engineering design have developed 

Figure 1.25

Dimensioned mechanical drawing using ASME Y14.5M–1994 standards
The dimension type, placement, size, and other factors are examples of standard drawing conventions. For example, one ANSI 
standard dimensioning rule states that all diametral dimensions should be preceded by a phi (�) symbol.

(Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.)
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to meet the needs of industry. For example, military and 

civil engineering were the fi rst types of engineering spe-

cialties. From these two areas others developed, such as 

mechanical, electrical, chemical, aerospace, industrial, 

and many others. Special types of technical drawings 

such as gears and cams, welding, riveting, electrical com-

ponents and circuits, piping, structures, mapping and to-

pography also evolved to support the specialized fi elds of 

engineering.

1.8 Engineering Technology
The engineering technologist assists the engineer and 

is concerned with the practical aspects of engineering, 

in both planning and production. Many different fi elds 

of engineering technology use special types of technical 

drawings, such as mechanical, electrical, industrial, man-

ufacturing, and construction.

Along with these specialized fi elds in technology, 

based on specifi c types of engineering, technical graph-
ics itself is a specialized fi eld. Drafters/designers are 

specialists that assist the engineer in the design process 

and create technical drawings that are used to document 

the design and produce the product. This specialist should 

be an expert in creating and interpreting technical draw-

ings for many applications and may be called upon to cre-

ate technical illustrations that enable people with diverse 

backgrounds to visualize how a product looks or how a 

device functions (Figure 1.26).

1.9 Summary
When learning to communicate graphically, you will 

apply the tools used to create engineering drawings and 

models. Even more important, you will learn the underly-

ing principles and concepts of technical graphics, such as 

descriptive geometry. You will also learn the standards 

and conventions that will enable you to create drawings 

and models that can be read and accurately interpreted by 

engineers or technologists anywhere.

The ability to draw is a powerful skill. It gives a per-

son’s thoughts visible form. Engineering drawings can 

communicate complex ideas both effi ciently and effec-

tively, and it takes special training to be able to produce 

these complex images. If drawings are “windows to our 

imaginations,” then engineering drawings are specialized 

windows that give expression to the most complex, tech-

nical visions our minds can imagine.

Engineering drawing does more than communicate. 

Like any language, it can actually infl uence how we 

think. Knowing how to draw allows you to think of and 

deal with many problems that others may not. A knowl-

edge of technical graphics helps you more easily envision 

technical problems, as well as their solutions. In short, 

technical graphics is a necessity for every engineer and 

technologist.

Figure 1.26

Technical graphics
Drafters/designers assist in the design process and produce 
the technical drawings necessary to document and produce 
designs.

(Bill Aron, © PhotoEdit, Inc.)
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Online Learning Center (OLC) Features
There are a number Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Solid Modeling
■ Stapler Design Problem

Questions for Review
 1. What is the difference between artistic and technical 

drawings?

 2. What are the six major components of technical 

graphics?

 3. Defi ne the following terms: drawing, engineering 

drawing, and technical drawing. What are the dis-

tinctions among these terms?

 4. What are ideation drawings used for?

 5. What is the science that underlies graphics lan-

guages?

 6. What is the purpose for document drawings?

 7. Why are technical drawings an important form of 

communication for engineers and technologists?

 8. How might graphics be used in your area of study or 

work?

 9. Defi ne standards.

 10. Defi ne conventions.

 11. Defi ne visual science.

 12. Name the current standards used for dimensioning 

and tolerancing.

Further Reading
Booker, P. The History of Engineering Drawing. London: 

Chatto & Windus, 1962.

Ferguson, E. S. “The Mind’s Eye: Nonverbal Thought in Tech-

nology.” Science 197, no. 4306 (August 26, 1977), pp. 827–36.

Ferguson, E. S. Engineering and the Mind’s Eye. Cambridge, 

MA: MIT Press, 1994.

Higbee, F. G. “The Development of Graphical Representa-

tions.” In Proceedings of the Summer School for Draw-
ing Teachers. Eds. R. P. Hoelscher, J. Rising. New York: 

McGraw-Hill, 1949, pp. 9–26.

Land, M. H. “Historical Developments of Graphics.” Engi-
neering Design Graphics Journal 40, no. 2 (Spring 1976), 

pp. 28–33.

Reynolds, T. S. “Gaspard Monge and the Origins of Descriptive 

Geometry.” Engineering Design Graphics Journal 40, no. 2 

(Spring 1976), pp. 14–19.
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P r o b l e m s

 1.7 Make a sketch of a common device, such as a tele-

phone, automobile, computer mouse, or coffee cup.

 1.8 Get a clear mental picture of a television, then 

sketch what you see in your mind. Is this mental 

image 2-D or 3-D? Try to put words to each feature 

of the TV you are drawing. In this problem you 

will experience the diffi culty in trying to verbally 

describe an object with enough detail for it to be 

manufactured.

 1.9 Interview a practicing engineer or technologist and 

ask how graphics is used in his or her daily work.

 1.10 Ask the practicing engineer or technologist what 

changes are taking place in his or her profession.

 1.11 Research and report on an important historical fi g-

ure in computer graphics, such as Ivan Sutherland, 

Steve Coons, R. E. Bezier, or George Lucas.

 1.12 Briefl y describe this professional organization: the 

American Design Drafting Association (ADDA).

 1.1 Research and report on an important historical 

fi gure in engineering design, such as Henry Ford, 

Thomas Edison, the Wright brothers, or Alexander 

Graham Bell.

 1.2 Identify at least fi ve other individuals who worked 

as engineers and had an impact on society.

 1.3 Research and report on an important historical 

engineering achievement, such as airplanes, space 

fl ight, computers, or television.

 1.4 Identify three new products that have appeared on 

the market in the last fi ve years.

 1.5 Research and report on an important historical fi gure 

in graphics, such as Gaspard Monge, M. C. Escher,

Thomas Alva Edison, Leonardo da Vinci, Albrecht 

Durer, or Frank Lloyd Wright.

 1.6 To demonstrate the effectiveness of graphics com-

munications, write a description of the object 

shown in Figure 1.27. Test your written description 

by having someone attempt to make a sketch from 

your description.

Figure 1.27

Problem 1.6 bearing block to be described verbally
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Chapter Two

The 
Engineering 
Design Process

Objectives and Overview 
After completing this chapter, you will be 
able to: 

 1. Describe the engineering design 

process and the role graphics plays. 

 2. Describe the concurrent engineering 

design process. 

 3. Describe design for manufacturability 

(DFM). 

 4. List the typical members of a design 

team. 

 5. Explain the role 3-D modeling plays 

in the engineering design process. 

 6. List and describe the modeling tech-

niques used in design. 

 7. Describe the important types of 

graphics used to support the 

engineering design process. 

 8. Describe the rapid prototyping 

process. 

 9. Describe the ideation process. 

 10. Describe the implementation 

process. 

 11. Describe the role of PDM in drawing 

control. 

 12. List and describe the analysis tech-

niques used in design.

A scientist can discover a new star but he 

cannot make one. He would have to ask 

an engineer to do it for him.

—Gordon L. Glegg, 
The Design of Design, 1969

C
hapter Tw

o
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Introduction
Technical graphics is an integral part of the engineering 

design process through which engineers and drafters/ 

designers generate new ideas and solve problems. 

Traditional engineering design consists of closely related 

steps that fl ow both sequentially and back and forth. 

Many industries in the United States are changing their 

design methodology from a linear/sequential activity 

to a team approach in which all parts of the company 

are working on a project simultaneously. An emerging 

engineering design approach, based on concurrent en-

gineering principles, is product lifecycle management 

(PLM).

 The engineering design process brings meaning and 

purpose to engineering graphics. Design is the catalyst 

for the creation of computer models and drawings. This 

chapter describes a modern approach to the engineering 

design process, so that you will have a better understand-

ing of and appreciation for the need and importance of 

modeling and drawing. The remaining chapters in the 

text explain technical graphics as it relates to engineer-

ing design and production. Knowing the engineering de-

sign process and the support provided by graphics will 

give greater meaning to the remaining chapters in

this text. 

2.1 Design
Design is the process of conceiving or inventing 

ideas mentally and communicating those ideas to 

others in a form that is easily understood. Most often the 

communications tool is graphics.

Design is used for two primary purposes: personal ex-

pression, and product or process development (Figure 2.1). 

Design for personal expression, usually associated with 

art, is divided into concrete (realistic) and abstract design 

and is often a source of beauty and interest (Figure 2.2). 

When a design serves some useful purpose, such as the 

shape of a new automobile wheel, it is classifi ed as a design 

for product or process development (Figure 2.3).

DESIGN

Personal Expression
(Artistic)

AbstractConcrete
(Realism)

Product/Process
Development (Technical)

Functional
(Engineering Design)

Aesthetic
(Industrial Design)

ProcessProduct

Engineering
Design Cycle

Figure 2.1

Design is grouped as artistic and technical
Artistic design is concerned with personal expression, and technical design is concerned with product and process development. 
Technical design has elements of both functional and aesthetic design.
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Aesthetic design is concerned with the look and feel 

of a product. Industrial designers specialize in the aes-

thetic qualities of products, as well as other elements re-

lated to human-machine functionality.

Functional design is concerned with the function of 

a product or process. Air fl ow over an automobile is an 

example of a functional design element. Most engineers 

are concerned with functional elements (Figure 2.4).

Many products will have both aesthetic and functional 

design elements, requiring the engineers and designers to 

work as a team to produce a product or system that is both 

functional and aesthetically pleasing (Figure 2.5).

Figure 2.2

Abstract design
An abstract design, such as this waveform illustration, is meant 
to evoke a personal, emotional response in the viewer. Although 
these waveforms are based on mathematic expressions, the color 
and texture applied to them is more artistic in nature.

(© Chris Harvey/Crestock.)

Figure 2.3

Aesthetic design
Aesthetic design is an important part of the engineering design 
process. Industrial designers have a major role in the engineer-
ing design process for consumer products, such as bicycles, 
appliances, and consumer electronics.

(© Scott Robertson/www.drawthrough.com.)

Figure 2.5

Aesthetic and functional design
Aesthetic and functional design combine to give this bicycle 
a look of style and functionality. The bicycle is the result of 
a product design intended to eliminate the need for training 
wheels.

(Shift bicycle by Scott Shim, Matt Grossman, Ryan Lightbody.)

Figure 2.4

Functional design
The wind tunnel testing of a new automobile determined how 
the car would function when moving through the air. This is an 
example of functional design.

(© Michael Rosenfeld/Stone/Getty Images.)
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2.1.1 Aesthetic Design

There are certain aesthetic design concepts that are useful 

for engineers. Function means that a product possesses a 

form related directly to the purpose of that product. For 

example, a sports car marketed because of its power and 

speed should have a body design that “radiates” speed 

(Figure 2.5). The architect Louis Sullivan used the phrase 

“form follows function,” meaning that the form of a design 

is joined to its function. Form is the overall physical ap-

pearance of a product and consists of many elements, the 

arrangement of which is critical to the aesthetics and func-

tion of the product. These elements are unity, style, line, 

space, mass, proportion, balance, contrast, and color.

Unity is the use of similar elements throughout the de-

sign or product line. The engineer accomplishes unity by 

thinking of the product as a whole instead of as individual 

parts or components.

Style is the addition of decoration to a product and is 

closely linked to marketing. For example, the basic func-

tional components of an automobile do not change every 

year, but the style usually does. New styles are created 

each year to generate consumer interest and increase the 

product life cycle.

Line is another characteristic of a product. Lines can 

be thin, thick, straight, or curved and can be used to em-

phasize the intended function. For example, thin, curved 

lines on a sports car emphasize the function of speed.

Space is the relationship of a product to its background, 

as well as to its negative elements (holes, slots, voids).

Mass is the design element that provides a sense of 

weight or heaviness. The physical space that an object oc-

cupies has a bearing on the perceived function of that prod-

uct. For example, the sports car should appear to have little 

mass. This can be accomplished by designing the chassis 

and body so that the car is close to the ground.

Proportion is the relationship of the smaller elements 

to the whole design. For example, if the sports car had 

very large wheel wells, they would look disproportionate 

compared with the rest of the vehicle.

Balance is the design element that gives the product 

equilibrium. There are two types of balance: symmetrical 

and asymmetrical. For example, the sports car displays 

asymmetrical balance between the front and rear halves 

and symmetrical balance between the left and right sides.

Contrast is the feature used to emphasize or de-

emphasize certain elements in a design. For example, the 

sports car uses a single color and material for the body, 

eliminating contrast to give the feeling of wholeness. 

Contrast can be provided by decorations, such as chrome 

bumpers.

Color is the element used to evoke emotions, give sen-

sations of weight, and enhance a design form. For example, 

a red-colored sports car tends to evoke feelings of excite-

ment and quickness.

2.1.2 Functional Design

Functional design focuses on the function of the product 

or process instead of its appearance. Many products are 

a mix of function and aesthetics, but some are almost 

exclusively functionally designed. A pair of crutches is 

designed with little regard for aesthetics, to function as 

an aid to a person with a leg injury. An automobile radia-

tor used to cool an internal combustion engine is totally 

designed so that its functional requirements are met with 

little regard to aesthetics.

2.2 Engineering Design
Engineering design is a problem-solving process 

that uses knowledge, resources, and existing prod-

ucts to create new goods and processes. Engineering de-

sign has both aesthetic and functional elements and can 

be broken into two broad categories: product design and 

system or process design (Figure 2.1). The design process, 

as implemented by industry, varies between companies; 

some use a linear or step-by-step approach, while others 

use a more integrated team approach.

2.2.1 Product Design

Product design is the process used to create new prod-

ucts, such as a new automobile model (Figure 2.5), a new 

appliance, or a new type of wheelchair. Product design is 

a complex activity that includes market, production, sales, 

service, function, and profi t analyses. The goal of product 

design is to produce a product that meets the wants and 

needs of the consumer, is economically produced, is safe 

for the consumer and the environment, and is profi table to 

the company.

2.2.2 System Design

System design is the process used to create a new sys-

tem or process. A systems engineer or industrial engineer 

is an engineer who specializes in designing systems. A 

system is an orderly arrangement of parts that are com-

bined to serve one general function. Examples of system 

designs include the arrangement of the assembly process 
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in a factory; the heating, ventilation, and air-conditioning 

(HVAC) system in a structure; and the electrical system in 

the automobile in Figure 2.5. The objective is to produce 

a system that serves a specifi c function economically, is 

safe for the consumer and the environment, and is profi t-

able for the company.

2.2.3 Traditional Engineering Design 

Traditional engineering design is a linear approach divided 

into a number of steps. For example, a six-step process 

might be divided into problem identifi cation, preliminary 

ideas, refi nement, analysis, optimization, and documenta-

tion (see Figure 2.6). The design process moves through 

each step in a sequential manner; however, if problems are 

encountered, the process may return to a previous step. 

This repetitive action is called iteration or looping. Many 

industries use the traditional engineering design process; 

however, a new process has developed that combines some 

features of the traditional process with a team approach 

that involves all segments of a business.

2.2.4 Concurrent Engineering Design

The production process executes the fi nal results of the 

design process to produce a product or system. In the past, 

the creative design process was separated from the pro-

duction process. With the advent of computer modeling 

and product data management systems, this separation is 

no longer necessary, and the modern engineering design 

approach brings both processes together. See Section 2.3 

for a discussion of product data management systems.

Concurrent engineering is a nonlinear team approach 

to design that brings together the input, processes, and out-

put elements necessary to produce a product. The people 

and processes are brought together at the very beginning, 

which is not normally done in the linear approach. The 

team consists of design and production engineers, tech-

nicians, marketing and fi nance personnel, planners, and 

managers, who work together to solve a problem and pro-

duce a product. Many companies are fi nding that concur-

rent engineering practices result in a better, higher-quality 

product, more satisfi ed customers, fewer manufacturing 

problems, and a shorter cycle time between design initia-

tion and fi nal production.

Figures 2.7 and 2.8 represent the concurrent approach 

to engineering design, based on 3-D modeling. The three 

1

2

3

4

5

6

Problem
Identification

Preliminary
Ideas

Design
Refinement

Analysis

Optimization

Documentation

Figure 2.6

Traditional engineering design sequence
The traditional design process is a sequential process that can 
be grouped into six major activities, beginning with identifi -
cation of the problem and ending with documentation of the 
design. Technical graphics is used throughout this process to 
document design solutions.

Financing

Marketing

Managing Producing

Planning

Designing

3-D
CAD

Database

Figure 2.7

Sharing the 3-D CAD database
The concurrent engineering model shows how every area in 
an enterprise is related, and the 3-D CAD database is the 
common thread of information between areas.
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intersecting circles represent the concurrent nature of this 

design approach. For example, in the ideation phase, de-

sign engineers interact with service technicians to ensure 

that the product will be easily serviceable by the consumer 

or technician. This type of interaction results in a better 

product for the consumer. The three intersecting circles 

also represent the three activities that are a major part of 

the concurrent engineering design process: ideation, re-

fi nement, and implementation. These three activities are 

further divided into smaller segments, as shown by the 

items surrounding the three circles.

Design for manufacturability (DFM) and design for as-

sembly (DFA) practices developed out of concurrent engi-

neering as an effort to capture manufacturing and assem-

bly knowledge up front in the initial design process. This 

allowed engineering and manufacturing professionals to 

speak a common language that results in an optimized 

product design. DFM and DFA eventually expanded to 

include other practices, such as design for serviceability 

and design for reliability. This led to the realization that it 

is important to include others in the design process, such 

as marketing, sales, fi eld service, fi nance, purchasing, and 

quality control.

The center area in Figure 2.8 represents the 3-D com-

puter model and refl ects the central importance of 3-D 

modeling and graphics knowledge in engineering design 

and production. With the use of a standard modeling ap-

proach, everyone on the team can have access to the cur-

rent design through a computer terminal. This data sharing 

is critically important to the success of the design process.

Through the sharing of information, often in the form 

of a database, it is possible for all areas of the enterprise to 

work simultaneously on their particular needs as the prod-

uct is being developed. For example, a preliminary 3-D 

model could be created by the design engineers early in the 

ideation phase. A mechanical engineer could use the same 

3-D model to analyze its thermal properties. The informa-

tion gained from this preliminary analysis could then be 

given to the design engineers, who could then make any 

necessary changes early in the ideation phase, minimizing 

costly changes later in the design process.

2.2.5 Collaborative Engineering

Collaborative engineering has evolved 

from concurrent engineering into a true 

enterprisewide integrated product development process. 

Concurrent engineering sought to establish well-defi ned 

organizational and team structures as well as highly struc-

tured business processes. Collaborative engineering cre-

ates the infrastructure and best environment for highly ef-

fective team collaboration using computers to store and 

share information. The development of such tools as 

e-mail, groupware, video conferencing, and chat rooms 

was important in the adoption of collaborative engineering 

in industry. Concurrent engineering is fundamentally 

process-centric through the creation of well defi ned, 

documented, and executed business processes for the 

development of products. Collaborative engineering is 

fundamentally a product-centric process that builds onto 

the concurrent engineering practices a mindset of highly 

effective collaboration about the product and its manufac-

turing and support processes. The product becomes the 

central focus instead of the process.

Collaborative engineering is based on empowered, 

cross-functional teams and low-level decision making. 

Figure 2.9 shows the basic structure of collaborative en-

gineering where cross-functional teams share a com-

mon goal through the sharing of information using com-

puter networks. Table 2.1 on pages 34–35 is a list of the 

key functions and some of the information created. This 

information has some impact on the product as it is being 

designed and manufactured for eventual distribution to 

consumers. The need for sharing 2-D and 3-D design data 

has resulted in a technological migration that places the 

product database at the center of the design process model. 

Figure 2.10 on page 36 shows an example of the product 

database at the center of the design and development pro-

cess. A contemporary application of collaborative engi-

neering is product lifecycle management, as described in 

Servicing
Financing
Marketing
Producing
Planning
Documenting

Modeling

Design
Analysis
Design

Visualization

Manufacturing
Simulation

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

REFINEMENT IMPLEMENTATION
(ERP)

3-D Model

Figure 2.8

Concurrent engineering design
The engineering design process consists of three overlapping 
areas: ideation, refi nement, and implementation, which all 
share the same 3-D CAD database.
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Figure 2.9

Collaborative engineering
This diagram shows the major functions involved in the design, manufacture, and distribution of a product. The information pro-
duced by each function is shared through a highly sophisticated network of computers and software tools.

(The CASA/SME CIM Wheel is reprinted with permission of the Society of Manufacturing Engineers, © 1993.)

Section 2.3. It is based on information technology systems, 

which provide product design and manufacturing person-

nel with real-time access to product design information.

2.2.6 Virtual Product Representation

Collaborative engineering is highly dependent on 

computer-based tools. Tools used to support the de-

sign process include CAD, CAM, CAE, and offi ce appli-

cations. These tools are used to create a virtual representa-

tion of a product design through

 1. Shaded CAD models.

 2. Photorealistic renderings.

 3. Large assembly visualizations.

 4. Packaging analysis.

 5. Tolerance analysis.

 6. Structural, thermal, and fl ow analyses.

 7. Dynamic simulations for design and manufac-

turing.

 8. Virtual reality.

2.2.7 Prototyping

One step closer to reality is gained by using physical 

prototyping through either rapid prototyping to 

quickly create a physical model of a part or functional pro-

totypes to create a mockup of the part using traditional 

means, such as machine tools. A rapid prototype is lim-

ited, creating geometric and topological representations of 

a part. A functional prototype includes geometric and to-

pological representations of a part in addition to functional 

representation of products evaluation in terms of mechani-

cal, structural, thermal, fl uid, and electrical behaviors.
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Strategic Business Planning Marketing Sales

Key Functions Involved in Collaborative EngineeringTable 2.1

•  Corporate ideology (mission, vision, 
values, and so on)

•  Long-term strategic business plans

•  Long-term business forecasts and 
trends analyses

•  Corporate fi nancial statements and 
annual reports

• Workshop and focus group results

•  Short-term market research relating to 
a particular product concept or market 
niche

•  Customer surveys and feedback on 
current products/conjoint analysis

• Lead-user analysis

• Competitive intelligence research

•  Marketing communications literature 
and publications

• Product planning

•  Product-specifi c business and market 
plans

•  Full product and material 
specifi cations/functional requirements

•  Initial proposals for production 
volumes, locale, facilities, equipment, 
and materials

•  Quality function deployment/Pugh 
analysis

• Sales proposals

•  Sales contracts inclusive of product 
specifi cations and functional 
requirements

 Advanced Technical Research  
Human Resources and Development Industrial Design

•  Long-term projections of 
professional personnel require-
ments to support ongoing product 
development

•  Staffi ng plans for future production 
levels (short-term and long-term)

•  Requisite training and development 
for each group of functional 
employees

•  Corporate training plans relating to 
organizational development initiatives 
(for example, CE/IPD)

•  Highly specialized technical 
consultations for current development 
projects

•  Near-term development of new 
technologies and plans for 
matriculation into production

•  Long-term applied research of next-
generation technologies

• Conceptual design feasibility studies

•  CAD sketches of new product 
concepts

•  Representations of new product 
design proposals

• Photorealistic renderings

• Physical/rapid prototypes

Forward Engineering Project Management Engineering Design

•  Prepackaged leading technology 
designs (pseudo-detailed design level)

•  Design defi nition and specifi cations

• CAD models

•   Design guidelines and consultations 
on specifi c design applications

• Initial project plans
 • Budget
 • Timeline
 • Work breakdown structure

• Tracking progress of projects

• Contingency plans/actions

•  Project milestone reviews (phase/gate 
reviews)

•  Detailed engineering design 
information

•  Design requirements, guidelines, and 
specifi cations

•  Detailed CAD models and part 
drawings

•  Geometric dimensioning and 
tolerancing details

• Part tooling details

• Engineering bill of materials (BOM)

• Functional/rapid part prototypes
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Product Engineering Value Engineering Quality and Reliability Engineering

Key Functions Involved in Collaborative Engineering (continued)Table 2.1

•  Engineering guidelines, requirements, 
and specifi cations (including material 
specs)

• Engineering BOM

•  Detailed CAD models and part 
drawings

• Product poka-yoke documentation

•  Functional CAE analyses (thermal, 
structural, electrical, hydraulic, 
packaging, and so on)

•  Design for manufacture/assembly/
service/analyses (DFX)

•  Design verifi cation/product 
verifi cation plans and results

•  Assembly/installation diagrams; 
service diagrams

•  Part tooling designs/assembly fi xture 
designs

• Shipping rack/container designs

•  Product release and engineering 
change notice documentation

•  Product fi nancials (material costs, 
production costs, ER&D expenses)

•  APQP documentation (design failure 
modes and effects analysis ([DFMEA])

• Final engineering sign-off

• Value analyses
 •  Of current products, materials, and 

production methods
 •  Of proposed future products, 

materials, and production methods

•  Proposed product design 
modifi cations and material 
substitutions

•  Proposed production process 
improvements

•  Warranty analysis (of surrogate 
products currently or previously in 
production)

•  Failure mode analysis based on 
historical surrogate information

•  Proposed product improvements for 
higher quality and reduced warranty 
claims

•  APQP documentation [production 
(quality) control plans]

•  SPC plans (component review team, 
PIPC, PIST)

Manufacturing Process Design   Production Planning
and Planning Field Service Engineering and Management

•  Manufacturing/assembly process 
design/specifi cation

•  Manufacturing/assembly equipment 
specifi cations/designs

• Production line layouts

•  Process plans (CAPP)/process fl ow 
diagrams

• Process poka-yoke documentation

• Manufacturing process simulation

• CNC programs/verifi cation simulation

•  Robotic programs/verifi cation 
simulation

•  APQP documentation (process failure 
mode and effects analysis)

• Service part list/BOM

• Service manuals/diagrams

• Service training materials

• Service infrastructure planning

• Production facilities planning

•  Capital equipment and inventories/
procurement plans

• Production staffi ng plans

• Production part BOMs

•  Inventory planning/reorder process 
documentation

• Initial production sequence schedules

• Warehousing and distribution plans

• EDI/bar coding infrastructure plans

Shop Floor

• Tool/equipment inventories

• Equipment maintenance schedules

•  Daily production orders/schedules/
sequences

• Assembly instruction sheets/diagrams

•  Shipping container/rack inventories 
and plans

SOURCE: (Table reprinted with permission of the Computer and Automated Systems Association of the Society of Manufacturing Engineers, © 1999. Please refer to 

fee table for reproducing copyright material.)
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2.2.8 Productivity Tools

There are a number of tools used to enhance overall pro-

ductivity and sharing of design and manufacturing infor-

mation. These are used by engineers and technicians on a 

daily basis to support the overall design process but are not 

viewed as engineering tools, such as CAD software. Tools 

to share the output of the design process include e-mail, 

word processing, spreadsheet, groupware, fi le transfer, fi le 

translation, videoconferencing, and workfl ow.

Intranet

Internet

Collaborative 
Web Portal

Business to Business
   Communication

Information
Database

Accounting

Design and
Engineering

Manufacturing

Production

Vendors

Sales

Distribution

Support

Customers

E-Commerce

Figure 2.10

The digital enterprise
Diagram representing the relationship of various departments in an organization.

2.3 The Digital Enterprise
The manufacture of a new product now 

calls for the involvement of all the com-

pany’s departments: engineering, strategy, marketing and 

sales, planning and production, procurement, fi nance, and 

human resources. The digital enterprise is a model that fa-

cilitates the simultaneous working of all these depart-

ments. It makes it possible to create, manage, simulate, 

share, and communicate digitally all the information 
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related to the company’s products, processes, and re-

sources, optimizing its overall performance (Figure 2.10).

In addition to CAD software used to design, special-

ized software is required to focus on virtual product man-

agement, product data management, and tools for sharing 

product data across the enterprise. It is possible through 

the use of computer simulation that problems can be 

discovered early in the product defi nition when changes 

are less costly. Companies are using different processes 

and systems to manage the product data from conceptual 

design to in-the-fi eld service and they are looking at ways 

to improve data fl ow and streamline processes to increase 

their competitiveness.

A total digital solution is called “the digital enterprise.” 

The overall objective is to provide the capability for com-

panies to design and simulate products “virtually” across 

Historical Highlight
Leonardo da Vinci

Leonardo da Vinci (1452–1519) was a true Renaissance 

man. He had a strong curiosity about how things worked. 

Although he is best known as a painter, his interests and tal-

ents were far-reaching. He studied everything from botany 

to mechanics, using his creative mind to innovate and ex-

pand almost every fi eld that captured his attention.

Leonardo developed interest in nature and the arts while 

still quite young and received encouragement from his Un-

cle Francesco. His interest continued to fl ourish even after 

he moved away to Florence with his father. It was there that 

he was apprenticed to an artist named Verroccho. In Ver-

roccho’s workshop, Leonardo learned painting techniques 

and how to use artists’ tools. One such technique was the 

making of preliminary sketches and drawings, a skill that 

Leonardo had already been developing and continued to use 

throughout his life. It is because of Leonardo’s drawings that 

we know of many machines of the time and of many of Leon-

ardo’s studies and ideas.

Some Renaissance artists studied human anatomy and 

botany to help them create more realistic works of art, and 

Leonardo was no exception. He took his studies further 

than most artists did, though, because he not only had an 

artistic interest, but also a scientifi c one. He knew enough 

about plants to be a botanist and made important studies 

and drawings of different muscle groups in the human body, 

and of the fetus in the mother’s womb.

Leonardo also studied various methods of transportation. 

He was the inventor of the lock (the kind used in canals), and 

he also studied birds in fl ight, which led to him designing a 

fl ying machine much like the modern hang glider. We even 

know from his drawings that he anticipated both the para-

chute and the helicopter.

Yet another one of Leonardo’s areas of interest was ma-

chines of war. In this area Leonardo was ahead of his time. 

His designs were too impractical to be built during the Re-

naissance, but many of them resembled modern machines. 

For example, he designed a motor that fi red explosive 

shells, a many-barreled machine-gun-like gun, and a vehicle 

resembling a tank. He even designed a fortress similar to 

World War II fortifi cations.

Because Leonardo was motivated by his desire to know 

how things worked, it is not surprising that he was also knowl-

edgeable about mechanics. As in his other areas of interest, 

Leonardo made many drawings of mechanical tools. Some 

of his drawings were from ideas of other people, and some 

were his own, but they were all very detailed and easy to un-

derstand (see picture). They were so well done that it is rela-

tively easy to reproduce the machines that they represent.

We know about many of the machines, tools, and ideas 

of the Renaissance because of the curiosity of Leonardo da 

Vinci, and his habit of accurately drawing and writing things 

down. Leonardo supplemented many of his writings with 

sketches to better describe his thoughts. Today, sketching 

still is an important method of communicating our thoughts 

and designs and is used quite often by engineers and 

technologists.

(© Scala/Art Resource, NY.)
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an integrated enterprise covering the entire life cycle of 

a product, all without ever having to build a real proto-

type. This is achieved through advances in CAD, digital 

mockup, virtual product modeling, virtual manufacturing 

simulation, web access, and other key technologies. As a 

result, companies are dramatically changing the way they 

do product design and management, including the integra-

tion of functions within an enterprise that, to date, have 

been either “outside” or at the tail end of the product devel-

opment process.

Manufacturers using CAD systems produce a tremen-

dous amount of digital information and knowledge which 

remains buried in digital form on hard drives and fi le serv-

ers. The digital enterprise leverages the knowledge found 

in these digital fi les by making that information available 

to the whole organization.

2.3.1 EDM/PDM

Tools to manage the long-term overall design/manufac-

ture process include product data management (PDM) and 

enterprise data management (EDM) software programs. 

EDM and PDM are used to track and manage all the elec-

tronic documents and data associated with the design and 

manufacturing of products. Data management has always 

been important in manufacturing and design, but it was 

traditionally done using paper-based fi ling systems. This 

is being replaced with a digital-based fi ling system us-

ing EDM and PDM software. EDM and PDM software is 

moving more toward Internet browser interfaces, which is 

especially important for companies that have operations 

in multiple locations.

2.3.2 Internet, Intranet, and Extranet

Most software tools described above are used within the 

context of a computer network to provide the interconnec-

tivity necessary to share information. Recently the Inter-
net has become the network most capable of providing the 

interconnectivity for collaborative engineering. Intranets 

are used as the backbone of internal corporate informa-

tion sharing. The Intranet is a private internal network 

that uses web browsers and servers to connect users in an 

organization to share information. Extranets are private 

and secure networks that allow access to a company’s in-

ternal Intranet by outside sources, such as supply vendors, 

through the Internet. Extranets are a part of a rapidly ex-

panding area of business-to-business (B-to-B) informa-

tion technology. See Figure 2.10 for an example of the 

use of the Intranet, Extranet, and Intranet applied to an 

organization.

2.3.3 Product Life Cycle Management (PLM) 

The manufacture of a new product now calls for the in-

volvement of all the company’s departments: engineer-

ing, strategy, marketing and sales, planning and produc-

tion, procurement, fi nance, and human resources. PLM 

is a model that facilitates the simultaneous working 

of all these departments. It makes it possible to create, 

manage, simulate, share, and communicate digitally all 

the information related to the company’s products, pro-

cesses, and resources, optimizing its overall performance 

(Figure 2.10).

In addition to CAD software used to design, special-

ized software is required to focus on virtual product man-

agement, product data management, and tools for sharing 

product data across the enterprise. It is possible through 

the use of computer simulation that problems can be dis-

covered early in the product defi nition when changes are 

less costly. Companies are using different processes and 

systems to manage the product data from conceptual de-

sign to in-the-fi eld service, and they are looking at ways 

to improve data fl ow and streamline processes to increase 

their competitiveness.

A total digital solution is called “PLM.” The overall ob-

jective is to provide the capability for companies to design 

and simulate products “virtually” across an integrated en-

terprise covering the entire life cycle of a product, all with-

out ever having to build a real prototype. This is achieved 

through advances in CAD, digital mockup, virtual product 

modeling, virtual manufacturing simulation, web access, 

and other key technologies. As a result, companies are 

dramatically changing the way they do product design and 

management, including the integration of functions within 

an enterprise that, to date, have been either “outside” or at 

the tail end of the product development process.

Manufacturers using CAD systems produce a tremen-

dous amount of digital information and knowledge which 

remains buried in digital form on hard drives and fi le serv-

ers. The PLM leverages the knowledge found in these digi-

tal fi les by making that information available to the whole 

organization.

PLM is an integrated information technology (IT) en-

vironment that allows manufacturers to create, manage, 

store, and share product data throughout the concept, de-

sign, build, and life stages of the product’s life cycle. It is 

a business process that plans for the life cycle of a product 

from “proposal to disposal” (Figure 2.11).

ber28376_ch02.indd   38ber28376_ch02.indd   38 1/2/08   2:50:49 PM1/2/08   2:50:49 PM



  CHAPTER 2  The Engineering Design Process 39

Although many new technologies have emerged in the 

1990s, two have had a profound effect on engineering de-

sign. The fi rst is Web technology combined with the Inter-

net, which made it possible for product data management 

(PDM) users to access data from remote locations through 

the Web. The second is the realization that geometry and 

other product information (i.e., product defi nition) can be 

reused by virtually all business processes downstream 

of the design process. This reuse ability provides an im-

mense benefi t through the elimination of nonvalue-added 

activities (such as the re-keying of data), enabling concur-

rent work, as well as avoiding transcription and translation 

errors.

So fundamental has been the impact of these two devel-

opments that they have led to a profound change to the way 

PDM, CAD/CAM, and other computer-aided technologies 

are developed and used. The increasing use of the same 

product defi nition outside the design offi ce led not only 

to tight coupling of related technologies, such as CAD, 

CAM, and CAE, but also to the convergence of these tech-

nologies with PDM. The Internet put an end to any site lo-

cation and geographical constraints. Together, these two 

developments made it possible, for the fi rst time, to solve 

the emerging needs of businesses operating in the highly 

competitive, heavily outsourced global environment. 

Business can now:

■ Cut costs and time to market through more effective 

use and reuse of resources
■ Be nimble and quick to react to market changes through 

the ability to focus on core business and increased col-

laboration with suppliers and partners
■ Increase innovation through better visibility of product 

data to all personnel within both the enterprise and the 

extended enterprise

With a standard Web browser as the user interface and en-

cryption technology to provide secure access across the 

Internet, it is possible for multi-disciplined teams to work 

concurrently on the same product data from anywhere 

around the world. Another signifi cant development is the 

emergence of the Web browser as the “standard” user in-

terface. This has provided consistency in the presentation 

of and interaction with product data, making it easier for 

team members to communicate. The result is that project 

teams can include members from a wide range of disci-

plines, as well as including suppliers, partners, customers, 

and other interested parties. These virtual project teams 

can be set up and disbanded as the organization business 

evolves.

PLM is a strategic business approach for the effective 

management and use of corporate intellectual capital. 

Corporate intellectual capital (CIC) is the sum of re-

tained knowledge that an organization accumulates in the 

course of delivering its products.

Corporate intellectual capital (CIC) consists of the 

following:

 1. Product Defi nition—all the information relating 

to what the product (or service) is: its specifi cation 

and how it is designed, manufactured, delivered, 

and supported.

 2. Product History—any information relating to 

what the organization has done in the past that is 

of relevance for the delivery of the organization’s 

product, such as audit trails required for legal or 

regulatory purposes or archives relating to past 

products.

 3. Best Practice—this summarizes the experience 

gathered by the organization in the course of de-

livery of its products.

Proposal

Needs

Function

Design

Manufacture

Deliver

Maintain

Sustain

  Disposal

ERP

PDM

CAPP

CAM

CRM

CADD

SCM

LCC

Functional
Decomposition

Product Engineering

Process Planning

Requirement Management

Factory Flow Simulation

Scheduling, Monitoring & Control

Figure 2.11

Overall view of product lifecycle management
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Designing Bicyles for Women

This case study provides an exam-

ple of one career path where the 

engineering design process is used. 

In this case, you will fi nd an example 

of how engineering education is re-

lated to the different roles involved in 

designing a product—bicycles.

The engineering design process 

is used in many types of jobs from 

the design of consumer product 

packaging to the design of land and 

watercraft recreational vehicles. An 

understanding of the design process 

and geometry and geometric model-

ing along with formal education in a 

fi eld of engineering can lead to ex-

citing job opportunities, such as the 

one described here of an engineer 

who started off by custom design-

ing bicycle frames for women and 

has turned it into a multimillion-dollar 

company.

Georgena Terry, after fi nishing the-

ater and MBA degrees, found that she 

wasn’t satisfi ed with her life. After tak-

ing a vocational test, a counselor rec-

Dream High Tech Job

ommended that Terry become some 

kind of engineer. She went back to 

school and discovered during a de-

sign project that she enjoyed brazing 

and bicycle design. For their project, 

her group decided to build a hybrid 

bicycle/car. She learned to braze the 

bicycle frame from metal tubes, and 

the rest is history.

Terry wanted to design bicycle 

frames to reduce riding stress for 

women. According to Bill Hammack, 

a chemical engineering professor at 

the University of Illinois at Urbana-

Champaign, “Terry discovered that a 

woman is not simply a smaller version 

of a man. For example, a woman’s up-

per body is proportionally longer than 

a man’s upper body. So, a bike that fi ts 

a man in the legs and upper body will 

fi t women in only one of those areas. 

Also, the center of a woman’s muscle 

mass is different than a man’s. This 

means that, when riding a man’s bike, 

a woman’s muscles bear more stress. 

This makes women feel stretched out, 

giving them neck and shoulder pain. 

The key to making a woman’s bike, 

G E O R G E N A  T E R R Y
Founder and CEO of Terry Bicycles

(© Ron Wu Photography.)

CIC consists of two types of data:

 1. Content—product defi nition and all related 

information.

 2. Meta Data—data that describe the content, such as 

creation and last modifi ed dates, author/owner, ver-

sion/status, how it can be used and by whom, and so 

forth.

PLM allows everyone—from manufacturing to mar-

keting and from purchasing to fi eld support—to work 

faster and smarter. This allows the entire network of com-

panies—working together to conceptualize, design, build, 

and support products—to operate as a single entity. PLM 

allows companies to share common business processes 

and a common knowledge of the product throughout all 

of the stages of its life cycle, from concept to retirement.

Collaboration breeds innovation and product lifecycle 

management breaks down the technology silos that have 

limited interaction between the people who design prod-

ucts and the people who build, sell, and use them. Using 

the collaborative power of the Internet, PLM increases a 

company’s ability to produce innovative product designs, 

while reducing cycle times, streamlining manufacturing, 

and cutting production costs.

PLM simultaneously supports and enables three dis-

tinct yet deeply interconnected processes:

 1. Supply chain collaboration—to help access the 

product expertise and experience within a company 

and beyond.

 2. Product development—to help develop better 

products in a better design environment.
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she decided, is getting them into a 

slightly more upright position. Also, 

she made  the handlebars narrower, 

because a woman’s shoulders are not 

as wide.”

If you do what you love, the money 

will follow. In 1985, Terry’s fi rst year in 

business, she sold 20 of her custom 

bikes. The next year she sold 1,300 

bikes, and the year after that she 

sold 5,000. Today, Terry Bicycles is a 

multimillion-dollar company.

Bicycle Equipment Design Today

Bicycling is a favorite sport among 

the young and the old. The bicycle is 

the classic example of a simple ma-

chine that attracts almost everyone 

who wants to go faster than walk-

ing or skating, with less energy ex-

pended. Bicycles have been around 

since the late 1600s and, through 

a process of evolution, the innova-

tive engineers who design them are 

reaching new heights in aerody-

namics, performance, propulsion, 

weight, and durability. Bikes today 

might weigh just over nine pounds, 

and recumbent bikes help riders to 

win races with rocket-like speeds of 

81 mph. All-wheel-drive and electric 

bicycles have hit the market, along 

with aquacycles that are being used 

to cross oceans and Xtracycles, with 

a long back-end, that can carry surf-

boards, lumber, or other loads of 

up to 200 pounds. There are folding 

bikes, bikes with brains, bikes with 

fl at-free tires, stationary bikes, and 

full-metal military bikes. These var-

ied designs all provide creative out-

lets for bike design and the bicycling 

engineer.

Another example of engineers 

pushing the envelope to optimize per-

formance is in the materials sector. 

Optimizing bicycle frame design is a 

daunting challenge. Different frames 

are best for different applications and 

conditions. For example, a moun-

tain bike frame would not be a good 

choice for a Tour de France bike or a 

comfort bike. When engineers create 

frames, they can change the shape 

or wall thickness of the tubes and use 

different metals or alloys. Aluminum, 

titanium, carbon fi ber, chromemoly 

steel, scandium (number 21 on the 

periodic table—even lighter than ti-

tanium), and E5 (a mixture of fi ve 

other elements in aluminum—also 

lighter than titanium) are being used 

to engineer the “perfect” bicycle 

frame.

Engineers who do this:
■ Manufacturing Engineers—De-

termine systems to get bike-

related equipment manufactured. 

Interested in reducing the costs 

associated with production.

■ Materials Engineers—Always on 

the lookout for new materials to 

have more fun, increase perfor-

mance, and provide a more com-

fortable ride. This includes any-

thing that makes up the bike such 

as the frame, forks, hubs, tires, 

grips, and seats or bike gear such 

as clothing, helmets, and shoes.

■ Mechanical Engineers—May de-

sign the frames, derailleur, hubs, 

forks, handlebars, brakes, spin-

dles, sprockets, and everything in 

between.

(Courtesy of Terry Bicycles (www.terrybikes.com).)

Portions reprinted with permission, from Baine, C., 

High Tech Hot Shots, 2004, IEEE.

 3. Enterprise process integration—to help integrate 

product information with all company business 

processes.

2.3.4 e-Business

e-Business is the process of buying and selling products 

over the Internet. However, this revolutionary method 

of buying and selling can have a profound effect on the 

design and manufacture of products. e-Business can be-

come the means to exploit the combined power of the 

Internet and information technology to fundamentally 

change the design and manufacturing processes. This 

means using CAD, virtual product representation, PDM, 

and EDM to conceive, design, build, market, and sell the 

most innovative, highest-quality, most attractive products 

to customers. 

2.3.5 Design Teams

The membership of a design team will vary according to 

the complexity and type of design. In small companies, 

design teams may be only a few individuals, such as a 

design engineer, a drafter, and a manufacturing engineer. 

A typical team in a concurrent engineering design pro-

cess will include individuals from design, manufacturing, 

quality, materials, vendors, and managers. Team mem-

bers rotate in and out and involvement levels rise and fall 

as the design moves from concept to manufacture. Daily 

meetings are common during critical times in the design 
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This case describes the design of professional and lei-

sure kayaks using CAD and reverse engineering tech-

nologies. In this case you will see an example of how 

3-D scanning is used in conjuction with hand-made 

prototype and 3-D CAD geometry to complete the de-

sign of modern kayaks.

Kayaking has two extremes—the slow, leisurely fl oat 

and the adrenaline-pumping rush of whitewater pad-

ding. For these extremes, and everything in between, 

Watermark Sports has just the right boat. Through its 

product lines, it offers recreational, fi shing, expedition, 

touring, whitewater, and freestyle kayaks.

Watermark introduces 12 to 18 new boats each year, 

and year-after-year, the industry honors Watermark’s 

kayaks. Producing a boat requires a combination of skill, 

experience, and craftsmanship. It also demands the right 

tools.

Watermark designs their boats using both digital de-

sign tools and model-making skills. To bridge the gap 

between hand-crafted prototypes and CAD data, the 

company depends on its reverse engineering tools, a la-

ser scanner and 3-D scan data-processing software.

Building a Boat

Design of a new boat begins with CAD, and Watermark 

applies its years of experience to develop a product that 

both looks great and performs well. After a designer has 

done his job at the computer, the design must be refi ned 

for peak performance. To do this, Watermark must put 

a prototype boat in the water.

The prototype, which is called a plug, is milled from 

high-density foam by a CNC machine. Watermark’s 

design team puts the full-scale model in the water and 

takes it out for a paddle. The test run provides perfor-

mances data and highlights needed modifi cations. The 

prototype is then sent to the model shop, where it is re-

shaped by hand. At this point, experienced model-mak-

ers take over and adjust the hull’s contours with hand 

rasps, sand-paper, other shaping tools, and body fi ller.

After repeated testing and reshaping, the design 

team settles on the perfect boat. The boat, however, ex-

ists only as a physical model that is an alteration of its 

original CAD model. To bridge the gap and get a CAD 

model from which to manufacture a line of boats, Wa-

termark digitally scans the plug to capture its design 

modifi cations.

In the past, Watermark used a touch probe CMM tool 

mounted on an articulated arm. The problem was that it 

took as much as a week to gather the data and incorpo-

rate the modifi cations in a new CAD model. And due to 

time constraints and the manual operation of the touch 

probe, the input was limited to a few hundred discrete 

data points. With so little data, the CAD model did not 

capture all of the subtle contours hand-worked by the 

model-makers and the fi nished product often lacked 

many of the performance-enhancing alterations and 

some of their cosmetic appeal.

To speed up the process and get more accurate scans, 

Watermark now uses a laser scanner and point cloud ed-

iting software to digitally capture the shape of the boat.

process, although weekly meetings of the design team are 

more common. Global design teams are possible through 

the use of the web and other Internet-based tools. It is 

now possible to share design information, including CAD 

models, across the web.

The coordination of the design team is critical to the 

success of the design and in meeting deadlines. Commu-

nications becomes a very important element for success-

ful design. The use of computers in the design process 

can facilitate good communication between members of 

Desktop Engineering: Fast & Clean

The point cloud for half of the Carolina kayak’s hull contains 
2.5 million points.

(Courtesy of Todd Grimm/Desktop Engineering Magazine.)
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Watermark now captures design changes to its plugs 

in just three hours, a process that took a week the old 

way. In addition to the faster processing, the combina-

tion of the new hardware and software means increased 

data accuracy as well as additional control over the 

scanned data.

The Process

Watermark begins by scanning one-half of the plug, the 

data from which is later mirrored to create perfect sym-

metry. Each plug will yield between 20 and 40 scans over 

the length of the kayak, which ranges from 7 to 19 feet.

After scanning the plug, Watermark imports the 

point cloud data into the editing software. The scan data 

is then cleaned up, registered, and aligned. The length of 

a boat and the soft contours of the hull make this one of 

the toughest applications for scan alignment.

Once the digital defi nition is complete, the data is 

exported to the company’s CAD software. In the CAD 

package, the kayak designer then creates the mirror im-

ages of the data to create a complete boat hull with per-

fect symmetry. From this fi le he creates his toolpaths 

and then machines another full-size plug in high-density 

foam. This new plug becomes the pattern for casting a 

composite tool used for rotational modeling or vacuum 

forming a kayak.

“Watermark progresses to the next generation of a 

boat or to a different size of boat much faster than we 

have ever been able to do before. With our tight time-

frames to get these boats to market, the amount of test-

ing on a specifi c boat was a compromise. Now, Water-

mark has more time to get the work done earlier in the 

design cycle, and they have the time to fully test so that 

they can deliver the best product.

Reverse engineering also lets Watermark design and 

test more than just boat hulls. The company has ex-

panded its use of 3-D scanning to include seats, decks, 

internal components and mounting hardware. With this 

scanned data, the company mates digital components 

with the hull and reviews designs for tolerance and fi t. 

Watermark now designs more boats and components, 

and completes more testing and analysis; all without 

adding staff.

the design team. 3-D model data can be shared by the de-

sign team that will allow many of the design processes, 

such as analysis and manufacturing, to concurrently work 

on and have input into the fi nal design.

If the design is complex, subassemblies are created by 

the design team within the constraints of the 3-D CAD 

master model. The shared 3-D CAD database is the way 

the team can make sure that the design of each subassem-

bly will work through a concurrent refi nement process. 

By dividing the design into subassemblies, more members 

of the design team can work concurrently on the design, 

which can reduce modeling time and product development 

The point cloud is processed to yield a smooth polygonal 
data fi le that captures all of the hand-worked detail.

(Courtesy of Todd Grimm/Desktop Engineering Magazine.)

Prior to export, the scanned data is converted into NURBS 
surfaces. Then desired data is selected and surfaced data is 
exported in IGES format.

(Courtesy of Todd Grimm/Desktop Engineering Magazine.)

(Adapted from “Fast & Clean,” by Todd Grimm, Desktop Engineering Magazine, December 2005, pp. 20–22, 34. © 2005 Desktop Engineering. Reprinted with 

permission.)
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time that is critical in today’s global economy and fi erce 

competitive environment. 

2.3.6 Members of Design Teams

The number and type of individuals that comprise a de-

sign team is largely determined by the size of the design 

project. Even though an individual is assigned to a team, 

all members may not be involved at all times. In a con-

current engineering environment the team members work 

together to meet the common goal. Typical members of a 

design team might include:

 1. Product design engineer—responsible for the over-

all product design.

 2. Product manager—the person who has the ultimate 

responsibility for a design and its team.

 3. Mechanical engineer—responsible for mechanical 

and electromechanical product development.

 4. Electrical engineer—responsible for electronic 

components of the design.

 5. Manufacturing engineer—responsible for the man-

ufacturing processes used to create the product.

 6. Software engineer—responsible for any computer 

software code needed for a product.

 7. Detailer/drafter—assists the engineers with the 

3-D modeling and documentation of the product.

 8. Materials engineer—responsible for the selection 

of the material best suited for a product.

 9. Quality control engineer—responsible for meet-

ing the quality guidelines for the product and its 

manufacture.

 10. Industrial designer—responsible for the product’s 

appearance, form, and human factors analysis.

 11. Vendor representatives—responsible for any out-

sourcing required by the company making the 

design.

2.4 Summary
This chapter introduces you to modern design practices. 

Graphics have been and will continue to be an important 

part of engineering design. Graphics, in all forms, are the 

communications medium of choice in the design process. 

The use of computers to model the design and create a 

graphics database that can be shared by everyone on the 

team will even further enhance the role of graphics in the 

future. The engineer and technologist must know how to 

use graphics to communicate, visualize, and present tech-

nical information effi ciently and effectively.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline. 

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Describe the design process.

 2. Describe the engineering design process.

 3. Describe functional design.

 4. Describe aesthetic design.

 5. Defi ne product design.

 6. Defi ne system design.

 7. Describe collaborative engineering.

 8. Describe EDM/PDM.

 9. Describe and sketch the concurrent engineering 

model.

 10. Describe and sketch the digital enterprise.

 11. Describe e-Business.

 12. Describe PLM and its various elements and their re-

lationship to each other.

 13. Describe Leonardo da Vinci’s infl uence on the engi-

neering design process.

Further Reading
Burghardt, D. M. Introduction to Engineering Design & Prob-

lem Solving. New York: McGraw-Hill, 1998.

Eide, A. R. Introduction to Engineering Problem Solving and 
Design. 2nd Ed. New York: McGraw-Hill, 2001.

Grieves, M. Product Lifecycle Management: Driving the Next 
Generation of Lean Thinking. New York: McGraw-Hill, 2005.

Lumsdaine, E., Lumsdaine, M., and Shelnutt, J. W. Cre-
ative Problem Solving and Engineering Design. New York: 

McGraw-Hill, 2001.
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Rayport, J. F. and Jaworski, B. J. Introduction to E-commerce. 

New York: McGraw-Hill, 2001.

Stark, J. Product Lifecycle Management. New York: Springer-

Verlag, LLC, 2004.

Ullman, D. G. The Mechanical Design Process. New York: 

McGraw-Hill, 1996.

Ulrich, K. and Eppinger, S. Product Design and Development. 
2nd Ed. New York: McGraw-Hill, 1999.
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Objectives and Overview
Technical graphics is an integral part of the 

engineering design process through which 

engineers and drafters/designers gener-

ate new ideas and solve problems. Tradi-

tionally, engineering design consisted of 

closely related steps documented as paper 

graphics and text that fl owed in a linear/

sequential manner through an organization. 

In the face of increased global competition, 

and with the advent of digital design tools, 

many industries in the United States have 

adopted a team-oriented concurrent ap-

proach using 3-D CAD model information 

as a primary means for communication.

 This chapter describes a modern ap-

proach to the engineering design process 

as generally found in industry, so that you 

will have a better understanding of and 

appreciation for the role of engineering 

graphics in the design process. Besides 

describing the design process, advanced 

technologies such as product data manage-

ment (PDM) and web collaboration are de-

scribed. Knowledge of how various infor-

mation management tools and techniques 

support the evolving design is important to 

understanding the modern design process.

 After completing this chapter, you will 
be able to:

 1. Describe the engineering design pro-

cess and the role graphics plays.

Chapter Three

Design in 
Industry

A picture is worth a thousand words but 

only if you can decipher it.

—Stephen M. Kosslyn

C
hapter T

hree
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 2. Describe the concurrent engineering design process.

 3. Describe design for manufacturability (DFM).

 4. Explain the role 3-D modeling plays in the engineer-

ing design process.

 5. List and describe the modeling techniques used in 

design.

 6. Describe the important types of graphics used to 

support the engineering design process.

 7. Describe the rapid prototyping process.

 8. Describe the ideation process.

 9. Describe the implementation process.

 10. Describe the role of PDM in drawing control.

 11. Describe the role of PDM in the communication of 

product design information.

 12. List and describe the analysis techniques used in 

design.

3.1 The Engineering Design Process
Engineering design is one of the processes normally asso-

ciated with the entire business or enterprise, from receipt 

of the order or product idea, to maintenance of the product, 

and all stages in between (Figure 3.1). The design process 

requires input from such areas as customer needs, materi-

als, capital, energy, time requirements, and human knowl-

edge and skills.

Two important societal concerns that an engineer must 

take into account are legal and environmental issues. Ev-

ery business must operate within the law that governs 

their business. When designing, it is important that the 

engineer understand that legal issues may affect the de-

signed product. Safety laws related to automobiles are an 

example of how government legislation can affect a de-

sign. Government regulations related to the environment 

may also have a bearing on the fi nal outcome of the de-

sign. For example, the emission requirements of an auto-

mobile engine have a great effect on the fi nal design.

An example of human knowledge applied to the design 

process is an engineer’s knowledge of graphics, mathe-

matics, and the sciences. Such knowledge is used by the 

engineer to analyze and solve problems.

An engineering design involves both a process and a 

product. A process is a series of continuous actions end-

ing in a particular result. A product is anything created 

as a result of some process. As the design of a product 

or process is developed, the design team addresses mar-

ket specifi cations, applies engineering principles, follows 

budgetary constraints, and takes into account legal and 

Input Processes Output

• Products, Systems, or
   Structures for
   Various Markets
• Support Activities
   – Training
   – Service
   – Customer Satisfaction
• Company Profits 

• Designing
• Planning
• Producing &
  Constructing
• Managing
• Marketing
• Financing
• Documenting

• Societal Concerns
• Customer
  Needs/Demands
• Material
• Capital
• Energy
• Time
• Human Knowledge
• Human Skills
• People

BUSINESS

Figure 3.1

The business process
A manufacturing business or enterprise includes all the inputs, processes, and outputs necessary to produce a product or construct 
a structure. Designing is one of the major processes in such a business.
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New product development is the most complex and time-

consuming type of design project.

This chapter will use as an example the design pro-

cess practiced by Motorola, Inc., Schaumburg, Illi-

nois, to design the Motorola RAZR cell phone (Figure 

3.2). Motorola uses a team approach and a concur-

rent engineering process to develop new products. 

A group assigned to a project includes mechanical, 

industrial, and electrical engineers; technicians; in-

dustrial designers; and purchasing, planning, market-

ing, and other support personnel. Each team member 

brings his or her unique skills, experience, knowl-

edge, and perspectives to the design problem, and 

everyone participates in the solution process to get 

the new product to market as quickly as possible. For 

an in-depth description of the design of the RAZR, 

see the Case Study in this chapter.

social issues. For example, when a building is designed, 

the buyer is consulted regarding intended use and aes-

thetic elements; engineering principles are used to ana-

lyze the structure for loads; determine the structure’s 

cost, based on the materials to be used, the size of the 

structure, and aesthetic considerations; and create a de-

sign that adheres to the local laws.

Graphics is an extremely important part of the engi-

neering design process, which uses graphics as a tool to 

visualize possible solutions and to document the design 

for communications purposes. Graphics or geometric 

modeling using CAD is used to visualize, analyze, docu-

ment, and create a product or process. In fact, geometric 

modeling itself could be considered both a process and 

a product. As a process, geometric modeling is used to 

create fi nal design solutions, as well as inputs to the pro-

duction process, in the form of computer databases. As 

a product, geometric modeling is one output of the engi-

neering design process.

3.2 Types of Design Projects
Not all designs are totally new designs of products. In fact 

most designs have at least some common features with a 

previous design. For example, the Motorola RAZR phone 

is a new design, but existing similar designs were used as 

inspiration for this design. Design projects are grouped as:

Modifi cation of an Existing Design  This design will only 

make very simple design changes to an existing product. 

For example, the RAZR could be modifi ed so that the 

clamshell cover shape is slightly changed.

Improvement of an Existing Design  This design normally 

occurs after the product has been used by the consumer 

for a period of time. The design is changed due to custom-

ers who may want some new or improved feature. Some-

times, a vendor will no longer be able to supply the same 

materials for parts used in the original design, or manu-

facturing has determined that a design change would re-

sult in reduced cost and time for assembly. Technological 

changes may allow for the improvement of the product 

or the manufacturing process, which in turn will force a 

change in the original design.

Development of a New Product  The RAZR is an example 

of the development of a new product (Figure 3.2). This 

design is based on targeting a specifi c kind of consumer 

who could not be reached until the technological devel-

opment of communication technologies made it possible. 

Figure 3.2

Concurrent engineering design case study
The RAZR cellular phone was designed and produced using 
concurrent engineering and total quality management (TQM) 
principles.

(© Motorola, Inc.)
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3.3 Ideation
Ideation is a structured approach to thinking for 

the purpose of solving a problem. Ideation is that 

phase of the design process in which the basic design is 

conceived (conceptual phase). Feasibility studies are of-

ten performed to defi ne the problem, identify important 

factors that limit the scope of the design, evaluate antici-

pated diffi culties, and consider the consequences of the 

design. The ideation process consists of three important 

steps: problem identifi cation, preliminary ideas, and pre-

liminary design. Each of these areas can be further subdi-

vided, as shown in Figure 3.3.

3.3.1 Problem Identifi cation

Problem identifi cation is an ideation step in which the 

parameters of the design project are set before an attempt 

is made to fi nd a solution to the design. Problem identifi -

cation includes the following elements:

Problem statement, which summarizes the problem to be 

solved.

Research, which gathers relevant information useful to 

the design team.

Data gathering, sometimes called feasibility study, which 

determines market needs, benchmarking with the 

competition, and rough physical measurements, such 

as weight and size.

Objectives, which list the things to be accomplished by 

the team.

Limitations, which list the factors in the design specifi  -

ca tions.

Scheduling, which organizes activities into a sequence.

Engineering design problems must be clearly defi ned 

before the design process can begin. The problem defi -

nition requires input from customers, marketing, man-

agement, and engineering. Data to determine consumer 

needs are gathered through surveys, such as personal 

or telephone interviews, mail questionnaires, and focus 

groups. As an example, Motorola gathered data on the 

actual and projected numbers of wireless communicator 

users. Marketing determined the average income, demo-

graphics, typical jobs, and other information on cellular 

phone users, as well as the opinions of the customers re-

garding the proposed design.

The competition is surveyed to “benchmark” a product 

line. A benchmark in this context is the study of a product 

similar to the one being considered for design.

In our example, wireless communicators marketed 

by the competition were analyzed for size, weight, 

material, features, power, price, and many other fea-

tures. The research and development (R&D) depart-

ment was also consulted to determine if there were 

any new developments that would help in the design 

of a new ultralight cellular phone. For instance, the 

R&D department may have developed a miniaturized 

version of the transmission component that could be 

used in the new design.

Journal and trade magazines are reviewed for reports 

on developments in related technologies. A patent search 

may be done, and consultants specializing in areas where 

the design team is weak may be hired. This process of re-

searching similar products and technologies and applying 

the results to the new design is called synthesis.

After all the data are gathered, the information is shared 

with the team before preliminary ideas are developed (Fig-

ure 3.4). Presentation graphics are a tool used to display 

the data in the form of charts and graphs and are thus an 

important element in the information-sharing process.

After the problem statement is created and the re-

search and data gathering are completed, objectives are 

developed by the team. Objectives specifi cally state what 

is to be accomplished during the design process, and may 

• Problem Statement
• Research
• Data Gathering
• Objectives
• Limitations
• Scheduling

• Notes
• Sketches/Models
• Brainstorm
• Synthesis

• Evaluation
• Selection

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

Figure 3.3

Ideation process
The ideation process includes problem identifi cation, prelimi-
nary ideas development, and preliminary design. Ideation is 
the start of the design process.
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include factors related to manufacturing, materials, mar-

keting, and other areas. Included in this process are limi-

tations or constraints on the project, such as time, mate-

rial, size, weight, environmental factors, and cost.

Scheduling of the design activities is one of the last 

stages in problem identifi cation. To plan and schedule sim-

ple projects, a Gantt chart may be used. In a Gantt chart, 

horizontal bars are used to represent resources or activi-

ties, and time is represented by the length of the bars. A 

method of scheduling large projects is the project evalu-

ation and review technique (PERT), with which activities 

are scheduled in such a way as to optimize progress toward 

completion. The critical path method (CPM), used with 

PERT, defi nes those activities that must be completed in 

sequential order while other activities are taking place.

Figure 3.5 is an example of a simple CPM chart. The 

circles represent events that are the start or completion of 

a mental or physical task. The lines between the circles 

represent the actual performance of a task and indicate an 

increment of time. The numbers along the lines show the 

amount of time allotted to complete each task. The critical 

path is the thicker line, which may also be in a different 

color.

The RAZR phone was developed to distance Motoro-

la’s wireless phone from the competition. A team was 

assembled and project leaders assigned. The team in-

cluded representatives from manufacturing, mechani-

cal and electrical engineering, industrial design, ser-

vice, assembly, marketing, fi nance, and the consumer 

sector. The team was given the assignment of creating 

a technological leap forward by drastically reducing 

the weight and size of the cellular phone. The team was 

to accomplish this task using concurrent engineering 

strategies. The problem statement was: Design and 

produce the world’s best wireless communicator that 

featured a cellphone, two-way radio, text pager, and 

web browser in a single wearable unit.

A few of the objectives and limitations for RAZR 

were as follows:

■ Integrate total quality management (TQM) into the 

process.

■ Integrate design for manufacturability (DFM) into 

the process.

Figure 3.4

Sharing the data gathered
Many times, preliminary data is shared with the team in the 
form of charts and graphs. The team then uses the data to 
fi nalize the goals of the project.

(© Stephen Coburn/BigstockPhoto.)
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Figure 3.5

CPM chart created for a simple project
The thick line represents the critical path, for those activities 
that must be completed in sequential order while progressing 
through the project.
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■ Use outside vendors for the circuit boards and 

other components not normally produced by 

Motorola.

■ Keep the retail cost of the phone below that of the 

competition.

■ Make the weight with the battery pack at or below 

5 ounces.

■ Make the product palm-sized, and aesthetically 

pleasing.

■ Make it small enough to fi t in a shirt pocket when 

closed.

■ Include an alphanumeric display capable of dis-

playing modifi ed web pages.

■ Include battery options for a longer talk time.

■ Include call placement features, such as automatic 

redial, speed dialing, and a memory program.

■ Make it sturdy enough to withstand durability test-

ing, including temperature, humidity, shock, dust, 

vibration, and the 4-foot drop test.

■ Produce a product that meets the quality expecta-

tions of the consumer.

■ Design for compliance with all Federal Communi-

cations Commission (FCC) rules and regulations.

Features of the RAZR V3 phone:

■ User-customizable Soft key functions, Main Menu 

and Shortcuts

■ Games: 3-D Java-embedded and space for 

downloads

■ Downloadable themes (Ringtones, wallpaper and 

screen-savers)

■ MOTOMIXER™ (Remixable MIDI ringer software)

■ Polyphonic ringtones

■ Picture phone book

■ MP3 ringtones

■ Polyphonic speaker: 22 Khz polyphonic speaker, 

22 chord support

■ Video download

■ Video clip playback with sound

■ Precision cut metal keypad

■ Integrated digital VGA camera with 4� digital zoom 

and light

■ Talk time: Up to 200 to 430 minutes

■ Standby time: Up to 180 to 290 hours

■ Bands: Quad-band (GSM 850/900/1800/1900)

■ Standard battery: 680 mAh Li-ion

■ Internal memory: 5 MB

■ Weight: 3.35 oz

■ External display: 96 � 80 pixel, 4k CSN color, 

4 lines of text/line of icons

■ Volume: 65 cc

■ Dimensions (H � W � D): 3.86 � 2.08 � 0.54 

inches

■ Finish: Anodized aluminum

■ Internal display: 176 � 220 pixel, up to 260 K TFT 

color, with graphic accelerator, 9 lines of text

■ Color: Silver

■ Form factor: Clamshell

3.3.2 Preliminary Ideas Statement

After the problem identifi cation is complete, the team 

begins to develop preliminary ideas for solving the prob-

lem. This stage of the process is sometimes referred to as 

brainstorming. Brainstorming is the process of identify-

ing as many solutions to a problem as possible. A brain-

storming session normally has a leader or moderator and 

a recorder. Before a session starts, results of the ideation 

phase, such as marketing surveys and product research, 

are shared with the group. This synthesizing process is 

used as a catalyst to generate as many ideas as possible by 

giving the group a starting point for the design solution. 

Ideas are suggested freely, without criticism or discussion 

of feasibility. The length of the session varies but ends 

when the free fl ow of ideas begins to slow down.

Brainstorming results in a list of ideas, along with some 

preliminary sketches or computer models (Figure 3.6). 

The computer models would not be dimensionally ac-

curate, but would approximate the preliminary idea. All 

ideas are sketched or modeled, listed, and shared with the 

whole team. Eventually, two to six ideas are selected for 

further analysis. The number of ideas chosen depends on 

the complexity of the design and the amount of time and 

resources available.

At Motorola the design team met to begin the brain-

storming process. Data gathered in the problem 

identifi cation stage was brought to the meetings. An 

agenda was set by each group leader to keep the 

session on track.
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3.3.3 Preliminary Design

After brainstorming, the ideas are evaluated, using as the 

criteria the problem statements, project goals, and limita-

tions. Industrial designers may create preliminary models 

out of foam or other material, or may use the computer 

models created in the preliminary ideas phase to control 

machines that generate physical models.

The choice for the fi nal design may be easy if only one 

design meets the criteria. However, there is frequently 

more than one viable design solution. When this happens, 

an evaluation table may be used to “score” each design 

idea relative to the goals of the project.

Ideation Graphics and Visualization  In the ideation phase, 

rough sketches and conceptual computer models called 

ideation drawings or models are produced (Figure 3.7). 

Ideation drawings communicate new ideas through the 

use of rough sketches and computer models. These draw-

ings are a synthesis of the information gathered in the pre-

liminary stages of the design process and may combine 

what was visualized in the mind with what has been put 

on paper or in the computer. Copying drawings or modi-

fying computer models encourages new ideas to evolve 

from existing concepts.

At Motorola the wireless communicator ideas were 

checked for

■ Adherence to the specifi cations of size, weight, 

appearance, durability, and so forth.

■ Manufacturability.

■ Quality.

■ Cost.

■ Limits of the available technology, such as micro-

miniaturization of circuits and components.

■ Environmental and safety concerns.

■ Comparison against the competition and known 

solutions to the problem.

The team may have decided that some research was 

needed because of concerns generated by the prelim-

inary ideas. The evaluation process helped the team 

determine which designs to continue examining.

Presentation Graphics  Presentation graphics are used to 

present data in more easily understood forms, such as 

charts or graphs. Preliminary engineering and cost analy-

ses may also be graphed. Presentation graphics is a very 

Figure 3.6

Brainstorming
Brainstorming by the team will result in a list of possible solu-
tions, as well as rough sketches or computer models. During 
brainstorming, members of the design team will generate 
as many ideas as possible, without criticism or discussion of 
feasibility.

(© Joseph Pobereskin/Getty Images.)

The various ideas were discussed, using the objec-

tives, limitations, and problem statement as the cri-

teria. The open exchange of ideas generated many 

possible solutions, which were sketched with detailed 

notes. The major problems in developing a multifunc-

tion phone were discussed, and some team members 

were assigned the task of determining the feasibility 

of miniaturizing electronic circuitry to that level.

Every group in the design team had a major role 

in the development of ideas. Mechanical and electri-

cal engineers concentrated on the design of the case, 

electronic circuitry, and features, using input from the 

consumer, as well as data gathered from other sources. 

Industrial designers interacted with the engineers to 

create rough sketches and computer models of some 

of the initial ideas. Industrial engineers and technicians 

examined the feasibility of assembling some of the 

proposed designs. Marketing kept the group focused 

on the wants and needs of the consumer. Finance kept 

the group focused on cost factors.

The team met several times in smaller groups to 

discuss the feasibility of some design ideas before 

four or fi ve were chosen to move on to the refi nement 

stage. Integrated throughout the process was an em-

phasis on quality, which directed the design team al-

ways to keep quality concepts and practices part of 

its discussions.
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important part of the design review meeting (Figure 3.8). 

Ideation requires skills in sketching, visualization, and 

presentation graphics.

3.3.4 Ideation Resources

Inventive or creative ideas can come from a number of 

sources. Personal experience is a great source of ideas as is 

the existing knowledge of an organization. Outside sources 

for ideas can come from consumer surveys, competition 

reviews, patent searches, library searches, and searches 

on the web. Vendors and professional organizations can 

be helpful when gathering information for new designs. 

Thomas Register is an excellent resource for gathering 

information about companies and their products. Thomas 
Register and many other vendors maintain web sites, and 

some vendors have CD ROMs available with their prod-

ucts that can be inserted in CAD drawings and models.

3.3.5 The Designer’s Notebook

Designers should get into the habit of taking meticulous 

notes to ensure that ideas and decisions are kept for future 

reference. A designer will create many notes and docu-

Figure 3.7

Preliminary design sketches of proposed cellular phones, 
as generated in the brainstorming sessions
These design sketches will be further refi ned; then one or a 
combination of two or more will be chosen as the fi nal design.

Figure 3.8

Presentation graphic
Sketches, drawings, 3-D models, tables, and graphs are com-
mon graphics used to communicate new designs in presenta-
tions, such as a design review meeting.

(© Motorola, Inc.)
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ments which normally become part of the design fi le. A 

well-documented design notebook will contain design 

sketches (Figure 3.9) with notes, calculations, signatures, 

and dates. One important reason for keeping good notes 

is to make it easier to document original designs, which is 

very important when applying for a patent. This informa-

tion is also important to defend against possible lawsuits 

arising from the use of the product. The notebook is also 

a way of creating a history of design for a company (Fig-

ure 3.10). This historical record is important so new de-

signers can quickly determine how design has progressed 

in a company. This historical record also becomes im-

portant when modifying existing designs or creating a 

related product. When this occurs, design decisions and 

previous design solutions may become a starting point for 

the modifi ed design. This can save much time and money 

in the development of the new product.

The notebook is very similar to a diary that records 

the development of the design solution. It does not have to 

be neat, but it should be legible and contain all the notes, 

sketches, and calculations on sequentially numbered 

pages. A simple bound notebook may be all that is needed 

for a designer’s notebook for a single project.

Today’s technology allows collaborative engineering 

through design across the World Wide Web (WWW), as 

described in more detail later in this chapter. Keeping a 

designer’s notebook can be accomplished through a com-

puter-based electronic notebook by serving, delivering, 

Figure 3.9

 Pages from a designer’s notebook
These sketches and notes are from an engineer’s notebook showing the assembly drawing of a battery case.

(From David G. Ullman, The Mechanical Design Process, 2nd edition, The McGraw-Hill Companies, Inc. Reprinted with permission.)
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and storing the data created by the design team. This al-

lows design documents to be read by a wide variety of peo-

ple in different departments and even different locations.

3.4 Refi nement
Refi nement is a repetitive (iterative or cyclical) pro-

cess used to test the preliminary design, make 

changes if necessary, and determine if the design meets 

the goals of the project (Figure 3.11). Refi nement is the 

second major stage in the concurrent engineering design 

process and consists of three main areas: modeling, de-

sign analysis, and design visualization. These areas are 

further subdivided into activities that ultimately result in 

the selection of a single design solution.

The refi nement stage normally begins with technicians 

using the rough sketches and computer models to cre-

ate dimensionally accurate drawings and models (Figure 

3.12a). At this point, engineers begin to select materials 

for component parts, considering such factors as heat, 

light, noise, vibration, humidity, strength, weight, size, 

Figure 3.10

Designer’s notebook as a historical record
Jack Kilby was the primary design engineer for the fi rst in-
tegrated circuit while working at Texas Instruments in 1958. 
He is pictured holding his design notebook and page from the 
notebook with his notes describing the basic concept behind 
the integrated circuit.

(Photo courtesy of Texas Instruments.)

(Graphics courtesy of Texas Instruments.)
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Refi nement process
The refi nement process includes modeling, design analysis, and 
visualization. These elements are used to determine if the design 
meets the goals set earlier in the design process. Refi nement is an 
iterative process, which means that changes made to the design 
may cause elements in the refi nement stage to be repeated.
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Figure 3.12

Refi nement of a battery contact design
Engineering drawings and models that are more dimensionally accurate are produced in the refi nement stage.

(From David G. Ullman, The Mechanical Design Process, 2d edition, The McGraw-Hill Companies, Inc. Reprinted with permission.)
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Figure 3.13

Descriptive model
Cutaway section of a mechanical gearbox.

(Modeled and rendered by Thomas Anagnostou. Courtesy of Robert McNeel and Associates.)

loads, cost, and many others. Engineers work closely with 

industrial designers so that the materials selected will 

work well with the proposed form.

The preliminary design is tested physically, using fi -

nite element analysis, kinematic tests, animation, and spa-

tial analysis. The design is analyzed relative to the proj-

ect objectives and problem statement, and manufacturing 

begins to determine the processes needed to produce the 

product. The preliminary design is also market tested to a 

small group. At this stage changes may be recommended 

in the initial design. The fi nal step in the refi nement stage 

is selection of the fi nal design for the product.

The refi nement stage is heavily dependent on graph-

ics to document, visualize, analyze, and communicate the 

design idea. These drawings and computer models are 

called refi nement drawings or design drawings. Refi ne-

ment drawings are technical drawings and models used to 

analyze preliminary design ideas. (See Figure 3.12e.)

3.4.1 Modeling

Modeling is the process of representing abstract ideas, 

words, and forms, through the orderly use of simplifi ed text 

and images. Engineers use models for thinking, visualiz-

ing, communicating, predicting, controlling, and training. 

Models are classifi ed as either descriptive or predictive.

A descriptive model presents abstract ideas, products, 

or processes in a recognizable form. An example of a de-

scriptive model is an engineering drawing or 3-D computer 

model of a mechanical gearbox (Figure 3.13). The drawing 

or model serves as a means of communication but cannot 

be used to predict behavior or performance. A predictive 
model is one that can be used to understand and predict the 

behavior/performance of ideas, products, or processes. An 

example of a predictive model is a fi nite element model of 

a bridge support, which is used to predict mechanical be-

havior of the bridge under applied loads. (See Section 3.4.3 

for a discussion of fi nite element models.)
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During the refi nement process, two types of models 

are useful: mathematical models and scale models.

A mathematical model uses mathematical equations 

to represent system components. This technique is use-

ful for understanding and predicting the performance of 

large, complex systems. Normally, a large system is bro-

ken into its simpler components before being modeled. 

Figure 3.14 is an example of a mathematical model used 

to predict the power loss of thrust bearings when velocity 

is increased. By reading the graph, you can predict how 

much loss there will be, without having to test the bearing 

physically at every operating speed. This results in a tre-

mendous savings in time and cost during the refi nement 

stage of the design process.

A scale model is a physical model created to represent 

system components. This is one of the most useful and eas-

ily understandable of all the  modeling types. The model 

can be full size or made to scale. Before the advent of 

3-D geometric modeling using computers, physical mod-

els were made by skilled craftsmen, from clay, wood, 

foam, or other materials (Figure 3.15). Physical models 

are extremely useful for conducting spatial, aesthetic, hu-
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Figure 3.14

Predictive model
A mathematical model is used to predict power loss of a thrust 
bearing at various speeds.

(From Machinery’s Handbook, 26e, Jones et al, p. 2222. Copyright © 2000 In-

dustrial Press. Reprinted with permission.)

Figure 3.15

Real model
Real models created from clay are used for spatial, aesthetic, 
and property analyses.

(Courtesy of the University of Cincinnati.)

man factors, and property analyses. For example, the cel-

lular phone could be modeled in foam or wood and given 

to the human factors engineers and the consumers group 

on the design team to get their feedback on the interaction 

between the model and the human test subjects. In addi-

tion, the circuitry of the cellular phone could be created as 

a working model using “breadboarding,” which is a tech-

nique used by electrical engineers and technicians to test 

new circuits.

For some products, recent advances in computer mod-

eling and rapid prototyping have reduced the need for cre-

ating physical models using traditional techniques. Rapid 
prototyping is a broad term used to describe several re-

lated processes that create real models directly from a 

3-D CAD database (Figure 3.16). This can dramatically 

reduce the time between modeling and manufacturing.

In some cases, it is not practical to make a prototype 

because of size or cost. In other cases, the prototype 

would not respond the way the actual product would. For 

these situations, as well as others, virtual reality (VR) 
systems offer a viable analysis approach (Figure 3.17). VR 

systems use the principles of human spatial perception to 

develop completely immersive environments in which the 

user can interact with the virtual object through some or 

all of the senses. In such an environment, the user has the 

feeling of actually interacting with the virtual model.
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Figure 3.16

Real model of a portable hand-held radio created with a 
rapid prototyping system
(Courtesy of 3D Systems, Inc.)

Figure 3.17

Virtual reality technology 
This technology allows a more complete use of the senses to 
explore and evaluate design concepts.

(Courtesy of Fakespace Systems, Inc.)

VR technology requires models that correspond closely 

to the real object. Also, the system must be able to moni-

tor all actions taken by the user. This includes changing 

the point of view when the user’s head position changes or 

depicting a virtual hand when the user is reaching out and 

grasping the virtual object. In addition, the user needs to 

receive feedback that closely mimics the environment’s re-

sponses to the user’s actions. The visual and auditory fi elds 

must be completely controlled by the system, and this is 

often done with headsets. State-of-the-art technology that 

would provide kinesthetic feedback is being developed. 

The virtual model would feel like it has weight when it is 

being moved around by the user.

Rapid Prototyping  The actual process used to create the 

rapid prototype varies depending on the type of system 

being used. The actual making of the part can take many 

hours depending on the size of the part. The basic process 

consists of creating a 3-D model of the part on a CAD 

system. The 3-D model is then translated into a fi le for-

mat compatible with a rapid prototyping system, the most 

popular being an STL fi le. The rapid prototyping system 

reads the STL fi le and breaks the 3-D model into a series 

of very thin layers.

Rapid prototyping systems are categorized by the pro-

cess used to create the real model. Stereolithography ap-

paratus (SLA) was one of the fi rst methods developed and 

uses a process where a focused laser beam hardens a light-

sensitive liquid polymer through a series of very thin slices 

(Figure 3.18). Selective laser sintering (SLS) is a process 

that uses a focused laser to fuse powdered plastic, metal, 

Figure 3.18

Stereolithography system used to create rapid prototypes 
of parts.
(Courtesy of 3D Systems, Inc.)
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or ceramic through a series of very thin slices. Fused de-

position modeling (FDM) uses molten plastic deposited in 

a series of thin layers to create the part. Laminated object 

manufacturing (LOM) creates real models from sheets of 

material such as paper or vinyl.

At Motorola, the RAZR components were modeled on 

a CAD system early in the design stage. Mechanical 

engineers and technicians created a 3-D solid model 

of the phone case from the design sketches, and the 

industrial designers edited that computer model. 

Electrical engineers and technicians computer mod-

eled the circuitry and other components. Industrial 

engineers used the computer models to begin design-

ing the assembly line and to provide feedback to the 

design team on the phone’s manufacturability (DFM). 

The geometric database was shared by all members 

of the team in analyzing the fi nal design.

3.4.2 Computer Simulation and Animation

Computer simulation is the precise modeling of com-

plex situations that involve a time element. The 3-D com-

puter model can be used instead of a physical model for 

property analyses. Material properties can be assigned to 

a computer model so that it behaves and looks like the 

real product. For example, instead of a scale model of a 

new aircraft being made and tested in a wind tunnel, a 

computer model can be used to simulate the aircraft in 

the wind tunnel test (Figure 3.19).

Computer animation is the imprecise modeling of com-

plex situations that involve a time element. The major dif-

ference between simulation and animation is the degree 

of precision. An animation only approximately replicates 

a real situation; a simulation accurately replicates a real 

situation. For example, to determine the aerodynamic 

characteristics of an airplane using computer simulation, 

the aircraft and the fl uid properties of air must be precisely 

represented, or inaccurate information will be obtained. 

On the other hand, if all that is needed is a visual repre-

sentation of the aircraft in fl ight, then the computer model 

need not be precise and an animation of the vehicle is 

suffi cient.

At Motorola, the assembly line used to produce the 

cellular phone could be either simulated or animated 

using computer models. The simulation would dy-

namically show the phone being assembled and 

would assist the industrial engineers and technicians 

in determining where bottlenecks or trouble spots 

might occur during assembly. The information thus 

obtained would be used to further refi ne the design 

to make it more easily manufacturable, following DFM 

principles.

3.4.3 Design Analysis

Design analysis is the evaluation of a proposed design, 

based on criteria established in the ideation phase. It is 

the second major area within the refi nement process, and 

the entire design team is involved. Typical analyses per-

formed on designs include the following:

Property analysis, which evaluates a design based on its 

physical properties, such as strength, size, volume, 

center of gravity, weight, and center of rotation, as well 

as on its thermal, fl uid, and mechanical properties.

Mechanism analysis, which determines the motions and 

loads associated with mechanical systems made of 

rigid bodies connected by joints.

Functional analysis, which determines if the design does 

what it is intended to do; in other words, if the design 

performs the tasks and meets the requirements speci-

fi ed in the ideation phase.

Figure 3.19

Computer model simulating an aircraft in a wind tunnel
The computer model supplements or replaces the need for 
physical models in engineering analysis.

(Courtesy of Gary Bertoline.)
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Human factors analysis, which evaluates a design to de-

termine if the product serves the physical, emotional, 

quality, mental, and safety needs of the consumer.

Aesthetic analysis, which evaluates a design based on its 

aesthetic qualities.

Market analysis, which determines if the design meets 

the needs of the consumer, based on the results of sur-

veys or focus groups.

Financial analysis, which determines if the price of the 

proposed design will be in the projected price range 

set during the ideation phase.

Property Analysis  Property analysis is normally associ-

ated with the engineering profession and includes fi nite 

element modeling. Property analysis determines if the 

product is safe and can stand up to the rigors of everyday 

use. Models are tested under extraordinary conditions, 

and the information gained can determine if changes must 

be made to the design. For example, a component might 

fail under extreme operating conditions. The design team 

would then recommend changes in the component itself, 

Figure 3.20

Thermal analysis
The use of color assists the user in visually determining the areas of high temperature. Blue is the coolest and red is the hottest 
area on this part.

(Photo courtesy of ALGOR, Inc.)

or in related parts of the product, to correct the defi ciency, 

and the model would then be reanalyzed. This iterative 

process is a major part of the design analysis phase.

Finite element modeling (FEM) is an analytical 

tool used in solid mechanics to determine the static and 

dynamic responses of components under various condi-

tions, such as different temperatures (Figure 3.20). The 

fl uid mechanics of designs can also be determined using 

FEM. The interaction of a part with a fl uid fl ow, such as 

water or air, is simulated through the use of color bands. 

For example, Figure 3.21 on the next page shows motion 

analysis of an assembly. The range of motion is shown us-

ing a different color.

The FEM process uses the 3-D computer model as 

input. Through a process called discretization or mesh-

ing (Figure 3.22 on the next page), the continuous 3-D 

solid model is changed into a model comprised of mul-

tiple polygonal shapes, such as rectangles and triangles, 

which are called “elements.” Each corner of each ele-

ment is called a “node.” After discretization, the bound-

ary condition is defi ned. This condition describes how an 
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Figure 3.22

Discretization
Before a fi nite element analysis can be performed, the solid 
CAD model must be broken into smaller, discrete parts, using 
a process called discretization. Lines are added to the model 
after discretization to represent the boundaries of each discrete 
part of the model.

(Photo courtesy of ALGOR, Inc.)

Figure 3.23

Boundary conditions applied
After the fi nite element model is created, the boundary condi-
tions, such as temperature or load, are defi ned. The model is 
then analyzed by the computer. The results are shown using 
color, or by deforming the model if a load is applied.

(Photo courtesy of ALGOR, Inc.)

object is tied down. For example, an object bolted down 

to a surface is called fully constrained; in contrast, an 

object allowed to spin on a shaft is partially constrained. 

Once the boundary condition is defi ned, properties, such 

as material, temperature, and forces, are assigned to the 

model.

The model is then evaluated under varying condi-

tions. For example, stress forces are applied fully to a 

constrained model and the results are shown on screen in 

multiple colors (Figure 3.23). The colors represent vari-

ous levels of stress. The model might also deform to il-

lustrate the effect of the forces being applied. The model 

could even be animated to show the deformation taking 

place and to show the incremental increases in the levels 

of stress. This process allows the designer to determine 

if the model will perform safely under extreme operating 

conditions.

The results of the property analysis are used to rec-

ommend changes in the design. This analysis is a critical 

step in the refi nement process.

Mechanism Analysis  Mechanism analysis is concerned 

with the calculation of motions and loads in mechanical 

systems comprised of rigid bodies connected by joints. A 

clamping device is an example of such a system. Mecha-

nism analysis includes assembly, kinematic, and dynamic 

analyses.

Assembly analysis is used to defi ne the individual rigid 

bodies of the mechanism and to assemble them correctly, 

Figure 3.21

Motion analysis
A motion analysis of an assembly is determined using FEM.

(Photo courtesy of ALGOR, Inc.)
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considering both geometry and velocities (Figure 3.24). 

When the computer model is used to make the assembly 

and assign the velocities, the computer uses the engineers’ 

input to determine complex geometric and trigonometric 

relationships.

Kinematic analysis determines the motion of assem-

blies without regard to the loads. For example, kinematic 

analysis is used to fi nd the position of any point on the 

mechanism at any time during movement of the assem-

bly, to determine clearances and range of motion. Com-

puter modeling can be used to trace motion paths in 3-D 

models (Figure 3.25).

Dynamic analysis determines the loads that drive or 

create the motion of a mechanism. This type of analysis 

can be in the form of a computer simulation, as described 

in the preceding section (Figure 3.26).

Functional Analysis  Functional analysis is a judgment 

process in which factors such as cost, appearance, prof-

itability, marketability, and safety are used to determine 

the worth of a design. Some factors are based on empiri-

cal evidence, such as testing to see if the product performs 

or functions as it was intended. For example, the design 

of a new computer printer could be tested to determine 

consistent print quality, frequency of failure, or cost rela-

tive to the intended market. The new printer would not 

be functional if it failed too often or produced poor print 

quality. The entire project might have to be modifi ed by 

returning to the ideation phase.

Human Factors Analysis  Human factors analysis deter-

mines how a design interacts with the dimensions, range 

of motion, senses, and mental capabilities of the popula-

tion that will use the product. For example, the human di-

mensions of the hand and the distance from the ear to the 

mouth are important attributes which must be taken into 

account in the design of a cellular phone and its dialing 

Figure 3.24

Assembly analysis
Assembly analysis is performed on the pump to determine 
proper clearances between mating parts.

(Courtesy of UGS PLM Software, Division of Siemens Automation and Drives.)

Figure 3.25

Kinematic analysis
The kinematic analysis of a mechanism is used to evaluate the 
range of motion during operation.

(Courtesy of Gary Bertoline.)

Figure 3.26

Dynamic analysis
This dynamic analysis of a clamp evaluates the forces involved 
with the movement of the mechanism.

(Courtesy of Gary Bertoline.)
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keypad. Human dimensions can be found in The Mea-
sure of Man, by Henry Dreyfuss. There is also computer 

software that can be used to defi ne a human model, using 

such criteria as age, gender, build, race, and other factors. 

The human model thus created is then merged with the 

computer model of the product, and static and dynamic 

simulations are conducted.

The design of a product must also match human ca-

pabilities, as well as human dimensions. For example, 

can the controls of the cellular phone keypad be seen in a 

dimly lit room? Are they confusing to the novice user?

Quite often, the results of this human factors analysis 

are used to guide the development of graphics and text in 

the technical and users manuals.

Aesthetic Analysis  Aesthetic analysis is a process that 

evaluates a design based on aesthetic qualities. The look 

and feel of the product are analyzed by industrial de-

signers, marketing personnel, environmental and human 

factors engineers, and the customer. This is the design 

process stage that is diffi cult to measure and quantify. 

However, it is important because this is where products 

Sloan Career Cornerstone 
Center

Profi les of Mechanical Engineers
Education:

MS, Mechanical Engineering, Wash-

ington University

BS, Mechanical Engineering, Univer-

sity of Illinois

BA, Physics, Augustana College

Job Description:

Product Design Engineering, develop-

ing computer-based design tools used 

in various Ford vehicle development 

programs; works in a team of CAD spe-

cialists and engineers.

Interview:

Q: OK. Do you want to tell me your 

name, who you are?

Martin: My name is Jeff Martin. I 

work for Ford Motor Company. I’m 

a product-design engineer and 

I’ve been here three and a half 

years.

Dream High Tech Job

Q: Could you tell me a little bit about 

what it’s like to be a design engi-

neer at Ford Motor and what does 

your day consist of?

Martin: Well, I guess you’re part of a 

team and usually your group is like 

ten, fi fteen people. And you work 

on various projects. You might be 

part of a vehicle program, which 

is what I did for the fi rst two years 

here. I actually worked on a car 

that’s going to go into production 

around 2000. And right now, I’m 

working in a group, a core group, 

where we work with tools, helping 

the vehicle programs to do their 

design work.

Q: Do you all work on a whole car, or 

are you working on a specifi c part, 

and then each of you works on a 

little part of that?

Martin: If you’re on a vehicle pro-

gram, you’re generally working on 

a small part of the car. You have 

to work with other people to make 

the whole car. In the area that I’m 

in, what we’re working on are de-

sign tools to allow general-vehicle 

design to be done. We are work-

ing on the program to generate 

what’s called a tire envelope. We 

follow the motion of the tire as it 

goes into a turn, as it bounces up 

and down, and as it goes down 

the road. We’re simulating that to 

be used in design.

Q: When you say simulate, are you 

doing all this on the computer or 

do you work with prototypes?

Martin: In the past, it’s been done ex-

perimentally and what we’re trying 

to do is develop the tools so that 

we can do it all on the computer. 

And so it will be a lot quicker when 

we can do that. We actually have 

programs in place on this project 

that can do this right now. What 

we’re trying to do with this project 

I’m on right now is be able to simu-

late the movement of the wheel to-

tally on the computer without hav-

ing to do testing to see whether or 

not the wheel will actually interfere 

with the body structure.

J E F F R E Y  P .  M A R T I N ,  P . E .

Product Design Engineer

Ford Motor Company

Dearborn, MI
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Q: Give me your fi rst job after school 

and kind of the progression. Like 

a synopsis of your career path 

thus far.

Martin: OK. Right after I graduated 

from college, I went directly to 

McDonnell Douglas and I worked 

on the drafting board there for 

three years doing sheet-metal 

design for airplanes. And I trans-

ferred from that job to a job in the 

testing area of McDonnell Doug-

las. And what we were doing there 

was testing airplane parts for ulti-

mate strength to see if they would 

fail in service, like a landing gear, 

part of a wing on an airplane, or 

actually the whole airplane. Then 

I decided that I wanted to make 

a change so I quit McDonnell 

Douglas. Then I went to a place 

called Svedrup, which does civil-

engineering design and I worked 

there for eleven months and the 

project that I was on was canceled. 

So I was laid off from there and I 

went to another company that does 

vending machines. I spent a year 

and a half doing vending-machine 

design. And then this Ford job 

came up and so I came up here to 

Detroit.

Q: What do you think has been the 

biggest asset to you in terms of 

versatility?

Martin: Well I guess being able to 

read a drawing and actually do 

drawings and use the CAD sys-

tems that we use today. That’s 

probably the most basic skill that 

an engineer has to have. You 

should be able to read a drawing 

and to make a drawing also.

Q: OK. How much of your time do you 

spend on the computer per day?

Martin: I’d say probably about half 

the time. And it’s all split up be-

cause, you know, you’ll get a 

phone call and you’ll have to talk 

to somebody about something 

for fi fteen minutes or half an hour. 

Or you’ll have to go to a meeting 

for an hour. So, probably about 

half the time I’m sitting here do-

ing things on the computer, 

checking my mail or working on a 

project.

Q. What’s computer-aided engineer-

ing?

Martin: Computer aided engineer-

ing is using the computer to, to 

do engineering. Like this project, 

that I’m working on right now, 

what we’re doing is suspension-

design analysis, vehicle suspen-

sion-design analysis on the com-

puter, looking at the motion of the 

suspension.

Q: What do you think about engineer-

ing as a career?

Martin: It can be really an interest-

ing, satisfying job. I’ve worked in 

design and I’ve worked closer to 

production. And I think it’s prob-

ably most satisfying to be a little 

closer to production. That’s prob-

ably what I’m going to get back 

into eventually.

“Profi les of Mechanical Engineers” Prepared as 

part of the Sloan Career Cornerstone Center 

(www.careercornerstone.org) 

Source: “Careers for Mechanical Engineers” 

© American Society of Mechanical Engineers. 

Reprinted with permission.

are given the human touch that is so necessary in the de-

sign of most products and structures. Aesthetics are more 

important in some industries than in others. For example, 

the design of Motorola’s RAZR cellular phone used aes-

thetic analysis to create a “good” look and feel (Figure 

3.27). Also, in the design of automobile bodies, extensive 

aesthetic analyses are done to create a body style that is 

both pleasing and desirable. Aesthetic qualities are hard 

to quantify, yet they often make the difference in the 

product’s success or failure in the marketplace.

Market and Financial Analyses  A market analysis is per-

formed before a product is sold or even designed. This 

market analysis determines the needs and wants of the 

customer so that the product produced is the product 

wanted by the consumer. A market analysis determines 

the demographic characteristics such as age, gender, edu-

cation, salary, geographic location, and so forth, of a typi-

cal consumer.

Financial analysis determines the capital available for a 

project, as well as the projected expenses to design, manu-
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facture, assemble, market, and service a product.  Financial 

analysis also determines the return on investment (ROI) 

that can be anticipated for a new product. The ROI is the 

ratio of profi t to investment expected from a product.

3.5 Design Review Meetings
A design review is a formal meeting where the design 

team presents their progress to management. More expe-

rienced members of the design team prepare a presenta-

tion that might include calculations, charts and graphs, 

sketches, technical drawings, and 3-D models. It is now 

possible to have design review meetings across great dis-

tances using the web and other Internet-based conferenc-

ing technologies. The purpose of the design review meet-

ing is to determine if the design of the product should 

continue or end. Later in the design phase, design review 

meetings are occasionally held to report progress and 

feedback from those outside the actual design team.

For the RAZR, the refi nement stage began with the 

computer modeling of the fi nal design. Dimensions 

were not critical at this stage but were getting closer 

to being fi nal. Technicians created a solid model us-

ing the design sketches and preliminary models from 

the ideation phase.

Electrical, manufacturing, and mechanical engi-

neers worked closely together in the design of the 

circuitry and outside case. The size of the circuitry 

necessary to create an 8-ounce phone that would fi t 

in the palm of the hand determined the basic size and 

shape of the outside case. The manufacturing engi-

neers provided input regarding the consequences of 

using a particular shape and material for the assem-

bly of the phone. The industrial designer began to fi -

nalize the aesthetic design of the outside case, given 

the parameters from the engineers.

This team worked together to produce a refi ned 

computer model, which was then shared with the rest 

of the design team members to gather their input and 

recommendations. The results of the aesthetic analy-

sis were shared by the whole group, including the 

consumers, who found that the product did not look 

appealing: the lines were not thin and the earpiece 

looked awkward.

The case and circuitry were further refi ned, then 

reanalyzed by the engineers. The electrical engineer 

developed the circuitry to fi t in the case, and tested 

it for power, sound quality, and so forth. The circuitry 

was fi rst breadboarded, then tested to determine if it 

worked within the parameters set forth in the design. 

The mechanical engineer analyzed the strength of the 

case with respect to dropping, hinge use and misuse, 

and environmental factors. Much of this testing was 

accomplished with the computer model.

The stress placed on the case, circuit board, and 

fasteners from a 4-foot fall was determined using 

FEM. The 3-D computer model of the design was 

meshed; then a load was applied to represent the 

force of impacting the ground after falling 4 feet. The 

stresses were displayed in varying colors. Areas of 

the phone that could fail were seen on the model, and 

design changes were made.

Drawings and models were changed as necessary 

during the analysis stage. The drawings and models 

were then further refi ned. Standard parts were used 

whenever possible, to save cost and time. For exam-

ple, the fasteners used to hold the circuit board to the 

case, as well as many of the resistors, are standard 

parts in the cellular phone.

A mechanism analysis was conducted to deter-

mine the clearances of the circuit board/components/

Figure 3.27

RAZR phone being used to take a photograph
In the design of the RAZR, aesthetic analyses are done to cre-
ate a good look and feel for the user.

(© AP/Wide World Photos.)
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lyzed to determine the volumes of various parts, and the 

results can then be used to calculate the amounts of dif-

ferent materials needed to make the parts.

Just-in-time (JIT) is an operational philosophy that 

tries to reduce cycle time while eliminating waste. Any-

thing related to the manufacture of a product that does 

not add value to the product is considered waste. For ex-

ample, inventory sitting idle in a warehouse does not add 

value to a product. A JIT system prevents waste by taking 

deliveries on orders only as they are needed.

3.6.2 Production

Production is the process used to transform raw mate-

rials into fi nished products and structures, using labor, 

equipment, capital, and facilities. The production process 

requires engineering drawings, change orders, technical 

specifi cations, bills of material, and many other docu-

ments. Drawings or 3-D models are used to lay out the 

factory fl oor, and computer models can be used to run 

machine tools that make the parts and simulate the as-

sembly process and the movement of materials in the fac-

tory (Figure 3.30).

3.6.3 Marketing

The marketing process anticipates customer needs and 

directs the fl ow of goods from the producer to the con-

sumer (Figure 3.31). Marketing plays a very important 

Modeling

Design
Analysis

Design
Visualization

Servicing
Financing
Marketing
Producing
Planning
Documenting

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

REFINEMENT IMPLEMENTATION
(ERP)

Manufacturing
Simulation

Figure 3.28

Implementation process
The implementation process includes nearly every part of the 
business. In this phase of the design process, the fi nal design 
moves from idea to fi nal product.

case assembly. A kinematic analysis was used to 

determine the ranges of motion for the mouthpiece, 

from its closed to open positions, and the telescoping 

antenna.

The manufacturing engineers and related techni-

cians began to design and lay out the factory fl oor. 

Sketches and computer models of the assembly line 

were created. Marketing began to gather information 

about the product. As the design was further refi ned, 

the assembly line computer model was used to begin 

testing the assembly process. This provided valuable 

input into DFM strategies. Assembly problems were 

corrected earlier in the refi nement stage. The engi-

neering team viewed the product model as it was be-

ing assembled and made changes to the fi nal design 

to improve the DFM of the cellular phone.

3.6 Implementation

 
Implementation is the third and fi nal phase in con-

current engineering design and is the process used 

to change the fi nal design from an idea into a product, 

process, or structure. At this point the design is fi nalized 

and any changes become very expensive. The implemen-

tation process includes nearly every part of the business, 

such as planning, production, fi nancing, marketing, ser-

vice, and documentation (Figure 3.28). The goal of this 

phase is to make the design solution a reality for the en-

terprise and the consumer.

3.6.1 Planning

The planning process determines the most effective 

method of moving a product through the production cy-

cle. Manufacturing engineers and technologists are the 

leaders in the planning process, as they schedule the ma-

chines and jobs necessary to create the product. Planning 

requires process sheets, data and material fl ow diagrams, 

project modeling and work organization charts, bills of 

material, and other documents (Figure 3.29). Modern 

planning techniques include computer-aided process plan-

ning (CAPP), material requirements planning (MRP), and 

just-in-time (JIT) scheduling.

CAPP uses the computer model of the design to de-

termine which machines and processes should be used. 

MRP calculates the raw materials needed to produce the 

product and uses solid models to assist in these calcula-

tions. For example, the solid model of a part can be ana-
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Figure 3.30

Factory fl oor simulation
The production process is enhanced by using a computer model of the factory fl oor to simulate activities. This surface model could 
even be animated to test manufacturing operations, such as the range of motion for the robots.

(Courtesy of Dassault Systemes.)

Figure 3.29

Process plan
This process plan shows the machining operations, the tools used, setup time, and rate per hour. This level of planning is necessary 
to estimate cost and to ensure the smooth movement of parts during production.

68
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Total company
effort

THE
MARKETING

CONCEPT

Customer
satisfaction

Profit as an objective 

Figure 3.31

Marketing process
The marketing process is an integral part of the engineering 
design process. The marketing concept means that an organi-
zation aims its efforts at satisfying the customer, but at a profi t.

(From Essentials of Marketing, 5th ed., by E.J. MacCarthy and W.E. Perreault, 

Jr., ® 1991 by The McGraw-Hill Companies, Inc. Reprinted with permission.)

role in the ideation, refi nement, and implementation stages 

and is much more than just selling or advertising: Market-

ing makes sure that the right products are produced and 

fi nd their way to the consumer. To successfully sell a new 

product, marketing requires product illustrations and pre-

sentation graphics. Computer models and technical draw-

ings can be used as the basis for creating the illustrations 

needed (Figure 3.32).

The Motorola marketing team

■ Analyzed the needs of the people who use cellular 

phones.

■ Predicted what type of cellular phone users would 

want and decided who the company would try to 

satisfy.

■ Estimated how many people would be using cel-

lular phones in the next few years and who would 

buy them.

■ Determined where these cellular phone users 

would be and how to get the phone to them.

■ Estimated what price they would want to pay for a 

cellular phone.

Figure 3.32

A computer-rendered image created by the technical 
illustrator using the CAD model
The technical illustrator can import the 3-D CAD model into 
a rendering program, where surface textures and light sources 
are applied.

(Courtesy of Robert McNeel & Associates.)

■ Decided which types of promotions should be 

used.

■ Gathered information about the competition 

relative to types and prices of cellular phones 

produced.

3.6.4 Finance

The fi nance process analyzes the feasibility of producing 

a product, relative to capital requirements and return on 

investment (ROI). In any enterprise, fi nance is the man-

agement of cash fl ow such that the means are always 

available to achieve the fi rm’s objectives as quickly as 

possible (Figure 3.33). Financial administration includes:

Estimating and planning the fl ow of cash receipts and 

expenditures.
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Raising from outside sources the needed funds for day-

to-day operations.

Controlling the operations to ensure cash fl ow through 

the business.

Dividing the earnings between payments to the own-

ers and investment in the future development of the 

business.

The basic activities in fi nance, regardless of the type 

of organization, are fi nancial planning; the actual fi nanc-

ing of proposed operations; fi nancial analysis and control; 

and the disposition of net earnings. Financial planning 

estimates a fi rm’s dollar volume of sales, which is used 

by management to determine inventory, labor, and train-

ing requirements, as well as facility usage. Budgets are 

used to estimate and plan the fi nancing necessary for a 

new design, and the design team must work within bud-

getary constraints. As the design is fi nalized, the fi nance 

people working on the team determine the expenses, set 

the price, then project earnings. They use information ob-

tained from other members of the team on such items as 

sales, pricing, inventory, production, and personnel.

3.6.5 Management

Management is the logical organization of people, mate-

rials, energy, equipment, and procedures into work activi-

ties designed to produce a specifi ed end result, such as a 

product. Managers control or guide the everyday opera-

tions of an enterprise. Production managers direct the re-

sources required to produce the goods and services of an 

organization. Figure 3.34 shows that production manag-

ers direct people, plants, parts, and processes, as well as 

the planning and control systems. Figure 3.35 shows what 

a plant manager controls in a manufacturing fi rm. Typi-

cally, each group listed under the plant manager has its 

own manager to run the day-to-day operations. For exam-

ple, a managing engineer is responsible for engineering 

support. The managing engineer organizes and executes 

Production Management

Planning & Control Systems

People Plants Parts Processes

Figure 3.34

Production manager’s responsibilities
Production management activities in a manufacturing fi rm include directing people, plants, parts, and processes.

(From Production and Operations Management, 6th ed., by R.B. Chase and N.J. Aquilano, © 1992 by The McGraw-Hill Companies, Inc. Reprinted with permission.)

FINANCING

• Disbursements
• Credits
• Control of funds
• Source of funds
• Capital requirements
• Return on investment
• Planning & analysis
• Disposition of earnings

Figure 3.33

Activities involved in fi nancing to analyze the feasibility of 
producing a product
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around the priorities of the project and the company, and 

is guided by the plant engineer.

Global competition has forced industry in the United 

States to become much more quality conscious. Many 

industries are using a management process called total 

quality management (TQM). TQM is the process of man-

aging the organization as a whole such that it excels in 

all areas of production and service that are important to 

the customer. The key concepts are as follows: (1) quality 

is applicable throughout the organization in everything it 

does, and (2) quality is defi ned by the customer. To trans-

late customer quality demands into specifi cations, mar-

keting or product development must accurately determine 

what the customer wants, and product designers must de-

velop a product or service that consistently achieves that 

level of quality.

TQM practices require an operational defi nition of qual-

ity, an understanding of its dimensions, and methods for 

including customer opinions in the specifi cations. Product 

quality can be defi ned as the quality of the product’s design 

Historical Highlight
Standards

The need for standards existed as long ago as 4000 B.C. 

when the ancient Egyptians created the royal cubit as a 

standard of measurement. However, accurate standards 

were not needed until the Industrial Revolution. This was 

because all manufacturing was done by individual crafts-

men who were responsible for the production of their prod-

ucts from start to fi nish. The days of assembly lines and dis-

persed departments were yet to come. But they did come, 

and they brought the need for other improved technologies 

with them, such as much more accurate measurements. 

This in turn led to the discovery of the existence of variation 

and the knowledge that it is unavoidable. The concept of 

tolerance was consequently developed. It logically followed 

that tolerance should be written on engineering or design 

drawings. Drawings eventually became the primary means 

of communication between manufacturing departments.

 Since then there has been a slow movement toward cre-

ating a national set of standards. In 1935 the fi rst recognized 

standard for drawings was published by the American Stan-

dards Association. A much more comprehensive standard 

was later published by the British because of the demands 

brought about by World War II. By the early 1950s three 

groups emerged in the United States as sources for stan-

dards publications: the American Standards Association 

(ASA), the Society of Automotive Engineers (SAE), and the 

military. It was in the late 1950s that these groups started 

working together along with groups from Great Britain and 

Canada. After several years of deliberation a combined 

standard was fi nally published by the American National 

Standards Institute in 1966, and it has since been updated 

several times.

Plant Manager

Scheduling
Materials
Control

Tooling
Assembly

Fabrication

Production
Control Purchasing Manufacturing

Quality
Assurance

Engineering
Support

Figure 3.35

Organization of a manufacturing plant
The typical management organization of a manufacturing plant includes production control, purchasing, manufacturing, quality 
control, and engineering support.

(From Production and Operations Management, 6th ed., by R.B. Chase and N.J. Aquilano, © 1992 by The McGraw-Hill Companies, Inc. Reprinted with permission.)
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and the quality of its conformance to that design. Design 

quality is the inherent value of the product in the market-

place. The common dimensions of design quality are listed 

in Figure 3.36. As an example, these dimensions have been 

adapted to the cellular phone design (Figure 3.37). Confor-

mance quality is the degree to which the product or service 

design specifi cations are met. Conformance quality is pri-

marily concerned with the operational functions and the 

quality of the organizations within a fi rm.

3.6.6 Service

Service is an activity that supports the installation, train-

ing, maintenance, and repair of a product or structure for 

the consumer. Service uses technical illustrations and re-

ports to support its activities. Technical illustrations are 

included in installation, maintenance, and repair manuals. 

The technical illustrations are typically assembly draw-

ings, which show how multiple parts fi t together, pictorial 

drawings, rendered illustrations, and graphics showing 

the order of assembly, as well as the functionality, of the 

components of the product. Using a variety of techniques, 

parts normally hidden from view are shown in their oper-

ating positions. Using current CAD technology and inter-

net tools, graphics to support service and maintenance of 

products are now more easily used and distributed.

3.6.7 Documentation

Once the design is fi nalized in the refi nement process, the 

design moves into the last phase of development, called 

documentation. Documentation is a process used to for-

mally record and communicate the fi nal design solution. 

Before concurrent engineering, most graphics documen-

tation was in the form of 2-D engineering drawings and 

illustrations. With CAD and 3-D modeling, much of the 

graphics produced in the refi nement stage is in the form of 

3-D models. These models are used as input to the docu-

mentation stage to create engineering drawings, technical 

illustrations, animations, simulations and visualizations 

and patent drawings. Documentation thus becomes a con-

current activity throughout the design process, instead of 

something that occurs only at the end.

Concurrent documentation is a process that creates 

documents at the same time that the product design is 

being developed. If concurrent engineering is being em-

ployed, it makes sense to use concurrent documentation 

to facilitate the communication process. Figure 3.38 

Performance Primary product or service characteristics

Features Added touches, bells and whistles, secondary
characteristics

Reliability Consistency of performance over time

Durability Useful life

Serviceability Resolution of problems and complaints

Response Characteristics of the human-to-human interface
(timeliness, courtesy, professionalism, etc.)

Aesthetics Sensory characteristics (sound, feel, look, etc.)

Reputation Past performance and other intangibles

Dimension Meaning

Measures

Figure 3.36

Dimensions of design quality
Design quality includes many aspects of a product, such as reliability, durability, features, and others.

(From Production and Operations Management, 6th ed., by R.B. Chase and N.J. Aquilano, © 1992 by The McGraw-Hill Companies, Inc. Reprinted with permission.)
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Performance Strength of signal

Features Weighs less than 8 ounces

Reliability Mean time to failure

Durability Useful life

Serviceability Ease of repair

Response Turn-around time for service call

Dimension Meaning (Cellular Phone)

Aesthetics Look and feel of phone

Reputation Independent evaluation of product

Measures

Figure 3.37

Cellular phone dimensions of design quality
The dimensions of design quality are applied to the cellular telephone.

Financing

Marketing

Managing Producing

Planning
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Technical
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Technical
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Sketching

Design
Modeling

Patent
Drawings

Figure 3.38

Concurrent documentation
The concurrent documentation process integrates all types of graphics to facilitate communications between all areas in a business.
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shows the major documentation processes integrated with 

the concurrent engineering model.

The more effectively a company can communicate 

information about its products, both internally and to 

its customers, the more successful the company will be. 

Documentation is the common thread that runs through-

out the entire design process. The documentation be-

comes the corporate memory for a project. Concurrent 

documentation practices maximize creative time and 

minimize documentation time; therefore, concurrent en-

gineering and documentation must be one integral sys-

tem. All information generated is communicated elec-

tronically, using computer hardware and software and the 

3-D design model.

Design Drawings and Models  Design drawings and models 

are all the sketches, rough design layout drawings, and ini-

tial 3-D computer models created during the ideation and 

refi nement phases (Figure 3.39). When concurrent docu-

mentation is employed, these drawings and models are re-

fi ned along with the design. Design drawings and models 

are used as input to the other documentation processes. For 

example, the 3-D model created for engineering analysis is 

used to extract multiview production drawings.

Production Drawings and Models  Multiview dimensioned 

drawings and assembly drawings with a parts list are used 

for production purposes. These multiview drawings are 

called production drawings because they are used as the 

communications medium between design and production 

or manufacturing (Figure 3.40).

If the design is modeled in 3-D CAD software, then 

multiview drawings can automatically be extracted from 

the model. Dimensions are added to the drawings by using 

those dimensions embedded into the model during geom-

etry creation; then assembly drawings with a parts list are 

produced to create the production drawings. Production 

drawings contain suffi cient detail for the product to be 

Figure 3.39

A design drawing used in the ideation phase
A new hand waxer shown as an early ideation sketch (top) and as the fi nal rendered model (below).

(Courtesy of Group 4 Design.)
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Figure 3.40

Production drawing
A production drawing showing views of a welded body part.

(Courtesy of Dassault Systemes.)

produced. Production drawings are copied, then used by 

manufacturing engineers and technicians in the fabrica-

tion and assembly of the process. Another purpose for en-

gineering drawings is archiving, which is a process used 

to create a permanent graphics record of the design in the 

form of drawings saved on vellum, microfi che, computer 

tape, or some other medium. The archival drawings are 

placed in a secure environment, such as a vault, to ensure 

their safety.

It is possible to create a product without the use of pa-

per drawings by linking the entire business to comput-

ers. The product would be designed and modeled in CAD. 

The CAD model would be used as input for computer 

numerical control (CNC) machines, where the tool path 

would be created (Figure 3.41). Machinists, engineers, 

and technicians would use a computer terminal to access 

a central database, which would contain the engineering 

drawings and 3-D models. The drawings or 3-D model 

would be displayed on the computer terminal, serving as 

the communications medium instead of paper. Although 

the total elimination of paper in industry may not be pos-

sible, some companies are nearly paperless today, with 

the product and processes controlled by computers.

Technical Illustrations  Technical illustrations are devel-

oped and used throughout the concurrent engineering and 

documentation cycle, starting with the design database. 

For example, using computer software, the 3-D model 

could be viewed from any direction and illustrations could 

be rendered. Hand- or computer-rendered illustrations are 

used by industrial designers to convey their ideas to oth-

ers on the team early in the design process. Rendered il-

lustrations are used by marketing to create advertising and 

sales information, as well as by service to create technical 

documents such as installation and maintenance manuals 

(Figure 3.42).
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Animations  Animations are used in the documentation 

phase to support the marketing, training, production, and 

service activities. In marketing, animations are used to 

produce advertisements; in service, they are used to cre-

ate training videos for service technicians; and, in pro-

duction, they are used to show how the assembly line 

operates. In the concurrent documentation process, ani-

mations are created by the computer animation software, 

using the design computer model as the input database.

Technical Reports  Technical reports are in-depth ac-

counts that chronicle the design process. For example, 

progress reports are created in the early stages of the de-

sign process to document the decisions made by the de-

sign team. Similar reports are done periodically to review 

the status of a project.

Final reports, which include both text and graphics, 

are written at the end of the design cycle and are much 

more detailed in content. The fi nal report typically con-

tains the following:

■ Title page
■ Table of contents
■ Abstract
■ Problem identifi cation
■ Procedures
■ Problem solution
■ Results
■ Conclusions
■ Bibliography
■ Appendixes

A letter of transmittal normally accompanies the fi nal 

report. This letter briefl y describes the contents of the re-

port and the reasons for the project.

The title page gives the name of the project, the 

name(s) of the writers, the members of the design team, 

Figure 3.41

Machine tool paths can be generated using the CAD model
(Courtesy of Dassault Systemes.)
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Figure 3.42

Technical illustration
This technical illustration of a building was created by rendering the CAD model created earlier in the design process.

(Courtesy of Bentley Systems, Inc.)

the company name, and the date. The table of contents 

is a listing of major headings found in the body of the 

report, along with page numbers. The abstract is a short 

summary of the entire report and is a separate page pre-

ceding the body of the report.

The problem identifi cation section begins the body of 

the report and describes in detail the problem that was to 

be solved. This part of the report includes technical in-

formation, as well as data collected from marketing and 

fi nance. The procedures section describes in detail the 

actions taken to solve the problem. This part of the report 

contains the preliminary ideas and designs considered, 

the reasons for their selection, and the data supporting the 

actions taken, presented in the form of graphs, sketches, 

and drawings.

The problem solution section describes in detail the fi -

nal design decision and the reasoning behind that choice, 

again using graphics and text. The results section de-

scribes the analyses used to determine the feasibility of 

the design.

Marketing, fi nance, and physical analysis results are 

described, using text and graphics.

The conclusions section, the fi nal part of the body of 

the report, summarizes the actions taken to modify the 

design based on the results of the analyses conducted in 

the refi nement stage. In the conclusion, the fi nal design is 

detailed, using text and graphics.

The bibliography lists the sources consulted in solving 

the problem. The list contains the titles, authors, sources, 

and dates of articles in trade magazines, journals, and 

other sources. Experts interviewed and consultants used 

might also be listed in the bibliography. The appendixes 

contain information related to but not directly included 

in the body of the report. Numerical data, sketches, 

drawings, and other information might be placed in the 

appendixes.
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This case study outlines the use of fl uid dynamics soft-

ware and laser scanning in the development of bicycle 

racing helmets. The process parallels the refi nement 

stage of the design model presented in this chapter in 

the areas of design, analysis, and visualization.

Tenths of a second can make the difference between 

a gold medal and ending up out of the running in Olym-

pic track cycling.

In the months leading up to the 2004 Summer Olym-

pic Games in Athens, Greece, the British Cycling Team 

had been shaving those precious fractions of a second 

using CFD (computational fl uid dynamics) studies 

conducted by the Sports Engineering Research Group 

(SERG) at the University of Sheffi eld. SERG combined 

CAD, 3-D scanning, reverse engineering, CFD analyses, 

and cutting-edge visualization to streamline the overall 

aerodynamics of the handlebars and front fork/wheel 

combinations of the team’s cycles. Then, just weeks 

before the games were to begin, cycling’s international 

governing body changed the rules for helmets, sending 

the team back to the drawing board.

Last-Minute CFD Analysis

The new rule required that only helmets passing a for-

mal safety test in an accredited laboratory could be 

used in Olympic competition. Since some of the hel-

mets the team planned on using did not fi t those specifi -

cations because they were designed primarily for speed 

rather than protection, the team decided to test helmet 

designs for aerodynamic effi ciency from among those 

that passed the safety regulations.

The team opted for a last-minute CFD analysis. Mod-

eling from scratch with CAD was not an option due to 

time constraints, and CAD is not well-suited to creating 

the organic shapes required for accurate modeling and 

CFD analysis of the helmets and athletes.

Instead, athlete and helmet geometry were captured 

with laser scanning technology.

“CAD engineers work at different tolerances than 

those required for CFD analysis,” says Dr. John Hart 

from the University of Sheffi eld’s SERG group. “Even 

if we had the CAD fi les for the helmets, we would have 

had to spend a great deal of time cleaning up the model 

to make it watertight. Reverse engineering the helmets 

and surfacing them in Geomagic Studio guaranteed a 

highly detailed, watertight model in less time.”

Shaving Seconds from an Olympic Lid

The Sports Engineering Research Group at the University of 
Sheffi eld combined 3-D scanning, reverse engineering, CFD, and 
visualization to study helmet designs for the UK Olympic cycling 
team. The pathlines here show airfl ow, and the color maps depict 
contours of total pressure distribution.
(Courtesy of Erin Hatfi eld, Desktop Engineering Magazine.)

The text and graphics in the reports are created using 

computer-based word processing, page layout, spread-

sheet, database, and graphics programs. The engineering 

drawings and models created in the design process are 

used to illustrate the text. The technical illustrator uses the 

CAD database to create other types of illustrations, such as 

exploded assemblies. Spreadsheet and database programs 

are used to present numerical data in the form of tables, 

graphs, and charts. The page layout program assembles 

the text and graphics to create fi nished documents.

Presentation Graphics  Presentation graphics are text, 

illustrations, and other visual aids used when making an 

oral report to a group (Figure 3.43). Progress and fi nal re-
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SERG planned to capture data from the athletes by 

scanning them in different racing positions: one aero-

dynamic posture with the cyclist looking ahead and one 

where the head is down in a sprint to test more fully the 

effect of the various helmet shapes.

Refi ning Complex Scan Data

Point-cloud data collected from the scans of the four 

different helmets was imported into point editing and 

surfacing software for generating models for accurate 

CFD analysis and custom manufacturing. The model 

was cleaned to remove holes and defects, and patches 

were placed over the polygons, outlining the positions 

of the NURBS surfaces.

The team applied polygons and NURBS patches to 

the human model and used the point editing tool to out-

put a STEP fi le. 

“The STEP fi le format provides a robust geometric 

fi le that’s not too large,” according to the analyst. “We 

can end up with a model with a large number of NURBS 

patches in order to capture the detail we need. The ac-

curacy of the CFD study was highly dependent upon 

the geometrical accuracy of the assembled model.”

Visualization that Proves Results

The STEP fi le containing each helmet design and the 

human geometry was meshed for CFD analysis, and a 

fl ow domain around each model was generated.

The SERG team imported CFD results into a vi-

sualization software tool, which produced highly de-

tailed fl ow visualizations showing the aerodynamic 

properties of the helmets. SERG chose to concentrate 

on the drag and lift forces in the simulations, using iso-

surfaces to show wake structures and particle stream-

lines to visualize swirling and re-circulating fl ow 

paths.

Based on the wake structures and re-circulating fl ows 

in the visualizations, SERG was able to quickly iden-

tify how different geometric components of the models 

(i.e., helmet and cyclist) interacted and infl uenced each 

other. They were also able to pinpoint large wakes that 

resulted in high drag forces.

“The fl ow visualizations and images were vital 

in presenting the physics-based simulation results in 

an understandable manner to the cycling team,” the 

team said. “Being able to clearly show a client what 

is happening is essential to their understanding of the 

results.”

The design team used images and animations to rein-

force the hard data results from the simulations and to 

help the engineers understand the fl ow physics that cre-

ate the lift and drag forces. Based on the results, SERG 

was able to recommend an optimal helmet style that re-

duces aerodynamic drag and lift.

The optimized bike design and later helmet recom-

mendations from SERG have been credited with helping 

contribute to the team’s best-ever Olympic medal haul. 

The team won two gold medals, a silver, and a bronze in 

Athens, but they’re not done. SERG is once again work-

ing with the team in preparation for the 2008 Beijing 

Summer Olympics.

Adapted from “Shaving Seconds from an Olympic Lid,” by Erin Hatfi eld, 

Desktop Engineering Magazine, May 2006, pp. 16–18, 36. © 2006 Desktop 

Engineering. Reprinted with permission.

ports are often presented to managers at various levels in a 

company. Oral reports are supplemented with visual aids, 

which help the listener understand the information being 

presented. Presentation graphics include the following:

■ Charts
■ Graphs
■ Tables

■ Flip charts
■ Overhead transparencies
■ Videos
■ Slides
■ Photographs
■ Real models
■ Computer models
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The graphics database created in the design process is a 

source for much of the graphics used in a presentation. 

The design computer models can be captured on slides 

and photographs, or as plots. Animations and simulations 

can be captured on videotape. Multimedia presentations 

can be created by using authoring software to combine 

several graphics media into a single, computer-assisted 

presentation. Multimedia presentations contain text, 

charts, graphs, scanned slides and drawings, animations, 

and sound. Authoring software is used to script or orga-

nize the various computer-based presentation materials.

The implementation of the RAZR was a team effort. 

Marketing developed an advertising strategy that fo-

cused on the fact that the phone was the smallest and 

lightest cellular phone on the market. Graphics docu-

ments were created for archiving the fi nal design, com-

municating the design to production, marketing, and 

service, and those giving presentations. These graph-

ics documents were in the form of drawings, models, 

plots, electrical schematics, plant layouts, exploded 

assemblies, technical illustrations, and sketches.

Concurrent engineering practices and TQM prin-

ciples were used successfully to create the RAZR in a 

very short time. The design team members combined 

their abilities and knowledge to produce a product 

that has been widely accepted by the consumer. The 

RAZR was named Best Cellular Phone of the Year by 

Mobile Computing as well as winning a gold award by 

the Industrial Designers Society of America (IDSA).

Patent Drawings  A patent is the “right to exclude others 

from making, using, or selling” and is issued by the fed-

eral government. The patenting process was developed to 

encourage the prompt disclosure of technical advances by 

granting a limited period of protection for the exclusive 

use of that advance. A patent is granted for a period of 17 

years.

An application consists of three components: the 

claims, the description, and the drawings. All elements 

of the patent must be clearly and completely described in 

the claims, description, and drawings. The claims defi ne 

those elements that distinguish the invention from known 

technology of a similar nature; that is, the elements that 

are “adding to the pool of knowledge.” The description 

should “enable a workman ordinarily skilled in the arts to 

practice or replicate the invention.” The drawings should 

detail and clarify all elements of the claimed invention.

The patent drawing is a highly regulated piece of 

graphics. One of the best sources for the applicable regu-

lations is the Guide for Patent Draftsmen, from the Patent 

and Trademark Offi ce. It features selected rules of prac-

tice relating to patent drawings and covers such diverse 

matters as the medium and the style requirements for pat-

ent offi ce acceptance.

Patent drawings can be fl ow block diagrams (Figure 

3.44), schematics, or other labeled representations. Stan-

dard shapes must be used to illustrate conventional ele-

ments. Arrows may be used to show movement of differ-

ent parts. The views used in a patent drawing may be plan, 

elevation, section, or pictorial. Exploded views are also 

permitted, to indicate order of assembly (Figure 3.45).

Figure 3.44

Diagram patent drawing
This is a patent drawing of a medical device in the form of a 
diagram.
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Figure 3.43

Chart used for a presentation
Data from analyses can be summarized in charts and graphs.
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Figure 3.45

Pictorial patent drawing
An exploded patent drawing is used to communicate the 
assembly.

3.7 Drawing Control
3.7.1 Product Data Control

A critical part of the design process is managing all 

of the information related to the product. All infor-

mation associated with the design, manufacture, and main-

tenance of a product is used for both current and future de-

sign efforts. EDM/PDM is the name given to the specifi c 

computer-based tools and processes used to manage this 

information. These technologies also form the backbone 

of PLM implementations discussed in Chapter 2. Concur-

rent engineering practices have heightened interest in these 

tools since these practices require close coordination of 

multiple team members working in parallel in an acceler-

ated design cycle. EDM/PDM is one of the fastest growing 

segments of the CAD industry. EDM/PDM typically uses 

some form of a browser interface especially for companies 

with multiple offi ces and plants located throughout the 

world.

Engineering data management (EDM) is a software 

used to track CAD or offi ce documents with user-defi ned 

data fi elds, such as revisions, authors, date, and so forth. 

Key information is stored in a database fi le that may be 

linked to other business systems in the company.

Product data management (PDM) is a system that fo-

cuses around the ordering of material and planning for the 

materials use in manufacture of a product. PDM systems 

PDM SOFTWARE

DATABASE

SERVER OS

Workstation OS

PDM
Client Software

Workstation OS

PDM
Client Software

Workstation OS

PDM
Client Software

Individual Workstations

Network Server

Figure 3.46

PDM in a networked environment
Product data management (PDM) software has two compo-
nents. The server software manages the product database while 
the client software provides an interface for the CAD work-
station users.

need a networked computing environment (Figure 3.46). 

A typical mid- to large-sized engineering group will have 

CAD workstations, known as clients, networked together 

and linked to a server. Besides handling electronic data 

communications such as e-mail, these servers also con-

tain PDM system software. In this type of arrangement, 

the server contains a central database while the individ-

ual workstations (the clients) have software used to access 

the central database.

The PDM system coordinates all information associ-

ated with the design process. Electronic fi les containing 

design information are stored and organized within the 

central database. The system provides tools for users to 

search and organize the information contained within 

the database. The database works by associating stan-

dardized key pieces of information with each document 
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(Figure 3.47). This information, entered into what are 

called database fi elds, might include:

■ Part name
■ File name
■ Drawn by
■ Approved by
■ Design phase
■ Revision number
■ Date last revised

Using information entered into these fi elds, a user can 

determine how many previous designs may have used 

a certain fastener or which drafter revised a particular 

CAD model.

Product data information is normally organized around 

a single product in a database that has relational capabili-

ties. This type of database is known as a relational data-
base because it is possible to link tables of data based on 

a common fi eld. A relational database allows the search-

ing of any table of data and fi nding information from all 

related tables through the common link.

The system also provides administration tools to con-

trol access to the database. This security feature means 

that only authorized individuals can revise or approve en-

gineering documents. These controls also mean that the 

fi les can be viewed by a wide variety of people within the 

organization involved in the design without worry that 

unauthorized revisions will be made to the drawings.

Using the communications network, the PDM system 

can also manage engineering change orders. Much like an 

electronic mail (e-mail) system, messages with attached 

electronic documents can be sent between managers, en-

gineers, and drafters. Instead of just containing the most 

current version of a CAD model, the PDM system can 

store all important revisions of a product so that a history 

of its design evolution can be reviewed at any time.

Besides CAD models, a PDM system is capable of 

storing almost any type of document which can be put 

into electronic form. Many companies have thousands 

of older (legacy) designs that were hand-drawn and exist 

only in paper form. These drawings, along with informal 

sketches, can be scanned into the computer so that elec-

tronic records of the drawings exist in the PDM database. 

In addition to graphic information, spreadsheets, memos, 

e-mail correspondence, and other text-based electronic 

documents can also be entered into the database.

Though most PDM systems are built on top of pro-

prietary databases, Internet software tools are also being 

used to help manage engineering data. Though the most 

common usage of the Internet is to link remote sites that 

are geographically far apart, these same communication 

tools are also being used with local area networks within 

companies. For example, web browsers such as Netscape 

or Internet Explorer can be used to display engineering 

drawings stored on a server (Figure 3.48). One advantage 

Figure 3.48

PDM on the Internet
Increasingly, web-based tools are being used to manage engi-
neering information within a company. This PDM browser tool 
allows you to view product confi guration information.

(Courtesy of Dassault Systemes.)

Figure 3.47

PDM client software
Information fi elds such as Document Type, Piece, Part No., 
and Date Added are attached to each document in the PDM 
database. These fi elds provide a method of searching for and 
organizing documents in the database.

ber28376_ch03.indd   82ber28376_ch03.indd   82 1/2/08   2:53:09 PM1/2/08   2:53:09 PM



  CHAPTER 3  Design in Industry 83

Figure 3.49

File management
File naming conventions used to manage CAD fi les.

of using WWW browsers and servers to display engineer-

ing data is that it can as easily display this information 

halfway around the world as it can in the next offi ce!

3.7.2 File Management

Even relatively small organizations produce many CAD 

fi les in the design and manufacturing process. These 

fi les need to be stored, approved, retrieved, archived, 

and organized for easy access and tracking. The initial 

process used to manage fi les is to create an organized 

directory structure. Most organized directory structures 

are based on discrete projects. Each project would have 

its own project-based directory structure. Folders are 

created by project with subdirectories for subassemblies 

then part subdirectories. File naming conventions are 

also created to make retrieval of fi les easy and logical 

(Figure 3.49).

3.7.3 ISO 9000

ISO 9000 applies to all types of organizations. It doesn’t 

matter what size they are or what they do. It can help 

both product- and service-oriented organizations achieve 

standards of quality that are recognized and respected 

throughout the world.

ISO is the International Organization for Standard-
ization. It is located in Switzerland and was established 

in 1947 to develop common international standards in 

many areas. Its members come from the standards bodies 

in over 90 countries. ISO fi rst published its quality assur-

ance and quality management standards in 1987 and then 

republished an updated version in 1994. These quality 

standards are referred to as the “ISO 9000 Standards.” 

ISO’s purpose was to facilitate international commerce 

by providing a single set of standards that people every-

where would recognize and respect.

The value of ISO 9000 certifi cation includes:

■ Improve your company’s competitiveness.
■ Achieve consistency in your fi rm’s products/services 

and thereby enhance profi tability by reducing cus-

tomer returns.
■ Meet and exceed your customer requirements.
■ Develop a disciplined business management system 

for your company.
■ Provide your fi rm with a continuous-improvement 

tool.
■ Establish a venue for regular reviews of your com-

pany’s management system.

ISO 9000 certifi cation for a company means that it has 

identifi ed and documented all the processes that affect 
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the quality of the service they provide or the product they 

design.

3.8 Other Engineering Design Methods
Design for Manufacturability (DFM)  Design for manufac-

turability (DFM) is a design technique in which the de-

sign is developed by a team and the focus is on simplicity 

in manufacturing and functionality. This process usually 

results in a product that is more reliable, has fewer parts, 

and can be assembled at less cost and in less time.

Using traditional design methods, engineers would cre-

ate a design, which would then be given to manufactur-

ing engineers, who would have to fi nd a way to make the 

design work. This could be very expensive. When DFM 

principles are used, the manufacturability of a design is 

determined before it is sent to production.

DFM principles are as follows:

 1. Minimize the number of parts.

 2. Use modular design (breaking a single design into 

smaller parts).

 3. Use gravity in assembly whenever possible.

 4. Minimize reorientation and adjustment during the 

assembly process.

 5. Provide easy access.

 6. Reduce or eliminate fasteners.

 7. Increase part symmetry.

 8. Consider ease of part handling.

 9. Design parts for ease of alignment.

 10. Design parts to maintain location.

Knowledge-Based Engineering (KBE)  Knowledge-based 

engineering (KBE) systems complement CAD by adding 

the engineering knowledge necessary for a product’s de-

sign. KBE allows the development of a true virtual pro-

totype. A KBE system is programmed by defi ning the 

“rules” or engineering criteria for the design. For exam-

ple, a rule can relate to the type and strength of the spe-

cifi c material needed, and the programming can require 

that several materials be examined in order to determine 

which one is most suitable for the design being developed. 

The product information is contained in a comprehensive 

model composed of the engineering design rules specifi c 

to that product, the general rules for product design, and 

standard engineering design practices.

KBE systems can be used to create initial designs for 

engineering evaluation; compare proposed designs to pre-

vious ones; evaluate designs with respect to fundamental 

physical laws; and produce drawings, bills of material, cost 

analyses, process plans, MRP inputs, and user-defi ned re-

ports. KBE systems thus promote concurrent engineering, 

reduce time to market, and capture the design knowledge 

of experienced engineers.

Reverse Engineering  Reverse engineering is a method of 

taking an existing product, accurately evaluating it, and 

putting the information into a CAD database. The mea-

surements of a product are taken using a coordinate mea-

suring machine (CMM). A CMM is an electromechanical 

device, with a probe on one end, that accurately measures 

objects and then inputs the 3-D data into a CAD system 

(Figure 3.50). The 3-D model can then be modifi ed or 

checked for accuracy.

Web-Based Design  Before the Internet became popular, 

design information was shared through face-to-face meet-

ings, telephone calls, faxes, and mailings of drawings. 

Geographic distances were a hindrance to the sharing of 

design information. Now with the Internet available to 

virtually any civilized location on earth, it is possible to 

share design information in a new way. Physical presence 

is no longer necessary for the people doing the design or 

the documents used to support the design process.

Internet-based companies are developing web sites that 

allow design teams to establish collaborative web portals 

that allow the sharing of a wide variety of data almost 

instantaneously. This allows designers, suppliers, market-

ing, sales, and others to collaborate electronically through 

Figure 3.50

Coordinate measuring machine (CMM) used to accurately 
measure a part for reverse engineering or quality control
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*This section was written with contributions from Raj Arangarasan, 

Research Scientist with the Envision Center for Data Perceptualization at 

Purdue University. 

the design process regardless of their locations. Typically, 

design team members can view CAD drawings and mod-

els, sketches, photographs and renderings, specifi cations, 

and other documents on a restricted access web site. Dif-

ferent levels of access to the site can be specifi ed so some 

users can only view drawings while others can red-line 

the drawings. It is also possible to include direct e-mailing 

capabilities from the site as well as organization tools for 

fi ling documents. Web-based design can speed up the de-

sign review process and reduce costs.

Web-based design can also allow access of 2-D and 

3-D database libraries. It is estimated that as much as 

70 percent of major product design consists of standard 

components such as fasteners, valves, motors, etc. The use 

of standard parts is essential for the design and assembly 

of products. As much as 25 percent of an engineer’s time 

is spent searching for standard parts used in the design of 

products. Many standard part libraries are available over 

the web and through business-to-business (B-to-B) web 

sites.

3.9 Virtual Reality* 
Virtual reality (VR) is an emerging technology that is 

beginning to be more commonly used in engineering de-

sign and manufacturing. Although VR was fi rst proposed 

in 1965 by Ivan Sutherland in a paper he published en-

titled The Ultimate Display, and which he followed with 

the building of a head-mounted display in 1968, VR has 

been slow to be adopted and used in industry. Most of 

the development of VR over the years has been accom-

plished in government and university research labs. How-

ever, in recent years VR has become a technology that 

is being integrated into the design and manufacturing 

process through vendors such as FakeSpace©, Panoram©, 

and Barco©. The automotive, aerospace, and consumer-

 products companies, such as Boeing, General Motors, 

and Thomson Electronics, are using VR in various stages 

of the design process to speed the design and manufac-

ture of products (Figure 3.51). 

Since this technology is still relatively new, often the 

terms are used incorrectly or misunderstood. Figure 3.52 

on page 86 shows four closely interrelated terminologies: 

real-world (natural) interaction, telerobotics, augmented 

reality, and virtual reality. 

Figure 3.51
Boeing uses VR in the design of aircraft to better visualize and 
understand complex engineering problems.

(Courtesy of Panoram Technologies.)

In real-world interaction, the human (or user) interacts 

with the real-world environment directly. In telerobot-

ics, a telerobot is controlled through a computer interface 

(such as displays or graphical user interface) to interact 

with the real-world environment. In augmented reality, 

the user interacts with the real world directly and inter-

acts with the computer-generated synthetic world through 

computer controls—at the same time. In virtual reality, 

the user interacts with the computer-generated, synthetic 

environment through the computer controls such as dis-

plays and graphical user interface. 

Virtual Reality—A Defi nition  In general, virtual reality is 

a three-dimensional (3-D) (in most cases, but not always), 

computer-generated, simulated environment, rendered in 

real time with interactive user control of the environment. 

It presents an illusion of reality by fooling the human 

senses. 

Virtual reality captures the user’s multiple senses 

primarily through computer-generated and other artifi -

cial means, to make him or her believe something is real 

when it is not. 

Components of Virtual Reality  Figure 3.53 on page 86 

shows the primary senses of humans. The primary senses 

are sight, hearing, touch, smell, and taste. Several artifi -

cial methods are used to effectively capture these senses 

through virtual means. Table 3.1 lists the senses and the 

media that are used to communicate with each sense, and 

Figure 3.54 (on page 87) shows the components of VR. 
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Display Technologies  Humans are accustomed to see-

ing three dimensions. This often is referred to as stere-
opsis or stereoscopic vision, as shown in Figure 3.55 on 

page 88. 

Stereopsis is from the Greek word for “solid sight,” 

and it refers to a perception of 3-D shape from any source 

of depth information. The basic principle of stereoscopic 

vision is that we perceive depth because the left and right 

eye receive two separate images from slightly different 

perspectives. For simulated images, this is done in several 

ways. These include 

■ Wheatstone 
■ Lenticular (or) AutoStereo 
■ Cross-Eye 
■ Anaglyph 
■ Polarized 
■ Active stereo 

Polarized Stereoscope  A common way to display image 

pairs is to display them on the screen separately with dif-

ferent polarizations. The fi rst image is displayed with verti-

cal polarization and the second with horizontal. When you 

wear a pair of glasses with different polarizations, each eye 

HEAR SMELL TASTE

FEEL

SEE

SPEAK

Figure 3.53

Primary human senses
(© C Squared Studios/Getty Royalty Free.)
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Figure 3.52

Four technologies closely related to VR
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 Communication   
Senses Modes Body Parts VR Methods

Sight Vision Eyes Display systems

Hearing Listen/speak Ears, mouth Speakers/microphones

Touch Feel Skin (muscle, bones, etc.) Haptic devices

Smell Smell Nose ??

Taste Taste Tongue ??

Other senses Motion/gestures Fingers, head, hand, other body parts Gloves, spatial motion trackers, eye trackers

Sense, Modes of Communication, and Methods of ImplementationTable 3.1

•
•

•
•

• Engineering
• Biochemistry
• Arts
• Science…

• Immersive display
• Speech and sound

output
• Force feedback

Speech recognition
Spatial motion
tracking
Eye motion tracking
Tactile/Pressure input

Input

Software

Computing
System

Output

Figure 3.54

Components of virtual reality

only sees the image that matches its polarization. Two types 

of polarizations can be used: linear and circular. In linear 

polarization, the light waves are polarized in linear fashion. 

By using two perpendicular polarization fi lters, the stereo-

scopic vision is achieved. In circular polarization, the light 

waves are polarized in circular fashion. The stereoscopic 

vision is achieved by combining clockwise and counter-

clockwise polarization (Figure 3.56 on page 89). 

Active Stereo (or Shutter Glasses)  An increasingly popular 

way to view 3-D images on the screen is to use shutter 

glasses. These glasses have high-speed electronic shut-

ters that open and close in sync with the images on the 

monitor. Liquid crystals are used for the shutters because 

an electronic signal can make the crystal turn instantly 

from transparent to opaque. When the left image is on 

the screen, the left shutter is open and the right shutter 

is closed, which allows the image to be viewed by your 

left eye only. When the right image is on the screen, the 

right shutter is open and the left shutter is closed. If this 

sequence occurs fast enough, your brain thinks it is see-

ing a true stereoscopic image. If this shuttering speed is 

not fast enough, you still can see a stereoscopic image, 

but you also may see some fl ickering. An emitter, sitting 

on the monitor, broadcasts an infrared signal (shown in 

dotted lines in Figure 3.57 on page 89). The eyewear re -

ceives the signal and synchronizes its shutters to the video 

fi eld rate. 

Head-Mounted Displays  The head-mounted display 
(HMD) was the fi rst device that provided its wearer with 

an immersive experience. Evans and Sutherland demon-
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strated a head-mounted stereo display in 1965. It took 

more than 20 years before VPL Research introduced a 

commercially available HMD, the famous EyePhone sys-

tem, in 1989. 

The emphasis of the HMD program is on providing in-

formation to people where ordinary direct view displays 

either are inappropriate or are impractical. HMDs have 

unique applications in virtual environments where total 

immersion is important, in environments where hands-

free operation is desirable or necessary, and in applica-

tions involving unique viewing requirements, such as 

3-D, mapping graphical images onto real images, and 

night vision (Figure 3.58 on page 90). 

Fishtank Virtual Reality  The term fi shtank VR refers to a 

system in which a stereo image of a 3-D scene is viewed 

on a monitor in perspective coupled with the head posi-

tion and orientation of the user (Figure 3.59 on page 90). 

The stereo images on the screen are viewed through ac-

tive stereo glasses. Recent developments in fi shtank VR 

systems allow the user to see 3-D images without the 

use of glasses. In these systems, the monitor is modifi ed 

in such a way that a stereo image can be viewed with-

Figure 3.55

Stereoscopic vision

out glasses and still produce a 3-D effect (Figure 3.60 on 

page 90).

Projection-Based Systems  Larger display systems have 

been developed to display stereo images through the use 

of computer projection devices. The computer projection 

devices used to create stereo images can be of three pos-

sible types: CRT (cathode ray tube), DLP (digital light 

processing), and LCD (liquid crystal display), with the 

LCD and DLP emerging as the most common types in 

use today. The projectors can project stereo images di-

rectly onto a screen (front projection), or they can be 

mounted behind a screen (rear projection). Rear projec-

tion is preferred for large stereo displays so that users can 

walk up to the screen without interfering with the pro-

jected images. Figure 3.61 on page 90 shows a DLP pro-

jector capable of creating a stereo image in resolutions up 

to 1280 by 1024 pixels, which can be viewed with active 

stereo glasses. 

Passive stereo images also can be created from com-

puter projectors by placing a polarizing fi lter in front of 

the lenses. This technique requires two projectors, one for 

each eye (Figure 3.62 on page 91). These fi lters can po-

larize the light from the projector in either a linear or a 

circular pattern. Very inexpensive polarized glasses then 

can be used to view the stereo images. 

Multiple Projector–Based Systems  Figure 3.63 on page 91 

shows a large rear-projected active stereo system used for 

engineering design and research. Large screen areas are 

possible through the use of multiple projectors that can 

be edge-blended to create a seamless single large image. 

For example, it is possible to create a very large image 

8 feet high and 30 feet long by using three DLP stereo 

projectors with one-third of the image projected from 

each projector. 

CAVE ®  Another multiple projection–based VR system 

is called a CAVE ® (computer augmented virtual envi-

ronment). The original idea for a CAVE was developed 

in 1992 at the University of Illinois, Chicago. A CAVE 

consists of multiple screens and projectors confi gured 

into walls, fl oor, and ceiling to create a room. Typically, 

CAVEs are cube-like, with each side approximately 

10 feet by 10 feet. The sides of the CAVE are made of rear 

projection screens with stereo projectors mounted behind 

each side of the structure. CAVEs commonly are confi g-

ured as four-sided (three walls and a fl oor) (Figure 3.64 on 

page 91). There are a few six-sided CAVEs, but they are 

very expensive, and a very large area is needed to build 
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Figure 3.56

Linear and circular polarization used to create a stereo image

Figure 3.57

Active stereo graphics using shuttered glasses
(© Lenny Lipton.)

89

(Courtesy of Stereographics Corporation.)
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one of this size. When using the CAVE, a user’s head po-

sition is tracked and he or she wears shutter glasses to 

create a stereoscopic view. The degree of immersion in 

a CAVE is very high because the person is immersed in 

computer graphics that are projected for all sides. 

Augmented Reality  Augmented reality is a VR system 

that combines or overlays computer graphics imagery 

with a normal view of a scene. A head-mounted display 

allows the viewer to see the real scene with a transparent 

computer-generated image overlaid onto the special op-

Figure 3.58

Head-mounted display for VR
(Courtesy of Virtual Research Systems, Inc.)

Figure 3.59

Fishtank VR
(Courtesy of StereoGraphics Corporation.)

Figure 3.60

VR display
(Courtesy of StereoGraphics Corporation.)

Figure 3.61

DLP projector
(Courtesy of Christie Digital Systems, Inc.)

tical elements in the HMD. This requires very accurate 

tracking technology to ensure that the real and the com-

puter-generated scenes are accurately aligned. 

Tracking Devices  In VR, real-time tracking is necessary 

to monitor the position and orientation of a user’s head and 

hands. Tracking systems are mechanical, optical, ultra-

sonic, magnetic, or inertial. InterSense’s tracking systems 

use a novel approach of combining inertial with ultrasonic 

tracking which offer highly stable and realistic interac-

tion with the virtual environment. Most VR systems use 

an electromagnetic tracking system that has a source that 

emits an electromagnetic fi eld and a sensor that detects 
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Figure 3.62

Passive stereo system
(Courtesy of Barco.)

the radiated fi eld. The source signals can be arrayed as a 

grid in a space with the sensor attached to a HMD or a 3-D 

mouse. 

Hand and object tracking in VR normally is accom-

plished using a hand-tracking device (Figure 3.65). 

Normally these devices provide six degrees of freedom 

(DOF) for full volume tracking in CAVEs and wall VR 

systems. These navigation devices will have program-

mable buttons so they can be used like a mouse to make 

menu selections and to control 3-D objects in a virtual 

environment. 

Figure 3.63

Large rear-projected stereo display
(Courtesy of Fakespace Systems, Inc.)

Figure 3.64

CAVE®

(Courtesy of Fakespace Systems, Inc.)

Figure 3.65

Hand tracking device
(Courtesy of InterSense, Inc.)

Hand tracking also is made possible by using a glove 

made of lightweight material with strain gauges or fi ber 

optics sewn inside to measure fi nger joint angles (Figure 

3.66 on page 96). Tracking gloves are used to communi-

cate hand gestures such as pointing and grasping virtual 

objects. Some gloves even can provide tactile feedback 

through the use of small vibro-tactile stimulators located 

on each fi nger and the palm of the glove. When a virtual 

object is grasped, the tactile stimulators vibrate, causing 

the sensation of touch. Trackers also are located on the 

wrists of the gloves to monitor the position and orienta-

tion of the hand. 
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Design Case Study
The Motorola RAZR Mobile Phone

equity in wireless communications by integrating paging, 

cellular, two-way, and data technologies.

■ Develop a design compatible with Motorola’s currently 

accepted manufacturing methods, environmental re-

quirements, and cost goals.

Generate a Universal Appeal

Initial analysis of the “mess” involved multidisciplinary ses-

sions where mindmapping and other creative problem-

solving methods were used to identify the problem and 

create a profi le of the user, the product, and the features. 

Marketing, engineering, human factors, and design team 

members generated and synthesized results into distinct 

descriptions of what was to become the RAZR. Early inputs 

included such diverse “wish list” aspects as the desire to 

incorporate a hands-free speakerphone, battery life goals, 

and desired product emotion targets. A clear desire to 

reach beyond Motorola’s traditional commercial user base 

and connect with white-collar professionals and consumers 

emerged as a key theme in this early exploration. Establish-

ing a method of capturing and evaluating preresearch data 

is essential to prevent the loss of early breakthrough ideas.

Effective form factor research in the development of the 

RAZR was important in light of our desire to generate a uni-

versal appeal and enhance the user experience. Three hun-

dred end users in various locations were interviewed and 

presented with 9 different form factor solutions to gauge 

preference in such areas as wearability, fi t to the face while in 

use, folding scheme, and general appeal. Forms ranging from 

crisp to soft and incorporating different folding schemes were 

generated by industrial designers using solid modeling soft-

ware and stereolithography tools. This testing yielded data on 

the form factor direction we should take. The “clamshell,” or 

top-hinged format, emerged as the most preferred in our fi nd-

ings, affording users a high degree of portability while also of-

fering a degree of privacy while in use.

Additional observation during research proved to be a 

great benefi t to us as designers when, in addition to rely-

ing on written research reports, we were able to personally 

observe and participate in one-on-one interviews to discern 

“unspoken” opinions and comments from users. Research 

of this type often reveals a lot of peripheral information that 

is outside the scope of the interviewer’s script and doesn’t 

get recorded. Solutions to these unarticulated needs can be 

those which bring the most satisfaction to the end user.

An observing designer can learn much from the intensity 

and nuance with which a user discounts a certain feature, 

The following case study will provide an example of the de-

sign process for a digital communications company. It in-

cludes the ideation, refi nement, and implementation stages 

as outlined in this chapter.

The proliferation of wireless communication products has 

brought with it a desire to integrate various services into one 

device. Increased efforts to miniaturize and combine capabil-

ities have afforded great opportunities for designers to solve 

the problems of high function and small format. As wireless 

products migrate from novelty gadgets for early adopters to 

mainstream must-haves, designers, engineers, and product 

planners must concentrate on providing intuitive simplicity 

and positive product emotion for the end user.

This product, enabled by several breakthroughs in wire-

less technology, began with three major industrial design 

goals in mind:

■ Generate a universal appeal to attract fi rst time wireless 

users by restating the traditional “rectangular box” prod-

uct in a less threatening, more intuitive package. Convey 

an image of consumer approachability while maintaining 

the client’s heritage of reliable, rugged products.

■ Create a desirable physical embodiment for a commu-

nication product that reinvents Motorola’s long-standing 

Motorola RAZR V3 phone 
(© Motorola, Inc.)
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embraces another, or casually suggests a third. “Reading 

between the lines” was especially helpful as many users 

voiced a need to access certain display information at all 

times on their communication device. This need confl icted 

with a high percentage of users who also desired a hinged 

“clamshell” door to protect and cover the device and pro-

vide a face-fi tting form when opened. Combining these two 

seemingly confl icting requirements resulted in the idea of 

creating a window in the clamshell door which affords pro-

tection but also allows the user to access many functions 

of the product in its closed state. A pair of door-mounted 

soft keys located at the base of the window actuate various 

functions by pushing through to corresponding keys on the 

main body of the phone. The paradox of providing a simpli-

fi ed device with only a few visible keys yet allowing access 

to the display information was solved by listening to what 

users really wanted and forming a solution on the fl y in the 

fi eld, not in the isolated confi nes of the design studio.

Create a Desirable Communication Product

The “clamshell” solution is one we had looked at since 1991 

for various telephone only products and it seemed to have 

good potential to convey the dual personality needed for 

this application.

It was agreed early on that the form of the RAZR must 

present a variety of complex technologies in a user-friendly 

embodiment. A design language combining traditional cel-

lular and two-way radio cues yet introducing a unique char-

acter was created to convey the mission of the product 

to the user. Early design goals called for the shape of this 

product to invite the user to hold it. A subtle tapering of the 

form from top to bottom allows the product to fi t well in the 

hand. This borrows from the heritage of Motorola’s iconic 

handheld mobile microphones. The appearance is intended 

to give the product a character which hints at the underlying 

features without looking overly complex. The domed feature 

on the front surface adds visual softness while forming the 

reverse side of the ear cup.

Meet Motorola’s Product Goals 

Important in any high-volume product development program 

are goals regarding cost, time, and manufacturability. Once 

the initial industrial design solution was agreed upon, a “vi-

sion rendering” was archived by Motorola’s division general 

manager and referred to as a master drawing throughout 

the program to assure we stayed on course.

The hand-held nature of this product demands that it be 

modeled in 3-D and evaluated as quickly as possible. As 

industrial designers we generated the external form of the 

product in its entirety using the same solids modeling soft-

ware as the engineering development groups. Extensive use 

of our internal rapid prototyping center enabled the creation 

of numerous wax deposition and stereolithography models 

Montage 
Several concepts were evaluated as the development of the 
RAZR progressed. 

(© Motorola, Inc.) 

Clamshell design 
The fi nal design decision was to create a fl ip style or clamshell 
design for the phone. 

(© Motorola, Inc.)
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to analyze concepts and gain additional user feedback in a 

greatly reduced time frame.

This common tool platform made for a seamless trans-

fer of data with the design intent remaining intact. It also 

allowed us to participate in various inevitable last-minute 

modifi cations directly on the engineering databases before 

tooling was initiated. The iterative nature of design is facili-

tated by the quick results available from common databases 

and the existence of a common 3-D “language.”

Motorola RAZR Final Design Features

Motorola marked an industry fi rst with the unveiling fo the 

Motorola RAZR V3—an ultra-slim, metal-clad fl ip phone 

sporting fantastivally good looks along with full-featured 

functionality. In a major innovation in design and engineer-

ing, the RAZR V3 team has created a phone of fi rsts. The 

combination of metals, such as aircraft-grade aluminum, 

with new advances, such as an internal antenna and a 

chemically-etched keypad, led to the formation of a device 

that measures just 13.9 mm thin. Key features include:

Bluetooth ® Wireless Technology

Stay connected without wires. Choose from a range of op-

tional Bluetooth® accessories. 

■ Anodized Aluminium Case—the ultra-thin Moto 

RAZR V3 has the distinctive metallic lustre of anodized 

aluminum. 

■ MPEG4 Video Playback—download and watch sports 

action and music clips. They’re all beautifully displayed 

on the large 2.2 color display. 

■ Digital Camera—capture your world in style. Create 

memorable images with the effective 4� digital zoom 

and quick exposure controls. 

■ Built-in Speakerphone—keep the conversation fl ow-

ing when you’re busy by going hands-free. Or exchange 

ideas in a conference call. 

Mind map 
Predesign “mind maps” incorporated diverse requirements and “wish list” elements. 

(© Motorola, Inc.) 
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Fun Features 

User-customizable Soft key functions, Main Menu and 

Shortcuts 

Games: 3-D Java-embedded and space for downloads 

Downloadable themes (Ringtones, wallpaper and screen-

savers) 

MOTOMIXER™ (Remixable MIDI ringer software) 

Polyphonic ringtones 

Picture phone book 

MP3 ringtones 

Polyphonic speaker: 22 Khz polyphonic speaker with 22 

chord support 

Video download 

Video clip playback with sound 

Precision cut metal keypad 

Integrated digital VGA camera with 4� digital zoom and light 

Call Management Features 

Speech recognition 

Integrated speakerphone 

Caller group profi ling 

Time and date stamp 

Phone Book: Up to 1000 entries on phone plus up to 250 on 

SIM card 

VibraCall alert 

Where to Find Cases
Many engineering case studies, histories, and problems 

have already been developed and can be used to design 

your own cases for little or no cost. Here are some sources:

The Center for Case Studies in Engineering

Campus Box 139

Rose-Hulman Institute of Technology

5500 Wabash Avenue

Terre Haute, IN 47803–3999

The catalog of ASEE engineering cases can be accessed 

free of charge through the Internet; there is a small per-page 

fee to order copies of the cases.

http://www.cee.carleton.ca/ECL/

National Engineering Education Delivery System (NEEDS)

Supported by the NSF-funded Synthesis coalition—in-

cluding the University of California at Berkeley, Cornell Uni-

versity, and Tuskegee University—NEEDS makes course 

materials, including cases, available through World Wide 

Web and telnet. It can be accessed through:

http://www.synthesis.org

http://ublib.buffalo.edu/libraries/projects/cases/case.html

National Center for Case Study Teaching in Science

http://ethics.tamu.edu/

http://onlineethics.org/cases/index.html

Engineering Ethics Case Studies

Other sources of cases:

H. Scott Fogler, Strategies for Creative Problem Solving. 

Englewood Cliffs, NJ: Prentice-Hall, 1994.

Henry Petroski, Design Paradigms: Case Histories of Error 

and Judgment in Engineering. New York: Cambridge 

University Press, 1994.

© Motorola, Inc.
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Head tracking also is possible using technology that 

determines the position and orientation of the head within 

the virtual environment. This allows the visual and audi-

tory displays to be updated in response to the user’s head 

position and orientation. Figure 3.67 shows a wireless 

head-tracking system that uses radio signals to determine 

head position and orientation in a virtual world. The head-

tracking emitter is mounted to the active stereo glasses 

and the receiver is mounted somewhere within the virtual 

environment, such as the frame of the display screen. 

Virtual Reality (Software) Applications  There are many ap-

plications of virtual reality in business, industry, govern-

ment, research, and education. The use of virtual reality 

in industry has shown great promise and is becoming 

more common for oil and gas exploration, engineering de-

sign—especially in the automotive and aerospace indus-

tries—and scientifi c visualization for research in many 

of the basic sciences. Virtual reality also is beginning to 

show promise for medical applications, entertainment, ar-

chitectural design, training, and manufacturing.

3.10 Summary
This chapter introduced you to modern design practices. 

Graphics have been and will continue to be an impor-

tant part of engineering design. Graphics, in all forms, 

are the communications medium of choice in the design 

process. The use of computers to create 3-D models is a 

critical part of the modern design process. These models 

are used to generate a database of information that can 

be shared with all of the members of the design team 

and used to develop and analyze the product. In addition 

to creating 3-D models using CAD software, the design 

team also makes use of many other types of graphical 

software to visualize their design problem. Creating visu-

alizations such as charts and graphs requires knowledge 

of what information you are trying to present and how 

best to present it to achieve maximum effectiveness. As 

has always been true, the engineer and technologist must 

know how to use all types of graphics and integrate them 

into the design process effectively to be successful in 

industry.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions 
■ Flashcards
■ Website Links
■ Stapler Design Problem 

Figure 3.66

Tracking glove
(Courtesy of InterSense, Inc.)

Figure 3.67

Wireless head-tracking device
(Courtesy of InterSense, Inc.)
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Questions for Review
 1. Describe the design process.

 2. Describe the engineering design process.

 3. Describe engineering analysis.

 4. Describe aesthetic analysis.

 5. Defi ne documentation.

 6. Defi ne a production drawing.

 7. Describe how CAD is used in the design process.

 8. Describe the role of graphics in the design process.

 9. Describe presentation graphics.

 10. Highlight the important ways that graphics are used 

throughout the design process.

 11. Describe and sketch the concurrent engineering 

model.

 12. Describe and sketch the concurrent documentation 

model.

 13. Describe DFM.

 14. List and describe the modeling techniques used in 

design.

 15. Describe real or physical modeling.

 16. Describe the difference between simulation and 

animation.

 17. Describe the reverse engineering process.

 18. Defi ne and describe knowledge-based engineering 

(KBE).

 19. Describe the rapid prototyping process and why it is 

useful in engineering design.

 20. What is a fundamental difference between 2-D and 

3-D CAD systems? Is there any overlap between the 

two types of CAD systems?

 21. Explain the advantages and disadvantages of using 

a virtual model over a real model when designing a 

product.

 22. Describe the areas of technical design in which data 

visualization is important. How does data visualiza-

tion differ from traditional engineering graphics?

 23. Explain the different roles the network server and cli-

ent workstations play in product data management 

(PDM).

 24. List and briefl y describe three types of design 

projects.

 25. What is the purpose of a designer’s notebook?

 26. Why are standards important in the design and doc-

umentation of a product?

Further Reading
Dreyfuss, H. The Measure of Man, Human Factors in Design. 

New York: Whitney Library of Design, 1967.

Guide for Patent Draftsmen (Selected Rules of Practice Relat-

ing to Patent Drawings). Washington, D.C.: U.S. Department 

of Commerce, Patent and Trademark Offi ce, 1989.

Henderson, K. On Line and On Paper. Cambridge, MA: The 

MIT Press.

LaCourse, D.E., ed. Handbook of Solid Modeling. New York: 

McGraw-Hill, 1995.

Norris, G. et al. e-business and ERP: Transforming the Enter-
prise. New York: Wiley, 2000.

Ullman, D. G. The Mechanical Design Process, 2d ed. New 

York: McGraw-Hill, 1997.
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Chapter Twelve

Science for 
Technical 
Graphics

C
hapter Tw

elve

Objectives
After completing this chapter you will be 

able to:

 1. Describe why technical drawings are 

an effective communication sytem for 

technical ideas.

 2. Describe why technical drawings are 

an effective.

 10. Describe technical drawings.

Introduction
Chapter intro text—questions to ask be-

fore starting: are there multiple standards? 

Waiting for the great leap forward.

Part text starts here, 9 pic b/b below PT. 

Technical graphics is an important and 

essential area of expertise for the

—Quote Source

98

Supplem
ent

98

Supplement

Design 
Problems

General Instructions
The following design problems are in-

tended to challenge you to be creative, 

individually or in a group. Those problems 

designed specifi cally for a group are so la-

beled. The design problems are not meant 

to teach the design process, as much as 

how to represent ideas graphically, using 

primarily computer models and drawings 

as necessary. Any design problem labeled 

a concept means that all details of the solu-

tion are not necessary.

For each problem, you must create the 

documentation as necessary to communi-

cate your solution to others. The items to 

be created are specifi ed with each prob-

lem. If not, then the engineering drawings 

should include the following:

 1. Initial design sketches.

 2. Multiview drawings, with dimen-

sions. (Concept designs only need 

critical dimensions and details, where 

necessary.)

 3. Sectioned assembly drawings, with 

parts list.

 4. Pictorial drawings of the fi nal design, 

with parts list where appropriate.
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P R O B L E M  1 : 

Desktop Fan Design Project

Project Goals
1. Practice the creation of hybrid geometric models (sur-

face and solid geometry within the same model).

2. Develop techniques for combining surface and solid 

geometry into one model.

3. Develop basic surface modeling techniques using 

primitive geometry.

4. Develop basic surface modeling techniques using sim-

ple curves.

5. Practice modeling and editing techniques using sur-

face geometry.

STEP 1: Problem Identifi cation

A discount consumer products company has asked you 

to design a small desktop fan that could be used in an 

offi ce or apartment setting. The fan will be smaller than 

current pedestal or box models, and likely will sell for a 

substantially cheaper price. It will be made of inexpen-

sive (or even recycled) materials. In order to successfully 

market their product to the intended audience, several cri-

teria have been developed by the corporate marketing and 

consumer affairs staff. They are:

• The fan will be made of plastic, not to be more than 

30% transparent for any given part.

• The design must be consistent with a stylized product—

no sharp corners and no square-looking geometry on 

the housing or stand of the fan.

• You are responsible for modeling the fan housing or 

shroud, the blades, the motor housing the support stand, 

and the controls and adjustment mechanisms for the fan. 

You DO NOT have to model the motor or the power cord.

• Buttons, control knobs, position/angle adjustment mech-

anisms all should be stylized geometry.

• The fan should have a unique color scheme.

• The fan should have 3 or 4 blades.

• All surfaces and curves should have at least C2 (G2) con-

tinuity conditions so that a child will not injure itself.

• Overall size of the fan should be no more than 14� in its 

longest dimension.

• Large or major areas of material thickness should be 

avoided. Typical wall thickness for parts should be 1/6� 
to 1/18�.

• The object should weigh no more than 2–3 pounds (re-

member that this is EXCLUDING the motor).

STEP 2: Ideation (Brainstorming)

Make engineering/technical sketches of at least fi ve pos-

sible design sketches of the fan. Solutions should include 

appropriate design notations about possible colors and 

basic dimensional information. To determine appropri-

ate dimensions and to get design ideas, visit local depart-

ment and hardware stores with sketching paper and tape 

measure/calipers in hand. Other sources of information 

may be found on the Internet, television, or in magazines. 

These sketches should include a combination of ortho-

graphic and isometric sketches.

STEP 3: Refi ne/Analyze

Analyze and critique all of the ideas generated during 

Step 2: Ideation with a fellow classmate.

 Refi ne our ideation sketches according to the feedback 

received from your classmates as well as the instruc-

tor. For this step, add more details including color, to 

the sketches of the design solution. Include in this set of 

sketches a pictorial view of the object that shows the fan 

in its completed form. Overall dimensional information 

also should be included. Some type of assembly would 

also be relevant here.

STEP 4: Decision

Create a decision matrix and assign a rating for how well 

each of the fi ve (or more) designs meets the design param-

eters defi ned in Step 1. You may add other design param-

Design Problems
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eters that you think are appropriate. Shown here is an ex-

ample decision matrix for this project. Five is the highest 

(strongest) value, and one is the lowest (weakest) value. 

You do not necessarily have to use this numbering scheme, 

but you must develop a method for weighting your criteria 

to determine the best design. After the ratings have been 

assigned for each design, the highest rated design will be 

carried forward to Step 5. Write a one-paragraph rationale 

for the selection of this particular design.

Example of a Decision Matrix

DESIGN I DESIGN II DESIGN III DESIGN PARAMETERS

 5 5 4 Plastic material

 5 5 5 Weight

 4 5 4 Maximum size

 3 4 5 Material thickness

 4 4 5 Color

 5 3 4 Continuity conditions

 26 26 27 Total

STEP 5: Documentation

All sketches for the project should be included in the doc-

umentation phase of the project. Your decision matrix and 

rationale also should be included, along with a description 

of the selection of the fi nal idea from the ideation stage.

STEP 6: Implementation

Create 3-D models of the fan components in the CAD 

software, taking into account the criteria detailed in the 

previous steps. It is expected that surface and solid ge-
ometry will be combined within each model fi le. An 

assembly model should be included.

Optional:

• Create a detail drawing of each non-standard part in-

cluded in your fan.

• Create an assembly drawing of your fan model includ-

ing a complete bill of materials.

P R O B L E M  2 : 

Wheel Design Project

Project Goals
1. Give a deeper appreciation of the conceptual end of the 

engineering design process.

2. Develop conceptual 3-D modeling techniques using 

3-D curves, surfaces, and solids.

3. Practice manipulation and editing techniques using 

3-D geometry.

4. Analyze and adjust boundary conditions to obtain req-

uisite continuity conditions.

5. Practice presentation skills.

STEP 1: Problem Identifi cation

A manufacture of after-market auto parts has contracted 

with you to design the next generation of custom rims for 

vehicles. As such, they are looking for something that 

is similar in functional design requirements to current 

market offerings, yet is unique in shape and form. The 

fi nished wheels will be made out of aluminum or steel, 

depending on the needs of the customer. In order to suc-

cessfully market their product and increase its exposure, 

several criteria have been developed by corporate market-

ers and outside consultants. They are:

• The wheel should accommodate four or fi ve lugs on the 

hub of the vehicle.

• The wheel should use three, four or fi ve spokes in its 

design.

• Sharp edges should be kept to a minimum.

• Excess weight should be kept to a minimum.
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• The wheel should be of a standard size, preferably 16,17, 

or 18 inches in diameter.

• The width of the wheel should be appropriate for the 

wheel diameter and tire size range selected.

• Given the size requirements in the previous point, the 

wheel should accommodate a standard tire acceptable 

for the selected size.

• Surface model must exhibit appropriate continuity 

conditions.

STEP 2: Ideation (Brainstorming)

Make engineering/technical sketches of at least fi ve pos-

sible designs that meet the design parameters defi ned in 

Step 1: Problem Identifi cation. Solutions should include 

appropriate design notations about possible colors and 

basic dimensional information. To determine appropriate 

dimensions and to get design ideas, visit local auto stores 

or car dealerships with sketching paper and tape mea-

sure/calipers in hand. Other source of information may be 

found on the Internet, television, or in magazines.

STEP 3: Refi ne/Analyze

Analyze and critique all of the ideas generated during 

Step 2: Ideation with a fellow classmate. Each of you 

should give verbal and written comments to each other. 

Refi ne your ideation sketches according to the feedback 

received from your classmate as well as the instructor. For 

this step, add more details to the sketches of the design 

solution, including dimensional information that adheres 

to the above criteria.

STEP 4: Decision

Create a decision matrix and assign a rating for how well 

each of the seven designs meets the design parameters 

defi ned in Step 1. Add other design parameters that you 

think are appropriate. Shown here is an example decision 

matrix for each criterion. Five is the highest (strongest) 

value, and one is the lowest (weakest) value. You do not 

necessarily have to use this numbering scheme, but you 

must develop a method for weighing your criteria to de-

termine the best design. After the ratings have been as-

signed for each design, the highest rated design will be 

carried forward to Step 5. Write a one-paragraph rationale 

a justifi cation for the selection of this particular design. 

Should there be a tie score, include in your rationale a jus-

tifi cation for selecting the fi nal wheel design. The follow-

ing decision matrix should be viewed as an example and 

NOT an all-inclusive list of criteria.

Example of a Decision Matrix

DESIGN I DESIGN II DESIGN III DESIGN PARAMETERS

 5 5 4 Number of spokes

 5 5 5 Number of lugs

 4 5 4 Maximum size

 3 4 5 Body contours

 4 4 5 Ease of assembly

 5 3 4 Weight

 26 26 27 Total

STEP 5: Planning

Once the fi nal wheel design has been selected for model-

ing, a modeling procedure should be created to serve as a 

plan for geometry creation. This will include sketches of 

the major curves/profi les/contours to be used in the cre-

ation of the various features on the object and the surface 

creation operation to be performed on them. At this stage, 

you also should consider and label boundary conditions 

between the major geometric components of the various 

parts of the wheel for which you are responsible.

STEP 6: Implementation

Create 3-D model of the wheel using your CAD system. 

Each fi nished wheel model should include some type of 

organization scheme for the geometry created specifi cally 

in that model. Suggested layers might include (but are 

not limited to) construction geometry, curves, surfaces, 

temporary surfaces created as a result of a geometry op-

eration, fi nished surfaces, solid geometry, etc. Assigning 

various colors to these layers (stages of the model) may be 

helpful to keep track of geometry.
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Optional:

• Create a detail drawing of your wheel, including cross-

section views as necessary to describe the wheel.

• If your wheel is created in multiple parts, include an as-

sembly drawing of the fully assembled wheel, including 

the bill of materials and identifi cation balloons.

P R O B L E M  3 : 

Infant Toy Design Project

Project Goals
1. Give a deeper understanding of the conceptual end of 

the engineering design process.

2. Develop basic modeling techniques using primitive ge-

ometry and simple curves and surfaces.

3. Develop editing techniques for 3-D geometry.

4. Practice presentation skills.

STEP 1: Problem Identifi cation

A major toy manufacturing company has asked you serve 

as a contract designer in the development of their new in-

fant toy design. The company is considering a theme that 

will center on either animals or vehicles, so a set of toys 

representing something like a car or a giraffe would not 

be out of the question. An age group of less than two years 

will be the target range for this new product. In order to 

successfully market their product and ensure its safety for 

infants, several criteria have been developed by the cor-

porate marketing and consumer affairs staff. They are:

• The toy will be made of plastic, not to be more than 

30% transparent.

• The toy will have a typical wall thickness of 1/16� inch.

• The design must be consistent with the desired theme: 

animals or vehicle.

• There should be very few, if any, moving parts.

• There should be NO removable parts which can be 

swallowed easily by the child.

• There should be two or three individual toys in the 

group, and the common elemental geometry should be 
obvious to the casual observer.

• Shape and contour of the object should fi t the grasp of 

an infant within the specifi ed age range.

• Large, bold areas of color should be used in the fi nished 

design.

• All surfaces should have smooth edges so that the child 

will not injure itself.

• Overall size of each individual object should be no more 

than 6� in its longest dimension and 2� in its shortest 

dimension.

• Each fi nished object should weigh no more than 

6 ounces. Select an appropriate plastic material to meet 

this criteria.

STEP 2: Ideation (Brainstorming)

Make engineering/technical sketches of at least four 

possible design families that may meet the design param-

eters defi ned in Step 1: Problem Identifi cation. Solutions 

should include appropriate design notations about possible 

colors and basic dimensional information. To determine 

appropriate dimensions and to get design ideas, visit local 

department and toy stores with sketching paper and tape 

measure/calipers in hand. Check out toys that some of your 

younger relatives may have played with. Other sources of 

information may be found on the Internet, television, or in 

magazines. You can examine existing children’s toys for 

sizes, shapes, and materials, but you should emphasize be-

ing different from the competition while still adhering to 

the criteria. These sketches should include a combination 

of orthographic and isometric sketches.

STEP 3: Refi ne/Analyze

Analyze and critique all of the ideas generated during Step 
2: Ideation with a fellow classmate. Refi ne your ideation 

sketches according to the feedback received from your 

classmates as well as the instructor. For this step, add 

more detail, including color, to the sketches of the design 

solution. Include in this set of sketches a pictorial view of 

the object that shows the infant toy in its completed form. 

Overall dimensional information also should be included.
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STEP 4: Decision

Create a decision matrix and assign a rating for how well 

each of the fi ve (or more) designs meets the design param-

eters defi ned in Step 1. You may add other design param-

eters that you think are appropriate. Shown here is an ex-

ample decision matrix for each criteria. Five is the highest 

(strongest) value, and one is the lowest (weakest) value. 

You do not necessarily have to use this numbering scheme, 

but you must develop a method for weighting your criteria 

to determine the best design. After the ratings have been 

assigned for each design, the highest rated design will be 

carried forward to Step 5. Write a one-paragraph rationale 

for selecting this particular design.

Example of a Decision Matrix

DESIGN I DESIGN II DESIGN III DESIGN PARAMETERS

 5 5 4 Plastic material

 5 5 5 Weight

 4 5 4 Maximum size

 3 4 5 Toy theme

 4 4 5 Color

 5 3 4 Safety issues

 26 26 27 Total

STEP 5: Documentation

Your fi nished ideation and refi nement sketches also 

should be included. All project research, engineering/

technical sketches for your design, your rationale and 

decision matrix, and your refi ned sketches should be 

compiled in a project packet. An “assembly” sketch also 

should be included if your group of toys is meant to fi t to-

gether in some way. Each object should be clearly labeled 

and given its own color scheme.

STEP 6: Implementation

Create 3-D Models of the infant toy in the CAD system, 

taking into account the criteria detailed in the previous 

steps.

Optional:

• Create a detail drawing of the infant you, including 

cross-section views as necessary to describe the toy.

• If your infant toy was created in multiples parts, include 

an assembly drawing of the fully assembled toy, includ-

ing the bill of materials and identifi cation balloons.

P R O B L E M  4 : 

Sports Drink Bottle Design Project

Project Goals:
1. Provide an example of the conceptual end of the engi-

neering design process.

2. Develop basic 3-D modeling techniques using con-

straint-based techniques.

3. Practice manipulation and editing techniques using 

constraint-based geometry.

4. Practice presentation skills.

STEP 1: Problem Identifi cation

A major sports drink producer has asked you to develop 

the new line of packaging for their products, which in-

cludes a new primary retail container. This is the same 

container that consumers will see on the shelf in their lo-

cal grocery or convenience store, and it also will be sold 

in vending machines. The company is looking for a fresh, 

exciting look to their packaging to coincide with today’s 

active lifestyles. In order to successfully market their 

product and maintain its freshness during shelf life, sev-

eral criteria have been developed by corporate marketers 

and food scientists. They are:

• The container will be made of plastic, not to be more 

than 20% transparent.
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• The design must hold one-half (0.5) liter of sports drink. 

Final model should be �/�0.05 liter. This volume is 

based on the liquid being 0.5 inches from the top of the 

bottle.

• To facilitate reuse, the cap to the bottle must be remov-

able, and when reattached, form a liquid-tight seal. This 

implies that there will be multiple parts to the fi nished 

design.

• The container can be no larger than 8� in its largest 

dimension.

• The design of the shape of the container must allow for 

the product to be sold in 12-pack lots using a minimum 

amount of shelf space. The 12-pack should be no more 

than 140 square inches.

• The empty container (including cap) must weigh no 

more than 5 ounces. You will have to select a density 

ratio for an appropriate plastic to use in the creation of 

a beverage bottle. Include this selection process in your 

fi nal documentation.

• The consumer must be able to drink from the bottle.

STEP 2: Ideation (Brainstorming)

Make engineering/technical sketches of at least seven 
possible designs that may meet the design parameters de-

fi ned in Step 1: Problem Identifi cation. Solutions should 

include appropriate design notations about possible col-

ors and basic dimensional information. To determine ap-

propriate dimensions and to get design ideas, visit local 

grocery and convenience stores with sketching paper and 

tape measure/calipers in hand. Other sources of informa-

tion may be found on the Internet, television, or in maga-

zines. You can examine existing sports drink container 

sizes, shapes, mechanisms, and materials, but your de-

sign should extend and improve these factors as much as 

possible. You should emphasize being different from the 

competition while still adhering to the criteria above.

STEP 3: Refi ne/Analyze

Analyze and critique all of the ideas generated during 

Step 2: Ideation with a fellow classmate. Each of you 

should give verbal and written comments to each other. 

Refi ne your ideation sketches according to the feedback 

received from your classmates as well as the instructor. 

For this step, add more detail to the sketches of the design 

solution, including dimensional information that adheres 

to the above criteria. Include in this set of sketches an 

exploded pictorial view of the various bottle designs to 

describe the assembly and disassembly of each potential 

container design.

STEP 4: Decision

Create a decision matrix and assign a rating for how well 

each of the seven design meets the design parameters de-

fi ned in Step 1. Add other design parameters that you think 

are appropriate. Shown here is an example decision matrix 

for each criterion. Five is the highest (strongest) value, and 

one is the lowest (weakest) value. You do not necessarily 

have to use this numbering scheme, but you must develop 

a method for weighting your criteria to determine the 

best design. After the ratings have been assigned for each 

design, the highest rated design will be carried forward 

Step 5. Write a one-paragraph rationale for the selection 

of this particular design. Should there be a tie score, in-

clude in your rationale a justifi cation for selecting the fi nal 

container design. The following decision matrix should 

be viewed as an example and NOT and all-inclusive list 

of criteria. You should have an explicit rationale for how 

the selected idea meets the fi nal criteria.

Example of a Decision Matrix

DESIGN I DESIGN II DESIGN III DESIGN PARAMETERS

 5 5 4 Plastic material

 5 5 5 Minimize space

 4 5 4 Maximum size

 3 4 5 Aesthetic appeal

 4 4 5 Ease of assembly

 5 3 4 Weight

 26 26 27 Total

STEP 5: Implementation 

Create 3-D models of the various pieces of the sports drink 

container using your CAD software. Each model should 

include some kind of organizational scheme for the ge-

ber28376_ch03.indd   104ber28376_ch03.indd   104 1/2/08   2:53:41 PM1/2/08   2:53:41 PM



  CHAPTER 3  Design in Industry 105

ometry created specifi cally in that model. Each part of 

the container should be given its own unique color and/or 

material.

Optional:

• Create a detail drawing of your bottle, including cross-

section views as necessary to describe the complete 

bottle.

• Include an assembly drawing of the fully assembled 

bottle, including the bill of materials and identifi cation 

balloons.

P R O B L E M  5 :

Wearable Flashlight Design 
Project

Project Goals
1. Provide an example of the conceptual end of the engi-

neering design process.

2. Develop basic 3-D modeling techniques using con-

straint-based techniques.

3. Practice manipulation and editing techniques using 

constraint-based geometry.

4. Develop a basic understanding of data exchange for 

modeling purposes.

5. Practice presentation skills.

STEP 1: Problem Identifi cation

A major outdoor and survival outfi tter has asked you to 

develop their new line of wearable fl ashlights, which are 

geared towards high-end outdoor and military applica-

tions. Since these models will be purchased primarily by 

civilians, they must accommodate standard batteries and 

charging devices. The company is looking for a very styl-

ized look to these products, but they must be durable and 

ergonomic in nature to perform their desired function. 

You are responsible for the external components of the 

light, which include any bottoms or switches, the hous-

ing, the lens/bulb cover, and the battery compartment 

and cover. While you are not directly responsible for the 

mechanisms of the battery compartment or its cover, you 

need to account for its volume when designing the hous-

ing of the fl ashlight. You will be provided models to use 

as reference for the battery. It has been determined that 

the light will operate on the standard batteries. In order 

to successfully market their product and increase its us-

ability, several criteria have been developed by corporate 

marketers and outside consultants. They are:

• The major fl ashlight components will be made of plas-

tic, typically 1/16� thick.

• Any buttons will be made of some “rubberized” or syn-

thetic material to promote a good grip.

• To facilitate use, the fl ashlight will operate on four AA 

batteries or one 9-volt battery.

• The fi nal bulb/refl ector combination ideally would have 

a focal length of around 35 feet. This value should be 

used as a guideline. Depending on the fi nal geometry of 

your fl ashlight housing, your effective lighting distance 

may vary; however, this specifi cation is similar to those 

fl ashlights in the current market. You will need to do 

some research concerning light/optics and the behavior 

of light in order to address this requirement. Check out 

the following sources to get started:

 http://members.misty.com/don/light.html

 http://www.carleylamps.com/refl ectors.htm

• The design of the shape of the fl ashlight housing must 

address the contours of the human body where it will 

be located. Particular attention should be given to the 

head, hands, or upper body, as these make particularly 

good places to locate a light.

• The design of the light should be careful to avoid un-

necessarily hindering the portion of the body to which 

it is located.
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• The empty fl ashlight (excluding batteries) must weigh 

no more than 0.5 pounds. Obviously, this will have an 

effect on the area of the body on which its placed, so 

something on the head or hand likely will weigh less.

• An appropriate material should be researched and spec-

ifi ed relative to the previous point.

• The fl ashlight must be water tight.

• The body/housing of the light should follow the pri-

mary contours of the area of the human body in ques-

tion. Straps or fabric for attachment purposes should be 

minimized.

• For packaging and shipping reasons, the fl ashlight 

should be no larger than 12� in its largest dimension.

• The fi nished fl ashlight assembly model must contain 

separate parts for the body, (end) cap, lens, lens housing, 

bulb, and control switch/button as appropriate.

STEP 2: Ideation (Brainstorming)

Make engineering/technical sketches of at least fi ve pos-

sible designs that may meet the design parameters defi ned 

in Step 1: Problem Identifi cation. To determine ap-

propriate dimensions and to get design ideas, visit local 

department stores or outdoor/sporting goods stores with 

sketching paper and tape measure/calipers in hand. Other 

sources of information may be found on the Internet, 

television, or in magazines. You can examine existing 

fl ashlight sizes, shapes, mechanisms, and materials, but 

your design should extend and improve these factors as 

much as possible. You should emphasize being different 

from the competition while still adhering to the criteria 

above.

STEP 3: Refi ne/Analyze

Analyze and critique all of the ideas generated during 

Step 2: Ideation with a fellow classmate. Each of you 

should give verbal and written comments to each other. 

Refi ne your ideation sketches according to the feedback 

received from your classmates as well as the instructor.  

For this step, add more detail to the sketches of the de-

sign solution, including dimensional information that ad-

heres to the above criteria. Include in this set of sketches 

an exploded pictorial view of the various fl ashlights to 

describe the assembly and disassembly of each potential 

design.

STEP 4: Decision 

Create a decision matrix and assign a rating for how well 

each of the seven designs meets the design parameters 

defi ned in Step 1. Add other design parameters that you 

think are appropriate. Shown here is an example decision 

matrix for each criterion. Five is the highest (strongest) 

value, and one is the lowest (weakest) value. You do not 

necessarily have to use this numbering scheme, but you 

must develop a method for weighting your criteria to de-

termine the best design. After the ratings have been as-

signed for each design, the highest rated design will be 

carried forward to Step 5. Write a one-paragraph rationale 

for the selection of this particular design. Should there be 

a tie score, include in your rationale a justifi cation for se-

lecting the fi nal fl ashlight design. The following decision 

matrix should be viewed as an example and NOT an all-

inclusive list of criteria.

Example of a Decision Matrix

DESIGN I DESIGN II DESIGN III DESIGN PARAMETERS

 5 5 4 Location on the 

    human body

 5 5 5 Battery 

    accommodation

 4 5 4 Maximum size

 3 4 5 Geometry contours

 4 4 5 Watertight

 5 3 4 Weight

 26 26 27 Total

STEP 5: Implementation 

Create 3-D models of the various pieces of the fl ashlight 

using your CAD system. As a suggestion, each fi nished 

model should have some form of organization scheme to 

accommodate the various types of construction and fi nal 

geometry that were created. You also may want to give 

each part of the fl ashlight its own unique color for identi-

fi cation purposes.
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STEP 7: Presentation

You will be evaluated based on the following criteria:

• Rationale for fi nal design selection including any  

calculations/fi gures for determining the shape of the 

refl ector

• Uniqueness of fi nal design

• Quality of project document

• Quality of sketches

• Model quality according to customer criteria

Optional:

• Create a detail drawing of your fl ashlight components, 

including cross-section views as necessary to describe 

the complete part.

• Include an assembly drawing of the fully assembled 

fl ashlight, including the bill of materials and identifi ca-

tion balloons.

Additional Design Problems
 1. Concept solar-powered vehicle. (Group) Design 

a solar-powered concept vehicle, for one passenger, 

that can travel up to 20 mph.

 2. Concept olympic-sized swimming pool. (Group) 

Design an olympic-sized swimming facility that will 

seat 3500 people.

 3. Ergonomic three-button mouse. Design an ergo-

nomic computer mouse, with three buttons, that can 

be used by left- and right-handed people.

 4. Reading lamp. Design a reading lamp that can be 

attached to a desk and adjusted to various positions.

 5. Portable stadium seat. Design a portable stadium 

seat, with a backrest that can be folded fl at and with 

storage for a rain poncho.

 6. Cordless telephone. Design a cordless telephone.

 7. Concept mountain bike. (Group) Design a light-

weight frame for a 26-inch mountain bike with a 

shock-absorbing front fork.

 8. Concept sports car. (Group) Design a sports car for 

two passengers.

 9. Workpiece hold-down device. Design a quick-

release hold-down device used for holding down a 

workpiece in a wood or metal shop. The device must 

be able to hold material up to 3 inches thick and have 

at least an 8-inch reach. It should have the ability to 

release the workpiece quickly, and should be easy to 

position and move to other work surfaces. The hold-

ing strength of the device should also be considered.

10. Portable light. Design a battery-powered portable 

lighting system that leaves the operator’s hands free. 

Defi ne a task for which the operator would need such 

lighting, and design a light for that situation. Consider 

the environment in which the operator is working and 

the amount of light needed for the task.

 11. Cellular telephone mount. Design a system for 

mounting cellular telephones in cars. The mount 

should not be permanent and should be adaptable to 

most makes and models of cars. The design should 

not compromise the safety of the vehicle operator by 

impeding the use of controls.

12. Human-powered vehicle. (Group) Design a human-

powered boat, aircraft, or submarine. These vehicles 

should be designed for a single person.

Reverse Engineering Problems
Reverse engineering is a process of taking existing prod-

ucts, evaluating and measuring them, and then creating the 

CAD database to reproduce them. The following problems 

can be used as reverse engineering projects. Use a mi-

crometer, scale, and calipers to make measurements. Use 

manufacturer’s catalogs to specify standard parts, such as 

bearings and fasteners. For each project, the following is 

required:

 1. Disassemble, measure, and sketch each part.

 2. Create 3-D models or engineering drawings of each 

nonstandard part, with dimensions.

 3. Specify standard parts, using engineering catalogs.

 4. Create an assembly drawing with parts list.

 5. Create a written report that summarizes your project, 

lists the strengths and weaknesses of the product you 

reverse engineered, comments on the serviceability 

of the product, and recommends changes to the de-

sign, especially as it relates to DFM principles.

The products to be reverse engineered are as follows:

 1. 3/8-inch reversible electric hand drill

 2. Staple gun

 3. Electric kitchen hand mixer

 4. Electric can opener

 5. Electric hair dryer

 6. Electric glue gun

 7. Electric hand jigsaw

 8. Dustbuster

 9. Kant-twist clamp
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 10. Hold-down clamp

 11. Drillpress vise

 12. Telephone

 13. Computer mouse

 14. Paper stapler

 15. Paper feeder tray for a laser printer

 16. Multiple pen holder for a plotter

 17. Computer game joystick

 18. Piston and connecting rod for an automobile engine

Problem-Solving Activities
The following problems can be used as individual or 

group activities. The activities involve the problem-

solving process. Some of the activities also involve visual-

ization ability. Most of the problems will require sketches 

to solve the problem and to communicate the solution.

1. Determine one solid object that will pass completely 

through the circular, triangular, and square holes 

(Figure 3.68). The object must pass through each 

hole one at a time and be tight enough that little or 

no light passes between it and the sides of the hole. 

Make an isometric sketch of your solution.

2. Sketch the missing right side view and an isometric 

view of the two given views in Figure 3.69. The solu-

tion cannot have warped surfaces.

3. Create a low-cost lightweight container that will 

prevent an egg from breaking when dropped from a 

third-story window onto concrete.

4. Create a method of fi lling a 2-liter plastic soda bottle 

resting on the ground, from a third story window.

5.*  A mountain climber starting at sunrise takes a well-

worn path from the base of a mountain to its top and 

completes the trip in one day. The mountain climber 

camps overnight on the mountain top. At sunrise the 

climber descends the mountain along the same path. 

Even though the rates of ascent and descent are dif-

ferent, there is one point along the path which the 

mountain climber passes at the same time of the day. 

Prove that there is a single point along the path where 

this occurs, and make a sketch of your solution.

6.*  Build the longest cantilevered structure possible 

using 20 sticks of spaghetti and 24 inches of clear 

tape. The base of the cantilever must be taped to an 

8-inch-square horizontal area. The cantilever must 

be constructed in 30 minutes or less. When fi nished, 

measure the length of the cantilever section from the 

point on the base nearest to the overhanging cantile-

ver end to the end of the cantilevered section.

Figure 3.68

Problem solving activity 1

Figure 3.69

Problem solving activity 2

*Problems 5 and 6 are adapted from Experiences in Visual Thinking, 
R.H. McKim, 1972.
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Chapter Four

The Role of 
Technical 
Graphics in 
Production, 
Automation, and 
Manufacturing 
Processes*
Objectives
After completing this chapter, you will be 
able to:

 1. Describe how advances in technol-

ogy are impacting manufacturing 

operations.

 2. Describe the role of technical graph-

ics in the integrated manufacturing 

enterprise.

 3. Describe how graphic models drive 

computer integrated manufacturing.

 4. Defi ne the concepts of concurrent 

engineering, manufacturing plan-

ning, production, and total quality 

management.

 5. Defi ne and describe CAPP, MRP2, 

JIT, and lean production.

Introduction
A manufacturing process transforms raw 

materials and components into parts, as-

semblies and products that satisfy a cus-

tomer. The processes used to complete the 

transformation require careful attention, 

control, and planning. Manufacturing enter-

C
hapter F

our

*Contributions by Henry Kraebber, Professor, Purdue 

University, West Lafayette, IN.
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110 PART 1  Global Implementation for Technical Graphics

prises must collect and manage a great amount of informa-

tion from many sources. Design and process information 

is often communicated to people in manufacturing using 

3-D solid models. Solid models are fundamental elements 

of the modern design, analysis, and production planning 

effort. Modern manufacturing processes utilizing comput-

ers and automation depend on 3-D models of parts, tools, 

and work areas.

 Today, products are being rapidly designed, with fewer 

parts, at lower cost, with higher quality and greater con-

sideration for effi cient production, the environment, 

and consumer safety. Several emerging trends that have 

a direct infl uence on design and production include the 

following:

■ Global competition—the production of high-quality, 

low-cost goods by many nations, marketed throughout 

the world.
■ Total quality management (TQM)—in industries 

throughout the world, companywide efforts to improve 

the quality of goods produced.
■ Integrated automation and the use of advanced tech-

nology—increased use of computer hardware, soft-

ware, machine tools, and controls provides the fl exibil-

ity and ability to change volume, products, and designs 

quickly and effi ciently. The time required to get a prod-

uct to market is reduced.
■ Worker involvement—more participation in deci-

sion making and problem solving at lower levels in 

organizations.
■ Environmental issues—environmentally more accept-

able pollution control and waste disposal.

This chapter introduces the issues of integration in man-

ufacturing; manufacturing planning, controlling, and pro-

cessing; quality; and new philosophies driving manufac-

turing. Because engineering drawings and graphic models 

are used to communicate throughout the manufacturing 

enterprise, it is necessary to have a basic understanding 

of manufacturing production processes and practices, and 

their effects on the fi nished product. A modern manufac-

turing operation will often emphasize quality and automa-

tion along with the new production initiatives to reduce 

waste and improve the fl ow of materials and information 

as it works toward the goal of better serving its customers.

4.1 Integration in Manufacturing
Automation is the use of machinery in place of human 

labor (Figure 4.1). Automation has been around for a 

long time, as continuing technological developments and 

the increased application of computers have had a  signifi cant 

impact on the production process. The modern challenge is 

the integration of all the various levels of automation, sys-

tems, and controls into a planned and cohesive unit that can 

effectively design and produce products that meet the cus-

tomer’s requirements. Graphic models and 3-D representa-

tions of parts, assemblies, tools, and workplaces are the vi-

sual tools that are helping people to integrate the complex 

operations of a manufacturing company.

4.1.1 Computer-Integrated Manufacturing

Computer-integrated manufacturing (CIM) involves the 

systematic linking of the manufacturing operations using 

an integrated computer system. The Computer and Au-

tomated Systems Association (CASA) of the Society of 

Manufacturing Engineers (SME) developed the concept 

of CIM, as represented by the wheel shown in Figure 4.2. 

Notice the strong customer-centered focus of this model 

of integrated manufacturing.

The production process model is based on the univer-

sal systems model, which includes inputs, processes, and 

outputs (Figure 4.3). Inputs are the tangible and intangible 

elements required to create a marketable product. Tangible 

elements include the raw materials and fi nished materi-

als (standard parts) needed. Raw materials are converted 

to fi nished materials using some type of production pro-

cess. Intangible elements include the human knowledge 

and skills important to the process, such as knowledge in 

mathematics, science, design, graphics, communications, 

and materials.

Figure 4.1

Automation
Robots automate assembly and fabrication process during the 
production of automobiles.

(© Stockbyte/Getty Images.)
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Figure 4.2

Manufacturing Enterprise Wheel
(The CASA/SME CIM Wheel is reprinted with permission of the Society of Manufacturing Engineers, © 1993.)

• Customer
   Needs/Demands
• Material
• Capital
• Energy
• Time
• Human
   Knowledge
• Human Skills
• People

ProcessesInput Output

• Designing
• Planning
• Producing &
   Constructing
• Managing
• Marketing
• Financing
• Documenting

PRODUCTION CYCLE

• Products, systems  or
   structures for
   various markets
• Support Activities
   – Training
   – Service
   – Customer
      Satisfaction
• Company Profits

Figure 4.3

Universal systems model
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112 PART 1  Global Implementation for Technical Graphics

Engineers and technologists are primarily concerned 

with designing, modeling, planning, and production ef-

forts. In addition, through concurrent engineering and 

other team efforts, engineers and technologists must work 

with management, marketing, and fi nance. Concurrent en-

gineering is a nonlinear product design process in which 

all the people necessary to produce a product work to-

gether as a team (Figure 4.4).

The heart of CIM is a computer-aided design (CAD) 

system. CAD is truly where CIM began. Computer-aided 

design has evolved from the original automated draft-

ing systems to become a powerful design and commu-

nications tool used to design the part. Computer-aided 

manufacturing (CAM) systems can be used to generate 

programs that guide the machine tools from the part ge-

ometry that is developed using CAD, in particular a 3-D 

solid model. Previous to the CAD/CAM systems, the ma-

chine tool program would have been manually developed. 

Using a CAD/CAM system, the operator generates the 

tool path program interactively by selecting a machinable 

feature and the tool that will be used to machine that fea-

ture, then selecting the part geometry for the tool to fol-

low. The CAD/CAM software automatically generates the 

machine tool program code. The manufacturing engineer 

can verify that the program does what it was supposed to 

do by viewing a simulation of the machining operation on 

a computer screen (Figure 4.5).

One of the major problems that must be overcome 

in implementing CIM is communications incompat-

ibility among the different areas of the business and the 

computer-based systems that each area uses. System stan-

dards are being developed to help overcome these incom-

patibility problems. Several of the most important system 

standards are listed below.

Manufacturing automation protocol (MAP)—a com-

munications standard for enhancing compatibility 

between different automated manufacturing sys-

tems. The goal of MAP is the total integration of is-

Servicing
Financing
Marketing
Producing
Planning
Documenting

Modeling

Design
Analysis
Design

Visualization

Manufacturing
Simulation

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

REFINEMENT IMPLEMENTATION
(ERP)

3-D Model

Figure 4.4

Concurrent engineering model

Historical Highlight
Production Management

Industry is infl uenced by available technology and manage-

ment trends. Prior to the Industrial Revolution, production 

relied primarily on physical power from humans and ani-

mals. The Industrial Revolution (1800s) emphasized the use 

of machines to do much of the physical work. Technological 

changes were relatively slow in the next 150 years, resulting 

in only gradual improvements in production processes.

Production management was begun in 1776 by Adam 

Smith, with the division of labor. Other production manage-

ment concepts followed, including the following:

1790 Interchangeable parts. Eli Whitney.

1911 Scientifi c management. Frederick W. Taylor.

1911  Motion study and industrial psychology. Frank 

and Lillian Gilbreth.

1912 Charts for scheduling activities. Henry Gantt.

1913 Moving assembly line. Henry Ford.

1935  Statistical procedures for sampling and quality 

control. H. F. Dodge, H. G. Romig, W. Stewhart, 

and L. H. C. Tippett.

1951 Commercial digital computers. Sperry Univac.

1960  Development of quantitative tools. Numerous 

sources.

1975  Emphasis on manufacturing strategy. W. Skinner.

1980s  Emphasis on quality, fl exibility, and time-based 

competition. W. Edwards Deming.

In the 1950s and 1960s, there was signifi cant growth of 

automation in manufacturing. In the 1970s and 1980s, there 

were rapid advancements in computer technology and its 

use in industry. Also during the 1980s, the infl uence of Jap-

anese manufacturers started a quality revolution, following 

the principles developed by W. Edwards Deming. Japanese 

management practices resulted in increased productivity.

112
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lands of automation in manufacturing, regardless 

of the type of hardware and software used in each 

system.

Technical and offi ce protocol (TOP)—a standard for 

integrating manufacturing and various offi ce environ-

ments. The goal of TOP is to allow communications 

between general business management offi ces (such as 

fi nance, marketing, strategic planning, and human re-

sources) and the islands of automation in manufactur-

ing. TOP will allow fi le transfer, fi le management, mes-

sage handling, standards for document revisions and 

exchanges, directory services, graphics, and database 

management.

Initial graphics exchange specifi cations (IGES)—a pro-

tocol used to communicate the graphic (geometric) ele-

ments of a design or process between dissimilar CAD, 

analysis, and production systems. IGES is a translator 

that converts a CAD fi le from its native format to the 

neutral IGES format. The IGES fi le is then translated 

into the format required by another CAD system.

Product data exchange standard/Standard for the ex-
change of product model data (PDES/STEP)—a 

standard for translating fi le formats from one system 

to another, for solid models, nongraphic data manage-

ment, and electronic design.

Computer-aided design (CAD) not only enhances the 

capabilities of designers but also provides the essential 

graphic inputs that enable other modern automation tech-

nologies and real integrated manufacturing. Computer-

aided process planning (CAPP) produces detailed produc-

tion process information based on the features that make 

up a part. The use of computer software to evaluate the 

graphic model has increased the capabilities of production 

planners and led to more consistent production routings 

and lower production costs. Computer-aided manufactur-

ing (CAM) software helps engineers generate tool-path 

programs for computer-controlled machines from the di-

mensions included in the 3-D model. These systems are 

discussed in more detail in Section 4.3.

4.1.2 Rapid Prototyping

Rapid prototyping is a broad term used to describe several 

related processes for creating models directly from a CAD 

database. Stereolithography systems use a special liquid 

that solidifi es when exposed to a laser (Figure 4.6). Oth-

ers use a process called fused deposition modeling (FDM), 

which uses fi laments of various materials that are melted 

and then allowed to solidify to form the shape. Rapid pro-

totyping is used to create prototypes for concept modeling, 

injection molding, and investment casting (Figure 4.7).

Figure 4.5

Simulation software used to verify machine tool program 
code
(Courtesy of Dassault Systemes.)

Figure 4.6

Rapid prototyping system
(Courtesy of 3D Systems, Inc.)
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4.1.3 Design for Manufacturability and Assembly

The modern concepts of “designing for manufacturing” 

and “designing for assembly” drive a company to open the 

discussion of how the manufacturing process relates to the 

product design. Designing for manufacturing and assem-

bly (DFMA) is an approach that focuses on simplicity of 

product design for easier, more effi cient manufacturabil-

ity and assembly. Sales/marketing representatives bring 

knowledge of the customer’s requirements and concerns 

about product reliability and quality. Designers translate 

the customer’s requirements into specifi c products and 

features. Engineers address how the product can best be 

manufactured using current and proposed new processes, 

equipment, methods, and layouts. Foremen and produc-

tion operators bring their experience and skills related to 

manufacturing and the effectiveness of proposed produc-

tion operations. Purchasing and material management 

representatives provide critical inputs on material avail-

ability, alternative parts, and lead times. DFMA consid-

ers the manufacturability of a design before it is sent to 

production. The benefi ts are increased quality, reduced 

cost, and greater product reliability. Open communica-

tion between all the functional departments early in the 

development of the manufacturing process leads to a more 

effective production process that will meet the customer’s 

and the company’s needs. Computer-aided design is an im-

portant element of DFMA. It serves as an important com-

munications tool between the various team members. For 

example, CAD-rendered images and models make it easier 

for manufacturing engineers to visualize the design and 

determine the tooling required.

4.1.4 Computer Simulations and Workplace Models

Investments in new production lines and workstations for 

new product production can be substantial and therefore 

cannot be left to chance. Software and hardware advances 

now make graphic simulation of proposed production facil-

ities possible. The graphic models of products, assemblies, 

Computer-aided design and manufacturing tools are 

used to design and build many products we use today, 

especially those used for leisure activities, such as gui-

tars. The following case study outlines the use of sophis-

ticated design tools by a small guitar manufacturer. The 

choice to use these tools stems from the need to make a 

quality product within a unique market niche, while still 

maintaining some creative fl exibility.

Guitar companies, like their counterparts in the 

automotive and aerospace industries, manufacture 

precision-machined parts at close tolerances, with mul-

tiple moving components, and aesthetically pleasing 

products to attract customers.

From his earliest explorations in guitar design until 

today, Floyd Rose’s breakthroughs continue to amaze 

and delight the music world. Rose designed his most re-

cent revolutionary new electric guitar, with more than 16 

patented advancements, using CATIA V5. Among the 

new features associated with this guitar are convergent 

tuning, moving pick-ups, three-axis neck adjustment, 

and an ingenious integration of the original Floyd Rose 

tremolo into the guitar, eliminating the need to lock the 

strings.

Floyd Rose Guitar Company’s newest release model 

is the culmination of more than nine years of guitar in-

novation, incorporating numerous functional patents that 

radically improve the playability, sound, performance 

and ease-of-use for guitar players around the world. 

Rose digitally designed each of the guitar’s hundreds of 

parts to his precise specifi cations, assembled them in a 

3-D digital mock-up model, and then immediately began 

production.

In the 1980s, with the development of digital synthe-

sizers and pitch-to-voltage guitar synthesizer controls, 

musicians looked to squeeze new sounds out of what was 

by then a 30-year-old guitar technology. Floyd Rose, a 

young musician at the time, increasingly began to use 

a whammy bar to create dramatic new sounds. But he 

grew frustrated by having to constantly keep the guitar 

in tune when using the device.

Rose turned to CAD tools for solutions. . . .

Rose also uses the numerical control (NC) manufac-

turing portion of V5, which uses accurate 3-D models 

for defi ning the tool paths for production. Now, cycle 

time from concept sketch to fully defi ned product takes 

only a matter of months, thus reducing costs.

Guitar Maker Sets New Standards with CAD/CAM
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“I was able to make an assembly of the guitar, and 

rapidly check it for fi t and interferences,” Rose says.

Traditionally, designers used 2-D CAD systems to 

pattern a guitar’s basic shape. But, because these earlier 

systems were quite limited in their functionality, only 

very simple—some say boring—designs were possible. 

Some critical specifi cations for a guitar, such as the posi-

tioning and alignment of the neck to the body that deter-

mines how the strings will be positioned, or the length of 

the string from the “nut” at the headstock to the tangent 

point on the string saddles at the bridge, are quite diffi -

cult to design with precision.

Once in production, these designs often yielded poorly 

fi tting parts and other errors, requiring extensive time 

and resources to correct, and then only with a “Band-

Aid” fi x. In addition to being labor-intensive, repairing 

these designs manually during the manufacturing phase 

meant that a repeatable process was almost impossible 

to achieve. The end product did not maintain the same 

dimensional shape or fi t as intended by the original de-

sign. Fixing so many errors during production was con-

sistently an extremely wasteful and costly process.

Now, with CAD, Rose’s prototype and production 

guitar matches the design model. All fi ttings and func-

tionality for all moving parts are simulated and verifi ed 

in 3-D digital mock-up. This allows investigation, analy-

sis and optimization of various designs in a much shorter 

amount of time, thus reducing cycle time and ensuring 

that the design errors are fi xed prior to production.

Making their guitars with the same technology used 

to build airplanes, automobiles, and the Space Shuttle 

gives Floyd Rose Guitar Company a competitive edge 

by allowing creation of better, more innovative designs 

faster and cheaper.

Figure 1

Guitars are designed and manufactured using computers
(© Spencer Grant/Photo Edit.)

workstations, and production cells prepared for engineer-

ing and production are now becoming direct inputs to ad-

vanced simulation software packages. The graphics bring 

true scale geometry into programs that allow engineers to 

simulate the manufacturing process using the same geom-

etry that was used to defi ne parts, generate machine tool 

programs, and develop tools and fi xtures. Machine tool 

program steps can be simulated graphically to look for 

any errors. Production operations at specifi c workstations 

can be simulated to determine expected outputs, identify 

problems related to material fl ow, timing, and worker er-

gonomics. The simulation programs allow engineers to 

prepare and operate virtual systems that help identify po-

tential problems and solutions. The simulation results al-

low designs and processes to be tested before money and 

resources are committed. The savings from this approach 

are substantial. Figure 4.8 shows a sample of a work cell 

layout for the automated production of an assembly.

3-D solid models are the heart of the modern product 

design initiative of many companies. Engineers use these 

models to communicate their design concepts with oth-

ers. The models provide the critical dimensions and re-

lationships needed for computer-based analysis of design 

elements. Models of parts, tools, machines, and worksta-

tions make it possible for the engineers and others to vi-

sualize the design of products and the workstations where 

they will be produced. With CAD, the material control 

process is analyzed by modeling the factory fl oor and 

then animating the various processes to determine the 

smooth fl ow of materials, check for potential collisions 

of automated vehicles, and check the work envelope of ro-

bots (Figure 4.9). The technical graphics specialist will 

be found in the middle of this exciting area!

4.2 Manufacturing Planning, Controlling, and 
Processing

Production processes transform raw materials and 

components into fi nished products. The critical com-

ponents of manufacturing’s transformation processes are 

planning, controlling, and processing (Figure 4.10).
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4.2.1 Planning

Planning determines the most effective approach for mov-

ing a product through the manufacturing cycle. Planning 

involves scheduling the people, jobs, and machines re-

quired to produce the product, maintain the tools, receive 

materials, and ship the product, while reducing the cycle 

time required. Graphic inputs are a very important part of 

the documentation that supports the planning process.

The identifi cation and grouping of items with similar 

design features or manufacturing characteristics is the 

key concept supporting a planning methodology known 

as group technology. Similar parts are classifi ed into part 

families (Figure 4.11). Once the part families are identi-

fi ed, a coding system is developed to aid effi cient storage 

and retrieval. Part families can increase productivity and 

reduce cycle time. A designer can quickly determine if a 

part already exists or if one with a similar nature can be 

modifi ed to fi t a specifi c need. Parts that are similar in 

manufacturing characteristics can also be grouped, and 

planning can be improved, by matching a new part to one 

in an existing group. Linking this approach with the CAD 

and PDM systems can help designers locate similar de-

Figure 4.7

A part created with a rapid prototyping system
An ergonomic, two-button computer mouse and its stereo-
lithography (SL) prototype designed, engineered, and built by 
Logitech, Inc., in only seven days from CAD design to part.

(Courtesy of 3D Systems and Logitech, Inc.)

Figure 4.8

Work cell model prepared using CATIA V5 and Delmia 
software
(Courtesy of Delmia Corp.)

signs that are already documented and that may become 

the basis for a new part.

Computer-aided process planning (CAPP) is an in-

telligent computer system that is used to determine the 

optimal sequence of operations for manufacturing a part. 

The part is designed on a CAD/CAM system, and the CAD 

geometry is transferred to the CAPP system. The CAPP 

system matches the characteristics of the part to the ma-

chines and processes available, and then prints the optimal 

process and routing sheets for moving the part through the 

manufacturing process. Once again the product graphics 

are an essential part of the manufacturing process.

CAPP systems allow the manufacturing engineer to 

draw upon history and databases of digital assets, such as 

tools and gauges, to increase effectiveness, consistency, 

and profi ts. Detailed plans developed using CAPP pro-

vide job times for scheduling, cost information, and sales 

and marketing, and detailed instructions to the shop fl oor. 

CAPP systems build the process plans considering process 

rules that assure consistency of process and tool selection. 

Manufacturing engineers can pull information from the 

database and do not have to recreate each process every 

time. Part and product characteristics are keys to similar 

parts. Figure 4.12 shows the relationship of a CAPP system 

to other systems supporting manufacturing.

Companies that create their process plans by hand or 

with spreadsheets can greatly improve worker productivity 

while decreasing costs. A manufacturer of capital equip-

ment who creates over 100 process plans per week might 
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cut the  process planning time by an average of 50%, sav-

ing hundreds of hours upon implementation of the CAPP 

system. These documented improvement percentage fi g-

ures result from:

■ Operating more consistent manufacturing processes
■ Improved accuracy in calculated standards and cost 

estimates

Figure 4.9

Factory fl oor modeled in 3-D then animated to verify processes
(Courtesy of Delmia Corp.)

Manufacturing
Production

Scheduling Maintaining Receiving Shipping

Scheduling

Forming

Treating

Shaping
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Cutting

Measuring

Inspecting

Testing

Automating

Planning

Processing Controlling

Figure 4.10

Planning, controlling, and processing functions in 
manufacturing

Figure 4.11

Part families
Part families are grouped by similar design or manufacturing 
characteristics.

(© 2007 Swagelok Company)

■ Automatic transfer of information to the company’s 

business system
■ Documentation (and retention) of the manufacturing 

knowledge of senior staff
■ Reduced time requirements from manufacturing engi-

neering and process planning

Material requirements planning (MRP) is a computer-

enabled process that calculates the time-phased amount 

of raw materials necessary to manufacture the products 
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specifi ed in the production schedule. MRP calculations 

use the bill of material information from the engineer-

ing design information and planning information from 

the business systems. A concept diagram for material re-

quirements planning is shown in Figure 4.13. The MRP 

approach to material planning has evolved into a closed-

loop system known as manufacturing resource planning 

(MRP2), which includes higher-level business planning 

functions that generate a master production schedule 

(MPS).

Closed-loop MRP—A system built around material 

requirements planning that includes the additional plan-

ning functions of sales and operations planning (produc-

tion planning), master production scheduling, and ca-

pacity requirements planning. Once this planning phase 

is complete and the plans have been accepted as realistic 

CAPP Software

CAPP 
Data

Storage

CAD Data
Storage

ERP System

Feature
Recognition

Package

Machining Technology
Module

Other Process
Technology Modules

Figure 4.12

CAPP system program and database relationships

Production Schedule

What items are to be made and when
they are to be available.

Material Requirements Planning

A computer-enabled system that
generates the time-phased ordering

and action plans for material
procurement that supports the

production schedule.

Bill of Material

Complete structured list of all the
materials and subassemblies
required to produce a product.

Inventory and Planning Data

Records of materials that are on 
hand and on order, as well as

information on ordering policies,
lot sizes, and units of measure.

Figure 4.13

The material requirement planning process and its inputs
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and attainable, the execution functions come into play. 

These functions include the manufacturing control func-

tions of input-output (capacity) measurement, detailed 

scheduling and dispatching, as well as anticipated de-

lay reports from both the plant and suppliers, supplier 

scheduling, etc. The term closed loop implies not only 

that each of these elements is included in the overall sys-

tem, but also that feedback is provided by the execution 

functions so that the planning can be kept valid at all 

times. (APICS Dictionary, 9th edition, 1998.)

The master schedule provides the timeline that drives 

the company’s resource plans. Figure 4.14 shows the steps 

in the planning process that transform plans at the business 

and production family levels into the master production 

schedule and the detailed material and capacity plans for 

the subassemblies, component parts, and raw materials.

A major obstacle that many companies face when 

adopting an MRP2 or the next generation of this type of 

system known as an enterprise resource planning (ERP) 

system is the monumental task of defi ning the produc-

tion processes through routings. CAPP may be of par-

ticular value to companies implementing or upgrading 

their MRP2 or ERP system. A CAPP system can ensure 

more accurate operation times are available for use in 

the business system. More accurate time information 

can lead to improved shop fl oor scheduling and a reduc-

tion of critical errors that can impact the entire planning 

system in an organization. CAPP is a critical resource 

that increases routing consistency while improving data 

integrity.

Product lifecycle management (PLM) is a new term 

that addresses the management of the key product data 

from a product’s conception through its production life. 

Product data management (PDM) software helps com-

panies complete the integration link between the design 

and engineering analysis systems, the process design and 

simulation systems, the production management systems, 

and the company’s business systems. Refer to Chapter 2 

for more discussion of PLM. Many changes and advance-

ments are expected in this area as computer-based sys-

tems become more developed and product and process 

data become better managed through the emerging digi-

tal enterprise models. Figure 4.15 shows PDM as the hub 

of the systems of the integrated enterprise.

Business Schedule – High-level plan addressing
customers, markets, revenues, and business
philosophy. Long planning horizon.

Production Plan – A "family-level" plan of what
manufacturing plans to make available to satisfy
the customers and markets described in the 
business plan. Critical resource requirements are
considered. 3 to 5-year planning horizon.

Master Production Schedule (MPS) – A specific
statement of what products will be made and when
they will be available. The critical resource
requirements of this schedule are also considered.
The sum of the products in the MPS should be
equal to the family-level plans. The MPS is the
"driver" of the detailed material and capacity 
plans. 1 to 18-month planning horizon.

Material and Capacity Requirements Planning
(MPR and CPR) – The computer-enabled plan for
all material items related to the products scheduled
in the MPS. This plan considers the bill of
material for the scheduled item, material on-hand
and on order, and item-specific planning
information and parameters. MRP and CPR are
typically program elements that are included in
software packages for MRP2 or ERP (Enterprise
Resource Planning). 1 to 6-month planning horizon.

Figure 4.14

Critical elements of manufacturing resource planning 
(MRP2) systems
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Figure 4.15

Product data management, the hub of modern enterprise 
systems
(Developed by the Digital Enterprise Center at Purdue University.)
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4.2.2 Controlling and Processing

Process control involves the measurement, analysis, and 

adjustment of manufacturing processes. The three pri-

mary production components that must be controlled are 

the machines, processes, and materials (Figure 4.16). Con-

trolling procedures encompass automating, sensing, mea-

suring, inspecting, and testing.

Machine control has evolved from human operation to 

automated operation using numerical control (NC) and, 

more recently, computer numerical control (CNC). Origi-

nally, numerically controlled machines read their instruc-

tion programs from punched cards or tape. CNC is the 

control of a machine tool using a computer as the con-

troller unit. The NC systems sold today are CNC systems 

where a computer has replaced the punched program and 

added signifi cantly to the control possibilities. CNC ma-

chines have an operator interface that may be used for en-

tering program data and providing feedback to the opera-

tor about the machine tool.

Individual CNC controlled machines may be pro-

grammed locally or use CNC programs downloaded from 

a main computer. Direct numerical control (DNC) is a net-

worked version of CNC where the machine tool control-

lers are directly connected to a main computer. DNC is an 

important component of fl exible manufacturing.

Automated material control may be accomplished with 

conveyor systems, robots, and automated vehicles. Com-

puter programs often control machine tool operations. 

Special industrial computers known as programmable 

logic controllers often control automated manufactur-

ing processes. Material control is a process for recogniz-

ing what raw materials are needed and when, using just-

in-time (JIT) techniques. Material control systems often 

include automated machines, robots, conveyor systems, 

and automated guided vehicle (AGV) systems as shown in 

Figure 4.17. In some cases automated storage and retrieval 

systems (AS/RS), as shown in Figure 4.18, have proved to 

be effective in reducing labor content and improving in-

ventory accuracy.

Automated material handling is becoming more com-

mon in production areas. A computer-controlled machine, 

such as a robot, may be designed to identify and move 

materials, parts, and tools, using various motions. For ex-

ample, a robot could be used to transfer a part from one 

machine tool location to another. Robots may also be used 

to paint, weld, and perform other repetitive jobs in the pro-

duction process (Figure 4.19).

A conveyor system may be used to move raw materials 

through the manufacturing process, principally from one 

station to another (Figure 4.20). The methods of convey-

ance might include belts, rollers, air, and water, or a com-

bination of methods. Automated guided vehicles (AGVs) 

are computer-controlled vehicles used to transport raw 

materials from storage to workstation or from station to 

station. AGVs are especially valuable in a hazardous en-

vironment. Automated storage and retrieval systems (AS/

RS) are computer-controlled warehousing processes used 

to receive, store, and distribute materials. Robots, convey-

ors, and AGVs are often elements of an AS/RS system.

Material

Process

Production
Control

Machines

Figure 4.17

Automated guided vehicles (AGV)
Automated guided vehicles transport raw materials.

(© Stone)

Figure 4.16

Production control model
Processes, machines, and material must be controlled in 
manufacturing. 
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4.3 Quality in Manufacturing
In the past, poor quality was considered to be just a pro-

duction problem. Manufacturing companies often used 

detection/correction systems that relied upon inspection 

Figure 4.18

Automated storage and retrieval
Automated storage and retrieval systems transport raw materi-
als from storage to workstations.

(Courtesy of Paragon Tech.)

at the end of production. Inspection operations could of-

ten catch 90 percent of the defective parts or assemblies 

produced. However, the products with the remaining 

10 percent of the defects were shipped and later found by 

the consumers. The result of ineffective quality systems is 

often costly warranty repairs and unhappy customers that 

may never come back. Defects caught before shipping may 

be corrected or reworked in the factory, but this has been 

shown to be very expensive and time-consuming. Modern 

quality management systems have emerged in response to 

these problems.

4.3.1 The Rise of Total Quality Management

The “best-in-class” industries are seriously committed to 

quality with a customer focus. Manufacturing efforts are 

directed to satisfy the customer’s needs and demands, in-

cluding quality. The customer’s opinion is actively sought 

through focus groups and questionnaires and may even 

Figure 4.19

A robot used to paint an automobile in the manufacturing 
process
(© Stone.)

Figure 4.20

Conveyor system
(© Digital Vision/Getty Images.)
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become part of the concurrent engineering process. The 

customer determines the priorities and therefore deter-

mines the company’s goals for a product design and qual-

ity requirements. Quality issues relate to the ability of 

the company to provide a product or service that meets 

or exceeds the customer’s needs and expectations consis-

tently and predictably. Quality is no longer viewed as just 

a problem for the production departments.

Total quality management (TQM) is a companywide 

effort to achieve quality in all aspects of the organization. 

TQM is a quality revolution that has spread to companies 

throughout the world. With TQM, the customer is the focal 

point of the company, and customer satisfaction is the driv-

ing force (Figure 4.21). Some of the more infl uential names 

in the quality revolution include W. Edwards Deming, 

Joseph Juran, Armand Feigenbaum, Robert Costello, 

Philip Crosby, Kaoru Ishikawa, Shiego Shingo, and 

Genichi Taguchi. Figure 4.22 is a TQM model developed 

by Robert Costello for the U.S. Department of Defense.

TQM is a customer-oriented approach to quality that is 

built on a new awareness of the quality issues throughout 

the enterprise. The TQM approach starts a company on 

a never-ending, continuous process of improvement that 

uses a team approach and proven problem-solving meth-

ods. There must be a strong commitment and participa-

tion from the top management of the company to sustain 

this effort. The management team is responsible for pro-

viding the workers with the tools and systems they need 

to cause quality throughout the enterprise. A new attitude 

that quality does not cost money but actually saves money 

must be accepted throughout the organization.

The TQM approach begins with the determination of 

what the customer wants, using surveys, focus groups, in-

terviews, etc., thus involving the customer in the decision-

making process. Products are then designed to meet the 

customer’s needs and that are easy to produce, use, and 

service. Production facilities and process are developed 

that will produce the product effi ciently and correctly. 

Quality systems are designed to prevent mistakes, instead 

of trying to fi nd and correct them. If mistakes do occur, 

problem-solving procedures are used to determine the 

cause and eliminate the source of the problem. Accurate 

records of changes and their results are tracked and used 

to improve the system. There is a continuous, ongoing ef-

fort to improve quality and to extend these concepts to the 

companies, suppliers, and distributors.

Important concepts of TQM operations include:

■ Continual improvement and the persistent effort to im-

prove existing conditions.
■ Competitive benchmarking is the evaluation of other 

organizations that are recognized as the best in their 

class.
■ Empowerment of the employees that provides strong 

motivation for them to make changes that improve the 

production processes and systems.
■ Implementation of a team approach to problem solving 

that gets everyone involved in the quality effort.
■ A plan for quality system education that provides em-

ployees with information on the tools and techniques 

of quality control and process improvement.

Technology, work, and management practices all play a 

role in achieving the goals of TQM. Central to any quality 

endeavor is quality information. Modern technical graph-

ics practices enhance the fl ow of information throughout 

the design and production process.

Figure 4.21

Quality: a focal point for industries employing TQM 
practices
(© David Joel/Stone/Getty Images.)
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4.3.2 Manufacturing Quality Control

The quality of fi nished parts is dependent on the design 

tolerances and the machine tools and process controls 

used to produce them. It is impossible to make every part 

exactly the same, but that does not become a problem as 

long as the parts vary in a controlled way. Controlling the 

variation of parts is done through measurement of the parts 

produced and the adjustment, as necessary, of the process 

Step 7 — Review and recycle

Improved performance
  •  Reduced cycle time
  •  Lower cost
  •  Innovation

Step 1 — Establish the TQM
management and cultural
environment
  •  Vision
  •  Long-term commitment
  •  People involvement
  •  Disciplined methodology
  •  Support systems
  •  Training

Step 3 — Set performance
improvement opportunities, 
goals and priorities

Step 4 — Establish
improvement projects and
action plans 

Step 6 — Evaluate

Step 5 — Implement projects
using improvement
methodologies

Step 2 — Define mission of 
each component of the
organization

Figure 4.22

TQM model
(U.S. Department of Defense, Quality and Productivity Self-Assessment Guide for Defense Organizations, 1990.)

parameters. Measurements and other types of inspection 

techniques may include visual evaluations, manual mea-

surements, automated gaging equipment, and computer-

based measurement systems.

Since checking every part made would be extremely 

time-consuming and costly, random checking is em-

ployed, based on statistical techniques. Statistical pro-

cess control (SPC) is a mathematically based system for 
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0.135% 0.135%

Thus:

68% of the population lies
between –1σ and +1σ

95.44% of the population lies
between –2σ and +2σ

99.73% of the population lies
between –3σ and +3σ

Only 0.27% of the
population lies outside of
–3σ and +3σ

2.15%

13.69%

34.1% 34.1%

13.69%

2.15%

Figure 4.23

The normal distribution, the statistical basis for SPC charts

analyzing measured parts that have been randomly se-

lected from the production process. Measures of critical 

dimensions are often collected at various times during 

production. Although the actual dimensions produced 

can be expected to vary from part to part, the variabil-

ity in many manufacturing processes tends to be distrib-

uted normally. This normally distributed data takes on 

a characteristic shape often called a bell curve because 

of its shape (Figure 4.23). Nearly 67% of the measured 

values can be expected to gather within one standard de-

viation above or below the mean or “center” of the bell 

curve. SPC methods involve the calculation of control 

limits based on the measurements from the process. For 

example, measurements may be taken on the diameter of 

a shaft, measured to three decimal places of precision, on 

samples of parts taken every hour. The sample data col-

lected can be plotted with respect to the calculated control 

limits (see Figure 4.24). Data points that vary beyond the 

limits or follow trends that do not follow the normal dis-

tribution indicate the process is out of control. Problem 

solving methods can then be used to determine the cause 

of the “out of control” problem and get actions started to 

bring the process back into control.

Coordinate measuring machines (CMM) are mod-

ern computer-based measurement tools that are used to 

support production and design efforts. They are used to 

measure existing parts for dimensional accuracy, and for 

“reverse engineering.” Reverse engineering involves the 

collection of design details from an existing (often a com-

petitor’s) part or product using the measurement capability 

of the CMM. Laser scanners or photogrammetric tech-

niques are also used to capture existing part geometry. The 

dimensional data collected can be interpreted by software 

and used as the input to the design process using a CAD 

system.

4.4 The New Philosophies Driving 
Manufacturing Operations
The quest for more competitive manufacturing operations 

has been going on for years. The competition between 

manufacturing companies in Japan and the United States 

reached a high level in the late 1980s. U.S. companies 

found themselves losing major market shares, even whole 

product segments, to foreign competition that did not even 

exist just a few years earlier. Companies scrambled to fi g-

ure out what was happening in Japan and to try to replicate 

the Japanese systems in their plants. Programs in statistical 

process control (SPC), quality circles, and eventually total 
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quality management (TQM) took over in many companies. 

Quality and a system to cause it to happen is important, but 

these quality programs alone could not make entire manu-

facturing enterprises effective. The search for what may 

be considered a “magic potion” that can transform a tradi-

tional manufacturing company into a highly effective and 

competitive manufacturing enterprise continued.

4.4.1 Just-in-Time Manufacturing

In the mid 1980s the idea of “just-in-time” production was 

being championed in manufacturing operations across 

the country. The focus was on reducing material and in-

ventory. Parts were planned to arrive just in time, and in 

the proper sequence to support the production schedule. 

The just-in-time approach to manufacturing is much more 

than just an ordering plan that schedules material deliver-

ies at the time of need. JIT supports the new approach to 

value added manufacturing.

Just-in-Time (JIT)—A philosophy of manufacturing 

based on planned elimination of all waste and on con-

tinuous improvement of productivity. It encompasses 

the successful execution of all manufacturing activities 

required to produce a fi nal product, from design engi-

neering to delivery, and includes all stages of conver-

sion from raw material onward. The primary elements 

of Just-in-Time are to have only the required inventory 

when needed; to improve quality to zero defects; to re-

duce lead times by reducing setup times, queue lengths, 

and lot sizes; to incrementally revise the operations 

themselves; and to accomplish these activities at mini-

mum cost. In the broad sense, it applies to all forms of 

manufacturing—job shop, process, and repetitive—and 

to many service industries as well. Syn: short-cycle 

manufacturing, stockless production, zero inventories. 

APICS Dictionary, 9th edition, 1998.

The production approach developed in Japan following 

the Second World War actually focuses on the elimina-

tion of all waste. Robert Hall’s 1987 classic book, Attain-
ing Manufacturing Excellence, presented many read-

ers with their fi rst summary of the “Seven Wastes” that 

become the target of elimination in a JIT process. (See 

Figure 4.25.) JIT takes the manufacturing operations to 

the extreme level of having only the right materials, parts, 

and products in the right place at the right time. It is a 

relentless approach where waste at any point in the op-

eration (even management) is not tolerated and operations 

have only what is needed, nothing more.

Operational savings claims for JIT manufactur-

ing include reduced inventory levels, reduced work-in-

progress inventory, shorter manufacturing lead times, and 

increased responsiveness to customers. Shorter lead times 

help compress schedules and lead to less work in progress 

material. Elimination of any non-value-added activity 

leads to spending less time and money. The streamlined 

processes work better and faster because the waste has 

been removed. The challenge facing manufacturing com-

panies has always come in the implementation of JIT. The 

savings and changes will not work if the management team 
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Statistical process control (SPC) chart of average sample weights
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only “announces” that the operation is now JIT. It is easy 

to start the change process to JIT, but more diffi cult to sus-

tain it over a longer period of time. Soon JIT was consid-

ered to be “old news,” and the search for something newer 

and better continued.

The philosophy of JIT is supported by concepts and 

ideas of how work should be done and operations orga-

nized and run that remain rock solid. These really good 

ideas seem to have been able to withstand the test of time 

and application in a variety of different environments.

4.4.2 The Toyota Production System

The comprehensive system for manufacturing created at 

Toyota in Japan by Taiichi Ohno is commonly known to-

day as the “Toyota Production System.” When pressed by 

American executives about the source of this revolution-

ary system, Ohno is reported to have laughed and said he 

learned it all from Henry Ford’s book (Today and Tomor-
row, fi rst published in 1926). Take a look at this manu-

facturing classic and you will see the similarity of the vi-

Laptops for All

The design and manufacture of any 

product must always consider the 

cost of materials and the eventual cost 

to the consumer based on the char-

acteristics of the intended market. An 

understanding of engineering funda-

mentals combined with creativity can 

make extraordinary things possible, 

such as the case described here of an 

engineer working as the chief tech-

nology offi cer for a non-profi t orga-

nization developing low-cost laptops 

for children in developing countries.

A little over two years ago, Mary 

Lou Jepsen fl ew to Boston to inter-

view for a professorship at MIT Me-

dia Lab. A week later, she got a job 

in Cambridge—not the professor-

ship, but something even better: chief 

technology offi cer of the One Laptop 

per Child (OLPC) project, which is 

working on an ultracheap but versa-

tile laptop for children  in developing 

countries.

If you’re an engineer and a job 

interview turns into a brainstorm-

ing session, that’s probably a good 

sign. It certainly was for Jepsen, who 

Dream High Tech Job

spent 2 hours of her “interview” kick-

ing around ideas for the laptop with 

Nicholas Negroponte, the Media 

Lab’s cofounder. Negroponte had just 

launched OLPC, a nonprofi t organiza-

tion independent of MIT, and when he 

asked Jepsen to be its chief technol-

ogy offi cer, she immediately agreed.

Looking for a change of pace, at 

OLPC she soon found herself at the 

happy center of a whirlwind. “The 

whole fi rst year I couldn’t sleep past 

two or three in the morning, I was just 

so excited to wake up and enjoy what 

I did again,” Jepsen says. “There were 

no boundaries; we were just running 

as fast as we could.”

Jepsen, now 41, spent her child-

hood on a family farm in Connecticut. 

She fi rst dove into technology during 

the summer after her junior year of col-

lege, test-driving nuclear submarines 

for the U.S. Naval Underwater Sys-

tems Center in New London, Conn. 

She graduated from Brown University, 

in Providence, R.I., with degrees in art 

and electrical engineering, and sub-

sequently earned a master’s degree 

from the Media Lab. After brief forays 

into teaching computer science and 

creating large-scale holographic art 

installations, Jepsen returned, some-

what reluctantly, to Brown for a Ph.D. 

in optics.

Mary Lou Jepsen

IEEE Member

Age: 41

What she does: Dreams up ways to 

design a high-quality US $100 lap-

At OLPC, Mary Lou Jepsen designs cheap and 

hardy laptops.

(© Dalsimer Photography.)
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sions of Ford and Ohno. This is another example of sound 

operational ideas that have withstood the test of time. 

Ford’s factories implemented a new system of production 

and produced quality automobiles at prices that nearly ev-

ery worker could afford. The Ford system led to fantastic 

productivity improvements that allowed car prices to be 

cut in half and worker wages to double.

Ohno explains the motivation for the Toyota system 

as an attempt to catch up with the automobile indus-

tries of the western advanced nations following World 

War II. Remember in that postwar period the Japanese 

economy was trying to recover from the ruins left  after 

the war. Resources in Japan were limited at best. He 

knew that to become a true competitor to the west that 

his operations had to become more productive and pro-

duce quality goods at low cost. His system focused on 

the ferocious elimination of waste in all manufactur-

ing operations and on the effects demonstrated through 

actual practice on the shop fl oor. There was no recipe 

book showing how to be an effective producer. Toyota 

learned how to be effective by practicing...making lots 

of changes and learning along the way. Ohno describes 

the guiding principles of the Toyota production system 

in a book published by Productivity Press in 1988. This 

top for children in emerging coun-

tries; acts as “ambassador” to the 

laptop’s manufacturers in Asia and 

to the countries that will buy the 

computers.

For Whom: One Laptop per Child.

Where she does it: Cambridge, 

Mass., and Taiwan.

Fun factors: Gets to travel the world 

and meet heads of state.

At age 29, Jepsen found herself 

suffering form health problems. She 

was just about to drop out of school 

until her condition was fi nally diag-

nosed and treated. She fi nished her 

Ph.D. in the next six months and then 

cofounded a company that manu-

factures liquid-crystal-on-silicon 

chips for high-defi nition TV displays. 

She left the company in 2003, citing 

“creative differences” with its chief 

executive.

Her health problems weren’t quite 

over, though. Jepsen’s body requires 

a rigid schedule of twice-daily medi-

cation to keep her alive. Now that 

she’s a globe-trotting computer exec-

utive for the OLPC venture, the regi-

men can be tough to follow.

The bold technical challenge of 

designing a US $100 laptop and the 

chance to work on global problems 

are what made the project irresistible 

to her. Her fi rst big assignment was to 

reinvent the computer’s display—by 

far the most expensive and most bat-

tery draining component of a laptop. 

According to Jepsen, the display her 

team eventually marshaled into ex-

istence requires, depending on the 

mode, only between 2 percent and 

14 percent of a typical laptop dis-

play’s power consumption. The power 

needed is low enough to be provided 

easily by a pull cord or other manual 

means, charging a nickel-metal-

hydride battery pack; 1 minute of 

charging suffi ces for 10 minutes of 

use. To save watts, the display can 

switch between color with the back-

light on, in low light, and black-and-

white with the backlight off, in sun-

light. OLPC’s engineers trimmed 

battery usage further by, among other 

things, adding memory to the timing-

controller chip, which decides how 

often a display refreshes. That trick 

enables the display to update itself 

continually without using the CPU if 

nothing changes on the screen.

In June 2005, the OLPC team 

hadn’t even fi nished its design when 

it found itself pitching the $100 laptop 

concept to the Brazilian government. 

Brazil immediately committed to 

2 milion units. “The cacophony it cre-

ated!” Jepsen marvels. “Every other 

head of state in Latin America con-

tacted us by the end of the week.”

Since then, the pace hasn’t 

slowed a bit. Jepsen still lives one 

week a month at her home on a pen-

insula outside Boston, from which 

she commutes to OLPC’s Cam-

bridge offi ces by ferry. The rest of the 

month is devoted to shuttling to vari-

ous places in Asia and meeting with 

manufacturers. She spends so much 

time in southern Taiwan, near display 

maker Chimei Corp., that she now 

has an apartment there overlooking a 

canal, where in her few spare hours 

she likes to explore the bustling city 

streets by bicycle. “Constantly orbit-

ing the earth is a hard thing to do, but 

you get a lot done that way,” Jepsen 

says. For those fortunate engineers 

with boundless enthusiasm, that is 

indeed so.

—Sandra Upson

Portions reprinted with permission from S. Upson, 

“Mary Lou Jepsen: Laptops for All,” IEEE Spec-
trum, 2007, pp. 28–30. © 2007 IEEE.
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work is long on philosophy, but short on the operational 

details. It does a great job explaining the foundation 

principles that guide the manufacturing systems in all 

Toyota facilities.

On the surface this system appears to be too simple, 

just an extension of common sense. There is, however, 

much more to the Toyota system than simple tools and 

techniques. It is important to look deeper at the Toyota 

system and consider the impact of the tools and tech-

niques of the system on the people and the organization 

of the enterprise.

4.4.3 The Emergence of “Lean Production”

A team of educators from MIT completed a major study 

of the automobile industry and published their fi ndings in 

a landmark book, The Machine That Changed the World, 
in 1990. This outstanding book provides a look at the his-

tory of the auto industry and the tremendous changes that 

have taken place since 1975. They pull many concepts 

that have been previously mentioned together under the 

overarching title of “lean manufacturing.”

Lean manufacturing—A philosophy of production that 

emphasizes the minimization of the amount of all the 

resources (including time) used in the various activities 

of the enterprise. It involves identifying and eliminating 

non-value-adding activities in design, production, sup-

ply chain management, and dealing with the customers. 

Lean producers employ teams of multiskilled workers 

at all levels of the organization and use highly fl exible, 

increasingly automated machines to produce volumes 

of products in potentially enormous variety. Syn. lean 

production. 

APICS Dictionary, 9th edition, 1998.

The heart of the concept is the aggressive elimination 

of waste throughout all parts of the operation and its or-

ganization. It is a great testimonial to the power of the 

Toyota approach and techniques they use.

The book titled Lean Thinking has helped to “package” 

the important concepts about this important approach to 

manufacturing for busy executives. This book provides 

readers with case study examples and lays out the fi ve fun-

damental principles that summarize the lean production 

concept.

 1. Precisely specify the value of a specifi c product.

 2. Identify how the value is actually realized by the 

customer.

 3. Make value fl ow without interruptions.

 4. Allow the customer to pull value from the producer.

 5. Pursue perfection . . . continuously improve.

Lean thinking addresses all the areas of waste pre-

sented earlier in the discussion of JIT; however, the “lean” 

approach is more focused. An expert in waste elimination 

known as a “sensei” is a critical part of the lean approach. 

The experience of the sensei leads to the identifi cation of 

problems and the design of solutions in a very short time 

Waste of overproduction: Make only what is needed now – reduce set-up time, synchronizing quantities
         and timing between steps, compacting layout.

Waste of waiting: Synchronize work flow as much as possible. Balance uneven loads by flexible
         workers and equipment.

Waste of transportation: Establish layouts and locations to make transport and handling unnecessary if
         possible. Reduce what cannot be eliminated.

Waste of processing itself: Question why this part should be made at all, why is this process necessary?

Waste of stocks: Reduce stocks by reducing set-up times and lead times – reducing other wastes reduces
         stocks.

Waste of motion: Study motion for economy and consistency. Economy improves productivity.
         Consistency improves quality. Be careful not to just automate a wasteful operation.

Waste of making defective products: Develop process to prevent defects from being made. Accept no
         defects and make no defects. Make the process "fail safe."

Figure 4.25

The Seven Wastes from Shigeo Shingo, in Robert W. Hall’s Attaining Manufacturing Excellence, 1987.
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period. The elimination of waste and the redesign of a 

work cell, including the relocation of machines, is often 

done in one day! The benefi ts of the effi cient production 

cells are immediately visible and often lead to additional 

changes in other areas. The fi ve principles of lean produc-

tion sound fairly simple and a lot like commonsense ac-

tions that all companies should be doing. Taken together 

and used as the basis for a plan of action with the help of 

a skilled sensei, these fi ve steps have helped companies 

remove amazing amounts of waste from their operations 

in a very short time. The sensei provides a jump-start to 

the improvement process. The people involved in the im-

provement process replace a long learning curve with the 

insight and knowledge of the sensei. The case examples 

presented in lean thinking demonstrate how the fi ve prin-

ciples just stated have been applied in small, medium, and 

large companies in the United States, Germany, and Japan. 

The examples build a credible argument for a move toward 

lean production.

American companies tend to be impatient with pro-

cess changes. Companies have seen some short-term sav-

ings by just applying the tools of lean production. An im-

portant key to long-term success is truly understanding 

the product’s value and the related value stream from the 

customer back to the producing company, and on to the 

company’s suppliers. Weaving the beliefs and concepts of 

lean thinking into the fabric of the organization leads to 

ongoing improvements and savings that are not possible 

any other way.

4.5 Summary
The art of effective communications using graphics is es-

sential to manufacturing. CAD and its associated graph-

ics database enhances automation and is the process at the 

heart of the new manufacturing revolution. Automation 

enhances all aspects of manufacturing, including quality 

control, and the increasing use of computers. Graphics 

is the principal communications tool used in production 

processes, of which design and manufacturing are major 

activities. The CAD graphics database is an extremely 

important part of CIM and automated manufacturing. 

Many phases of CIM are controlled by or need access to 

the CAD database. Therefore, the accuracy of the graph-

ics database is extremely important to the effective imple-

mentation of CIM.

Manufacturing and the computer-based systems that 

provide support are changing rapidly. The Internet can 

provide additional and timely information about design 

and manufacturing systems.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links

Questions for Review
 1. Describe the production process and how it relates 

to computer-based design systems.

 2. Describe rapid prototyping.

 3. Compare concurrent engineering and traditional en-

gineering practices.

 4. What is TQM?

 5. What is DFMA?

 6. What is CIM?

 7. What is a production process?

 8. What are the key planning issues in manufacturing?

 9. What are the critical control issues in manufacturing?

 10. Describe computer-based systems to plan 

materials.

 11. How does technical graphics support the develop-

ment of programs used to control machine tools?

 12. How are the concepts of TQM and SPC related?

 13. Describe the similarities and differences between 

PLM and more traditional techniques, such as JIT, 

TQM, and the Toyota Method.

 14. How is CAD related to inspection and quality 

control?

Further Reading
Chase, R. B., N. J. Aquilano, and F. R. Jacobs. Operations Man-

agement for Competitive Advantage, 9th ed. New York: Mc-

Graw-Hill Irwin, 2001.
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Fundamentals of 
Technical Graphics

Part 2 introduces the concepts and techniques of 

formal, precisely constructed 

technical drawings, developed 

using both traditional drafting 

methods and CAD. The basic 

geometric forms and their 

construction are covered, 

as are the different types of 

drawings that are produced 

and used in the engineering 

world today. Concepts 

presented include creating 

complex forms from simple 

geometries, developing 

clear two-dimensional 

representations of simple 

geometries, and producing 

realistic three-dimensional 

representations using traditional tools and CAD 

techniques.
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Chapter Five

Design 
Visualization

Objectives
After completing this chapter, you will be 
able to:

 1. Recognize the need for visualization.

 2. Use the manipulation of solid primi-

tives as a technique for visualizing 

3-D objects.

 3. Use the technique of a 3-D object 

interacting with 2-D surfaces for 

visualization.

 4. Apply the concepts of image planes 

and projection to visualize 3-D 

objects.

 5. Understand the role of color and ren-

dering in visualizing 3-D objects.

 6. Identify the differences between visu-

alizing one object and visualizing 

a group of objects.

 7. Explain how graphing and data vi-

sualization can be used in the design 

process.

 8. Understand the role of virtual reality 

in visualizing 3-D objects.

 9. Recognize how visualization can be 

applied in a number of technical fi elds.

Introduction
Visualization is the mental understanding 

of visual information. For students in engi-

neering and technology, visualization skills 

I shut my eyes in order to see.

—Paul Gauguin

C
hapter F

ive
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can be crucial in understanding the fundamental concepts 

of technical graphics. The ability to visualize also greatly 

enhances the speed and accuracy with which drawings 

and models can be made, using 2-D CAD or 3-D model-

ing tools. Visualization skills can assist you in building 

and manipulating a 3-D design in the virtual world of the 

computer.

In this chapter, visualization will be explained primar-

ily through exercises for you to do. You will learn how 

to better visualize 3-D objects by applying the concepts 

of solid object features, image planes and projection, and 

color and rendering. In Chapter 7, a number of sketching 

techniques will be introduced. These techniques will be 

the primary vehicle through which you will develop and 

use visualization skills. Methods using other materials 

will also be explored.

5.1 Visualization Abilities
The brain has an amazing ability to process visual in-

formation. Unconsciously, your brain is managing the 

navigation as you walk through the house or drive down 

the street (Figure 5.1). Your brain’s desire to organize the 

visual information around you allows you to look at the 

clouds or the stars and see the shapes of animals, objects, 

or people. This natural visualization ability can be put to 

work in more structured ways by engineers, scientists, 

and technologists to solve problems.

Nikola Tesla, one of the great inventors in electronics, 

was said to be able to design exclusively with images in 

his head. Leonardo da Vinci, a great inventor of an earlier 

generation, used drawings as an integral part of his design 

process (Figure 5.2). The famous scientist Albert Einstein 

used visual imagery to solve complex problems in phys-

ics. Einstein once said: “The words or the language, as 

they are written or spoken, do not seem to play any role in 

my mechanism of thought. The psychical entities which 

serve as elements of thought are certain signs and more 

or less clear images which can be voluntarily reproduced 

and combined.”

We all have the ability to use imagery to solve prob-

lems that are spatial in nature. What you may not have is 

Tesla’s ability to do complete designs from beginning to 

end in your head. You will fi nd, however, that transform-

ing your ideas into tangible graphic images serves both 

as a permanent record of those ideas and as a means of 

encouraging further creative thinking.

You do not have to be able to draw as well as Leonardo 

da Vinci in order for graphics to be of use in the design 

process. Graphics as part of the visualization process can 

take many forms. Some are personal visual codes (e.g., 

sketches, notes, drawings on the back of a napkin, etc.) 

meant only to be seen and used by the person drawing 

them. Other graphics are much more formal and are usu-

ally meant to communicate ideas to a wider audience. 

Figure 5.1

Human vision
Your sight allows you to successfully navigate your 
environment.

(© Photri, Inc.)

Figure 5.2

Leonardo da Vinci used drawing as a means of visualizing 
his designs
(© Art Resource, NY.)
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Although creating these more formal graphics can in-

volve considerable skill, the current computer graphics 

hardware and software systems are a great equalizer for 

those who do not have a natural ability to express their 

ideas visually (Figure 5.3).

5.2 The Visualization Cycle
To effectively use graphics as a vehicle for visualizing de-

sign ideas, you must understand that the two-dimensional 

graphics you draw—whether on paper or a computer 

screen—are a representation of information existing in 

another form. In Chapter 7, various sketching techniques 

were introduced. The exercises in that chapter focused on 

drawing exactly what you saw, as though there was a di-

rect connection between your hand and the object being 

drawn (Figure 5.4). In fact, the mind and the information 

it receives visually play a critical role in guiding what the 

pencil draws on the paper (Figure 5.5).

The mind processes and interprets the visual infor-

mation and controls the muscles holding the pencil. Like 

the 3-D object, the drawings that form on the paper can 

also be seen, and they serve to organize and focus the im-

ages in the mind. A feedback loop thus forms between 

the mind, hand/pencil, and drawing, and this loop is pow-

erful enough to leave the 3-D object out altogether. In 

other words, the image can form in the mind without the 

help of a real object. Now the sketch has an even more 

important role, because the real object is not in sight (or 

may not even be in existence!), and the sketch becomes 

the only record of the object. The eyes and mind, looking 

at the sketch, can begin to modify and evolve the object, 

Vision

Light travels in straight lines, so visual information can be 

used to determine both the direction and distance of an ob-

ject. No other human stimulus provides as much detail as 

the human eye. Vision, the perception of light, is carried out 

through the eye, which contains receptors that detect pho-

tons of light (see the fi gure). The eye is organized similar to 

a camera. The receptors are located in the back of the eye 

and are categorized as either rods, which are receptors for 

black and white vision, or cones, which are receptors for 

color. There are three different kinds of cones, cells that ab-

sorb either red, green, or blue wavelengths of light to give 

humans color vision. The fi eld of receptors that line the back 

of the eye is called the retina. The retina contains approxi-

mately 3 million cones and 1 billion rods. Most of the cones 

are located in the central region of the retina called the 

fovea. The eyes form a sharp image in the central fovea re-

gion of the retina.

The light rays are focused onto the receptors by the 

lens of the eye. Light fi rst passes through a transparent 

layer called the cornea, which begins to focus light onto the 

rear of the eye. Light then passes through the lens, which 

is a structure that completes the focusing. Muscles are at-

tached to the lens which contract and change the shape of 

the lens to change the point of focus on the rear of the eye. 

The amount of light entering the eye is controlled by a shut-

ter, called the iris, which is located between the cornea and 

the lens. The iris reduces the size of the transparent zone, or 

pupil, of the eye through which light passes.

The optic nerve transmits visual stimuli more or less 

directly to the brain in the region called the visual cortex. 

Visual impulses are processed in the brain to determine in-

tensity, color, and point-to-point images.

Having two eyes looking at the same object or scene 

causes each eye to see slightly different images because 

they are viewed from slightly different angles. This slight 

displacement of the images, called parallax, permits very 

sensitive depth perception. By comparing the differences 

between the images provided by each eye with the physical 

distance to specifi c objects, humans learn to interpret dis-

tance, which is stereoscopic vision. We are not born with the 

ability to perceive distance, but it is a learned trait. Stereo-

scopic vision develops in babies over a period of months.

137
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Figure 5.3

Computer-generated scientifi c visualization
This visualization represents the interactive control of vectors 
depicting fl uid fl ow or electromagnetic fi elds.

(Courtesy of Dr. Yinlong Sun.)

the ability to document their completed designs, based on 

well-defi ned technical graphics standards. They must also 

have the ability to understand, at a deeper level, the three-

dimensional forms they are documenting.

The ability to visualize forms in your mind enhances 

your ability to understand both existing objects and ob-

jects that may not yet have been manufactured. Visual-

izing three-dimensional forms allows you to play what-if 
games in the early stages of the design process, before 

there are physical models. The ability to visualize also 

allows you to spatially analyze more detailed problems 

later on.

5.4 Solid Object Features
The fi rst visualization technique treats objects as you 

would normally see and feel them. A closer look at a solid 

object reveals features, or attributes, which help you visu-

alize the object’s current form. These attributes are also 

useful for transforming the object into something new, 

either on paper or in your mind.

5.4.1 Solid Object Attributes

Figure 5.7 contains two simple, primitive objects, one a 

brick or rectangular prism, and the other a cylinder. These 

two primitives clearly demonstrate several important char-

acteristics, or attributes, of objects.

Practice Exercise 5.1
Put various objects under a strong, directed light. Identify the 

edges on the object by looking at them, and then feel them 

with your hand. Does the gradation of light on various parts 

of the object correspond to the “sharpness” of the corners?

Figure 5.4

Hand/eye connection
The hand/eye connection is important when sketching.

new sketches can be made, and the whole cycle can begin 

again. This is the visualization cycle.

5.3 Design Visualization
Visualization is important and integral to the design 

process (Figure 5.6). Using either 2-D CAD or 3-D 

modeling tools, engineers and technologists must have 
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Figure 5.5

Hand/eye/mind connection
The hand/eye/mind connection more accurately describes the processes used to make sketches. The mind forms a mental picture of 
existing or nonexisting objects, which can then be sketched. The feedback loop between the mind and the hand is so powerful that 
the object need not exist.

IDEATION

REFINEMENT IMPLEMENTATION

Visualization Visualization

Visualization

Figure 5.6

Visualization integrated throughout design
Visualization plays an important role in all facets of engineer-
ing design and is a process that is used frequently.

Edge

Face

Limiting
Elements

Vertice

RECTANGULAR PRISM CYLINDER

Edge

Face

Figure 5.7

Solid object features
These rectangular prism and cylinder primitives show impor-
tant features: edge, face, vertex, and limiting element.

Edges are the lines that represent the boundary be-

tween two faces of an object. On real objects, edges ex-

ist at a sharp break in light or dark levels on a surface 

(see Figure 5.7). Faces are areas of uniform or gradually 

changing lightness and are always bounded by edges. This 

is an important rule! Both edges and faces can be curved. 

For instance, as you follow around the curved face of the 

cylinder, there is gradual change in the lightness of the 

surface. Only when you go to the front of the cylinder is 

there an abrupt change in lightness, signaling an edge.

Another important attribute demonstrated by the cyl-

inder is the limiting element. A limiting element is a line 

that represents the farthest outside feature of the curved 

surface. It is the last visible part of the curved surface as 

it drops away from your line of sight. Even though it is 

not a boundary between faces, a line is used to represent 

the limiting element. The line is tangent to the curved 

edge at each end of the cylinder. If you examine the cyl-

inder, you will note that, even with an ideal viewing posi-

tion, a curved face that curves more than approximately 

180 degrees will have some of its surface obscured; in 

other words, you have a face that is only partially visible. 

For the cylinder in Figure 5.7, its curved face is half hid-

den, and one of its circular faces is completely hidden.

Another important attribute, found on the brick, is a 

corner, or vertex. If an edge is the place where two faces 

meet, then a vertex is the place where more than two edges 

meet. By extension, this means that more than two faces 

also meet at this point. On the brick primitive seen in 

Figure 5.7, there are four vertices visible, each with three 

connecting edges. Can you see three faces connecting at 

all of these vertices? What about the other places where 
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two edges connect? Are they vertices, too? They are, be-

cause of the hidden edges and faces shown in Figure 5.8.

Going back to the cylinder, does it have any vertices? 

The answer is no, because there is no point at which three 

edges or three faces come together.

Practice Exercise 5.2
Based on the brick (prism) and cylinder developments found 

at the end pages of this book, construct the brick and cylin-

der, using tape or glue to hold the paper forms together. After 

constructing the two primitive shapes, identify and label:

■ The faces, edges, and vertices of the brick (prism).

■ The faces and edges of the cylinder.

Hold the cylinder at arm’s length and identify the limiting ele-

ments on each side of the curved surface. Change the posi-

tion of the cylinder and notice that (a) the limiting elements 

change with the cylinder, and (b) you can never view more 

than 180 degrees of the 360-degree curved surface of the 

cylinder.

Two other attributes important in defi ning a solid object 

are size and the shape of the faces. Size describes the phys-

ical dimensions of the object. For example, the brick or the 

cylinder could be 1 inch, or 1 mile, across. The shape of 

the face is described by the number of edges bounding the 

face and the relative angles of the edges to each other. The 

relative sizes between edges or faces reveal proportion, 

which also relates to the shape of the faces.

The basic rules of geometry that apply to 2-D shapes 

also apply to 3-D objects. Since faces are attached to each 

other at common edges, the shape of one face infl uences 

both the number of faces attached to it and the shapes of 

those other faces. For the brick primitive in Figure 5.7, all 

of the faces are either rectangles or squares, and the adja-

cent edges on each face are at 90 degrees to each other.

The shapes of 2-D faces can be used to interpret how 

a 3-D object is shaped. The square end face on the brick 

has four edges, which means there are four other faces 

attached to it. If the end face were a hexagon instead of 

a square (Figure 5.9), how many faces would be attached 

to it? What if the end face had one edge instead of four? 

Since one shape that has a single edge is a circle, the brick 

would become a cylinder and the end face would have 

only one curved face attached to it (Figure 5.10).

Practice Exercise 5.3
Have someone put various objects in a paper or cloth bag. 

Feel the objects without looking at them. Can you identify 

(a) the edges, (b) the faces, and (c) the objects? Try sketch-

ing or describing the object based on what you feel when 

touching it.

5.5 Visualization Techniques for 
Technical Drawings
Another technique for combining 2-D planes and 3-D 

solids is introduced in the following sections. This tech-

nique uses image planes and is designed specifi cally to 

Vertices

Vertices

Figure 5.8

Vertices
Vertices are locations where more than two edges meet.

Figure 5.9

Object faces
This hexagonal prism has an end face attached to six other 
faces.
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help in the creation of 2-D multiview technical drawings 

and 3-D computer models.

5.5.1 Image Planes

Imagine placing a 2-D plane between you and the object 

you wish to visualize (Figure 5.11). The 2-D plane is now 

called an image plane (or picture plane or projection 

plane): what is imaged by your eyes is also imaged on the 

plane. Think of the image plane as being transparent, like 

the viewfi nder on a camera. What you see is registered on 

the fi lm. This analogy will be used in other chapters, such 

as Chapter 10.

Practice Exercise 5.4
Two ways to demonstrate an image plane are as follows:

 1. Using a camera, take pictures of simple objects un-

der good light. (If you use an instant camera, the ex-

ercise can be done immediately.) Look at the object 

from exactly the same viewpoint as that used when 

the picture was taken. Make sure the lighting is also 

the same. On the photograph, highlight the contours 

of the object, using water-based markers. Identify 

different faces of the object by using different colors. 

Study the results; then use a damp cloth to wipe the 

picture clean, to be used again.

 2. Alternatively, place a 12� � 12� sheet of rigid clear 

plastic or a cardboard frame with a transparency 

acetate between you and a well-lit object. Brace the 

plastic so that you don’t have to hold it, and draw the 

contours of the object, using water-based markers. 

When done, study the results; then use a damp cloth 

to wipe the plastic clean.

Using each of these techniques, look at the objects from 

a number of different viewpoints, either by moving yourself 

or by rotating the object. From which viewpoints can you 

see the most number of contours? Which viewpoints afford 

the fewest number of contours? What happens when you 

get closer or farther away?

The three variables involved in the use of image planes 

are as follows:

 1. The object being viewed.

 2. The image plane.

 3. The eye of the viewer.

Assume the image plane is always between the viewer 

and the object. In addition, assume the line of sight of the 

Figure 5.10

As the brick changes into a cylinder, the end face goes from at-
taching to four surfaces to attaching to just one.

Lost depth
dimension

Projection lines

Image plane
object

Line of sight 90° to
the image plane

Figure 5.11

Image plane
The image on the plane represents what you would see if you 
were looking at the object through a semitransparent plane.
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viewer is always perpendicular (at 90 degrees) to the im-

age plane (Figure 5.11).

In Practice Exercise 5.4, you drew lines on the image 

plane wherever you saw edges on the object. Conceptually, 

you were visualizing projection lines from the object to 

the image plane. The relationships between the eye, image 

plane, and object determine the angle between projection 

lines. If the viewer is infi nitely far away from the object, 

all of the projection lines will appear to be parallel to the 

line of sight and therefore perpendicular to the image 

plane. This is called parallel projection (see Chapter 7) 

and is the type of projection most commonly used in tech-

nical drawings.

Projection onto an image plane transforms a 3-D ob-

ject into a 2-D representation of that object. The best way 

to capture all three dimensions of the object in a single 

2-D image is to use pictorial projection techniques, as 

described in Chapter 7 (Figure 5.12).

Practice Exercise 5.5
Use the same setup of object and image plane as you used 

in the previous exercise. However, instead of drawing di-

rectly on the plastic sheet, use it to “frame” your view of 

the object, and draw what you see on a piece of paper. (If 

you do not have a sheet of clear plastic, make a cardboard 

frame.) Instead of drawing the edges in perspective, as you 

see them, draw them in parallel projection (i.e., all edges 

that are parallel on the object are parallel in the sketch).

5.5.2 Object-Image Plane Orientation

What you draw on paper is what you see on the image 

plane, and what you see is directly related to the ori-

entation of the object with respect to the image plane 

(Figure 5.13). If the object is rotated relative to the image 

Figure 5.12

Pictorial view
A pictorial view is created by orienting the object such that 
features in all three dimensions are visible in the image.

Figure 5.13

Projection on the image plane
This is what you actually see when viewing the object shown 
in Figure 5.12 when your line of sight is perpendicular to the 
transparent plane.

Vertical (Y)

Horizontal (X)

Depth (Z
)

Figure 5.14

Object-image plane orientation
The relationship of the image plane to the standard mutually 
perpendicular viewing axes.
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plane, various faces appear and disappear, and an infi nite 

number of projections are created. There are three pri-
mary axes about which you can rotate the object relative 

to the image plane. The three axes are horizontal, verti-
cal, and depth in coordinate space (Figure 5.14).

You need only rotate the object about two of these axes 

to see all sides of the object. Rotation about the horizon-

tal and vertical axes tends to provide the most informa-

tion. Figure 5.15 is a matrix of the rotational views, in 

15-degree increments between 0 and 90 degrees, for both 

the horizontal and vertical axes. Notice that only those 

views near the center of the matrix show all three dimen-

sions. In fact, for those projections along the outer edges 

of the matrix, one dimension is completely obscured.

The lower left projection in Figure 5.15 is the starting 

point for the object (rotated 0 degrees in both the horizon-

tal and vertical axes). This projection gives a very clear 

view of one face of the object, at the expense of the other 

faces. The projection for the object rotated 45 degrees in 

both the horizontal and vertical axes gives you a more 

90
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Rotation about vertical (Y) axis
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Figure 5.15

Progressive 15-degree rotations of the object about the horizontal and vertical viewing axes
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complete understanding of the shape of the object. How-

ever, it does not show any of the faces in their true size 

and shape.

Practice Exercise 5.6
Place a 12� � 12� sheet of rigid, clear plastic between you 

and the object. Replicate the sequence of views from 

Figure 5.15 by rotating the object about its horizontal and 

vertical axes.

To determine if a face is shown in its true size and 

shape, examine the orientation of the face with respect to 

the image plane. If the face of an object is parallel to the 

image plane (i.e., is a normal face), the face shown on the 

image plane will not be distorted. Another way of imag-

ining this is to move the object toward the image plane. 

The normal face will lie perfectly fl at on the image plane 

(Figure 5.16A). This projection is identical to Figure 5.11 

and the 0-degree by 0-degree projection in Figure 5.15.

Other faces of this object can also be normal to the 

image plane. In Figure 5.15, the projections in the upper 

left and lower right corners are views of the object rotated 

90 degrees about the horizontal and vertical axes, respec-

tively. These two views have faces normal to the image 

plane. In both cases, however, there are two normal faces, 

not just one, and they are at different depths from the 

image plane (Figure 5.16B and C). To explain, the 2-D 

image plane always compresses one of the dimensions 

of the 3-D object, and that dimension is always the one 

perpendicular to the image plane; i.e., the depth axis. The 

result is that two faces sitting at different depths on the 

(C)

(A)

(B)

Figure 5.16

Normal faces
Projection of normal faces onto the image plane.
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object sit side by side on the image plane. One of the chal-

lenges of visualization is to reconstruct this third dimen-

sion when viewing a projection.

5.5.3 Multiple-Image Planes

A more traditional way of generating multiple views of an 

object is to hold the object stationary and create a separate 

image plane for each view. In Figure 5.17, three separate 

image planes are used to produce the three projections pre-

viously shown in Figure 5.16. These three image planes, 

traditionally named frontal, horizontal, and profi le, gen-

erate the three standard views, front, top, and right side, 
respectively. Taken together, these three views comprise 

the standard multiview drawing. (See Chapter 10.)

The three planes are mutually perpendicular; that is, 

each is 90 degrees from the other two. Imagine a face as 

being completely separate from the rest of the solid ob-

ject, just a 2-D surface in space (Figure 5.18). This face 

is parallel to the image plane and perpendicular to the 

Frontal

FRONT VIEW

Profile

HorizontalTOPVIEW

RIG
HT

SIDE

VIEW

Figure 5.17

Camera metaphor
The metaphor of cameras can be used to describe capturing the three principal views of the object—front, top, and right side—
through the three image planes.

On edge

On edge

True size
and shape

Figure 5.18

Normal face projection
A normal face projects on all three principal image planes. On 
one image plane, the face appears true size and shape. In the 
other two, the face appears on edge and is represented as a line.

ber28376_ch05.indd   145ber28376_ch05.indd   145 1/2/08   2:56:34 PM1/2/08   2:56:34 PM
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adjoining planes. The result is that, if in one plane you 
are seeing a face in its true size and shape, in the other 
planes you will see the face as an edge. Since faces that 

touch each other share edges, in the multiview projection, 

the edge views of one face become part of the outlines or 

contours of faces seen in other views (Figure 5.19).

There are other faces that have a different relation-

ship to the three principal planes. One is an inclined face, 
which is not parallel to any of the principal image planes. 

This face is rotated about either the vertical or horizon-

tal axis, but not both (Figure 5.20A). The face is visible 

in two of the views, but not in true size and shape. The 

face has depth in both views, but it is compressed or fore-
shortened onto the image plane (Figure 5.20B and C). In 

Figure 5.20D, the inclined face is projected as an edge on 

Edge view of normal
face becomes an edge
for another view

Figure 5.19

Edge views of normal face
In a multiview projection, edge views of a normal face become 
the outlines of another face.

(A) (B)

(D)(C)

Foreshortened

True
length

True
length

Edge view

Foreshortened

Foreshortened

Foreshortened

Figure 5.20

Inclined face projection
An inclined face is oriented such that it is not parallel to any of the standard image planes. The inclined face is foreshortened in two 
views and is an edge in one view.
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the perpendicular plane, just as a normal face would be. 

Inclined faces can, of course, be combined with normal 

faces in an object (Figure 5.21).

Whereas an inclined face is created by rotating a nor-

mal face about either the vertical or horizontal axes, an 

oblique face is created by rotation about both axes (Fig-

ure 5.22A). An oblique face is seen foreshortened in all 

three views since it is neither parallel nor perpendicular 

to any of the standard image planes (Figure 5.22B). Un-

like normal and inclined faces, oblique faces are not seen 

as an edge in any of the standard views. Chapter 13 goes 

into detail on how image planes that are oriented parallel 

to inclined and oblique surfaces are used to see those sur-

faces in true size and shape.

Practice Exercise 5.7
Replace the object on the other side of your image plane 

with a stiff sheet of cardboard representing a single face of 

an object. Align the cardboard sheet so that it is parallel to 

the image plane. (Ask a second person to hold the card-

board sheet, if necessary.) Change your viewing direction, 

but don’t move the cardboard sheet, and look at the sheet 

as an edge view. Do the same by holding the image plane 

still and rotating the cardboard sheet. Rotate the cardboard 

less than 90 degrees about either the horizontal or verti-

cal axis, to create an inclined face. Move the image plane 

around until you can identify the two standard views where 

the inclined face is visible. Find the view where the face is 

seen as an edge. How does the amount of rotation affect 

the size of the projection seen in the image plane? Rotate 

the cardboard so that it is almost normal to the image plane. 

Normal

Inclined

Figure 5.21

Inclined and normal faces
Projection of an object that has both inclined and normal faces 
onto the three image planes.

(A) (B)

Figure 5.22

Oblique face projection
The projection of an oblique face is foreshortened in all three standard image planes.
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How does it look from the three standard views? Do the 

same tests with the cardboard sheet rotated about both the 

vertical and horizontal axes, creating an oblique face.

5.5.4 Choosing a View to Describe an Object

In the past, certain projections were chosen more often 

because they were the easiest to draw. Today, 3-D model-

ing systems can generate any projection with equal ease. 

You can choose the views which most clearly and suc-

cinctly show the object being visualized. However, do not 

produce so many views that you unnecessarily duplicate 

information and confuse the viewer. Visualize the object, 

identify the features you need to show, and generate clear, 

concise images that show them. Use sketches as an aid in 

visualizing the form and deciding on the views required. 

The pencil and computer together form a powerful tool 

for visualizing objects.

5.6 Other Visualization Techniques
The primary goals of any visualization technique are to 

help you understand the features or attributes of an ob-

ject and to convey this information to others. In most in-

stances, the information required is geometric in nature. 

Previous sections of this chapter discussed the use of cut-

ting planes and image planes for visualizing 3-D objects. 

The following sections expand on those discussions.

Historical Highlight
Early Technical Drawings

Early technical drawings were often quite crude and very 

hard to understand due to the lack of drawing standards 

and projections systems. The drawing shown in the fi gure is 

an undershot watermill and was in a book of drawings com-

piled by the Abbess Herrad of Landsperg about 1160. Some 

refer to this type of drawing as a one plane projection, but 

it really uses no formal projection system. The artist tried 

to represent the geometrical shapes that made up the mill 

but in doing so really makes it diffi cult if not impossible to 

understand. See fi gure.

The top portion of the drawing represents four columns 

fi xed to a base made of horizontal timbers to support the 

grindstones. There is a long horizontal shaft running through 

the structure with a toothed wheel under the grindstone and 

a water wheel located to the left. There are inconsistencies 

between the drawing and real object. For example, the main 

water wheel is shown as two concentric circles when in fact 

they are circles of the same size with paddles attached. 

However, if they were drawn the same size, they would co-

incide and the artist would not have been able to represent 

the paddles.

The rather crude depiction of devices is quite usual in 

drawings of this period. Although it may be possible to re-

construct the machines from these drawings, we have to 

guess the real size of parts. It would have to take develop-

ment of a formal projection system during the Renaissance 

period before more accurate drawings could be produced 

to represent technical objects.
Excerpted from The History of Engineering Drawing, by Jeffrey Booker, Chatto 

& Windus, London, England, 1963.

Drawing of an undershot water mill. The original was in a manuscript on 

vellum with 636 drawings compiled by the Abbess Herrad of Landsperg 

about 1160 as an instructive collection for her pupils. The manuscript, 

called “Hortus-Deliciarum,” was burnt in 1870 and the only remains are 

a few drawings which had been copied by scholars. This drawing is not 

based upon any conceptions of projection but is a recording of a number 

of geometric “trusts.”

148
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5.6.1 Alternative Projection Techniques

Perspective projections can be used for visualizing an 

object (Figure 5.23). (See Chapter 12.) Perspective pro-

jections are easily generated by a 3-D modeling system. 

Although perspective projections cannot portray the ex-

act relationships of particular edges and faces, they can 

provide a sense of the complete object.

All of the projections in the previous sections were gen-

erated from one of three standard views, none of which 

showed the back or the bottom of the object. Also not 

Two point perspective

Parallel

Figure 5.23

Parallel versus perspective projection
In perspective projection, the projection lines are not parallel.
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shown are important features on faces that are partially 

or completely hidden. One way of showing these hidden 

features is to use a hierarchy of linetypes, with solid lines 

for the visible edges and dashed lines for the hidden edges 

(Figure 5.24).

Hidden features can also be displayed simply by re-

orienting the image plane and then generating additional 

views to show the previously hidden features. With smaller 

or less complicated mechanical components, the careful 

use of hidden lines and sectional views usually negates 

the need for extra views. On the other hand, with a more 

complex structure, such as a building, hidden lines usually 

confuse rather than clarify, and extra views are the better 

option. Rendering techniques, such as transparency, and 

technical drawing techniques, such as sectioning, are also 

used to reveal hidden features. These are discussed in de-

tail later in this text.

5.6.2 Shading

Most of the drawings in this chapter are line drawings; 
that is, the edges of the objects are represented by dark 

(usually black) lines. The edges represent the boundaries 

of faces on the object. On a real object, boundaries are 

also determined by the orientation of the faces to the light 

source. The closer the face is to being perpendicular to 

the direction of the light rays, the lighter the face will be. 

These gradations of lightness, or shading, can be recre-

ated in the image, either in tones of gray or in color. Shad-

ing, using gradual or no gradations on a face and strong 

gradations between faces, is another cue that can aid in 

the visualization of the object. The discussion on render-

ing, in Chapter 21, goes into detail on how you can create 

realistic shading, either by hand or using the computer.

When you are fi rst learning to visualize, often the best 

way to recreate the effect of an imaginary light source on 

an object is to code the various features of the object. In-

dividual faces and edges can be color coded on the real 

object, in a pictorial projection, and in a multiview projec-

tion. For example, assume you have a pictorial and a mul-

tiview projection of the same object. Faces you can iden-

tify in the pictorial projection may also be visible in one 

or more views of the multiview projection. Assigning the 

same color to features that appear in both projections can 

help you identify them in the various views, and can also 

help you organize the visualization process (Figure 5.25). 

This coloring technique is as effective on computer gener-

ated drawings as it is on hand-drawn sketches.

Figure 5.24

Projection using dashed lines to reveal hidden features

Figure 5.25

Coloring the faces of an object to assist visualization
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Practice Exercise 5.8
Select a number of pictorial and multiview projections from 

the exercises in the back of this and other chapters. Using 

colored markers or pencils, color code the object’s faces as 

they are seen in the various views. If you can, make foam, 

clay, or wood models of the objects and wrap them in paper. 

Color the corresponding faces of the paper wrapped model. 

If you unfold the paper, how do the color coded faces com-

pare with the multiview and pictorial projections?

5.6.3 Visualizing Multiple Objects

You can use many of the same visualization techniques 

on multiple objects that you use on a single object. There 

are also other techniques available for visualizing multiple 

objects. When a group of objects, such as the parts of an 

assembly, moves with respect to the image plane, or vice 

versa, different objects will assume different positions in 

the projection. For example, rotating an assembly of ob-

jects causes some objects to move in front of others. As the 

rotation progresses, different features of the back objects 

are obscured and then revealed again. This effect is known 

as shearing. The rules of overlay that apply to hidden faces 

on or in an object also apply to multiple objects. For objects 

that are either partially or completely hidden by objects in 

front, the edges can be shown as dashed lines. Showing 

objects as partially overlapping each other is a powerful 

visualization technique used to show the relative positions 

of parts of an assembly. The view position chosen is criti-

cal to making this technique work (Figure 5.26).

Not all of the objects shown in an image have to be part 

of the actual design. An object that is easily visualized, 

such as a 2-D grid plane, can be used as a reference point 

in a pictorial image. You can place the reference object in 

any position relative to the known one. Figure 5.27 shows 

three different positions of a 2-D grid plane with respect 

to the object. The risk in adding a reference object is that 

Yes!

No!

Figure 5.26

Good versus poor viewpoints
A good viewpoint will have some overlap to help place objects 
in depth but not so much as to obscure features.

(B)

(C)

(A)

Figure 5.27

Using grid planes
A grid plane can be used to locate and compare features on an 
object.
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the resulting image can confuse the visualization process 

more than help, especially if the objects are of equal com-

plexity. Experience will help you decide the conditions un-

der which this technique will be helpful.

5.7 Graphical Analysis of Engineering Data
Graphical analysis is a visualization process used in 

engineering analysis to display and explore empiri-

cal data (that is, data collected in an experiment or test) in 

the form of graphics. This process breaks the data down so 

that each key element of the data is coded graphically as 

surfaces, lines, points, symbols, color, or other graphic 

representations. For example, computer models of designs 

can be used to generate data concerning the probable 

stresses and strains a part will undergo in an actual work-

ing assembly. This data can be graphed in a line graph or 

displayed as color coded data overlaid on the computer 

model. Besides empirical test data, graphical analysis can 

also be used with consumer surveys, repair records, cost-

ing information, and any other data related to product de-

velopment and design.

5.7.1 Data Visualization Elements

The analysis data must be evaluated to determine the 

most appropriate graphical representation format. De-

pending on the type of analysis performed, there may be 

considerable differences in the amounts and types of data 

available before and after the analysis. Common graphi-

cal techniques for representing different types of data are 

discussed in the following sections.

Data Types  The data analyzed by engineers and techni-

cians are divided into two basic categories: qualitative 

and quantitative (Figure 5.28). Qualitative data are sym-

bolic, have no inherent magnitude, and are used for la-

Data

Qualitative

Nominal Ordinal

Scalar Vector Tensor

Scales of values

Quantitative

Number of
components

Interval Ratio Absolute

Figure 5.28

Organization of data types
Selecting an appropriate method of analyzing data requires a knowledge of the data’s characteristics.
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beling and identifying. Qualitative data with no inherent 

order (for example, New York, Boston, Houston) are con-

sidered nominal; qualitative data with an inherent order, 

such as the months of the year, are called ordinal.
The bulk of the data evaluated is quantitative, which 

has an inherent magnitude. Quantitative data are further 

classifi ed by the number of components and the scales of 

values. Scalar quantitative data have only one component 

and can only express a magnitude (Figure 5.29A). Vector 

data can express both magnitude and direction (Figure 

5.29B). The number of scalar components in the vector de-

pends on the number of dimensions (i.e., dimensionality) 

of the coordinate system being used. Though in principle 

any number of dimensions is possible, 2-D and 3-D coor-

dinate systems are the most common and are the ones used 

in this text.

Marks  Marks are the fundamental graphic elements used 

to encode data in a visualization. Marks can be thought of 

as graphic primitives and are typically classifi ed as either 

simple or complex. Simple marks include points, lines, ar-

eas, and volumes, all of which interrelate closely with the 

dimension of the data type. Points indicate a location in 

2-D or 3-D space; lines indicate length and/or connection; 

areas indicate a region in 2-D space; and volumes do the 

same in 3-D space.

Complex marks are collections of simple marks, per-

ceptually forming a unit (Figure 5.30). This loose defi ni-

tion covers several possibilities, including arrows, meshes, 

contour lines, and glyphs. A glyph is a compound mark 

that cannot be defi ned by other commonly recognized 

names. Glyphs are usually custom designed to encode 

multiple data elements into a single mark. The guiding ob-

jective for designing glyphs, or any other mark, is to tap 

into the innate perceptual abilities of the viewers. This is 

accomplished through careful design.

Data are encoded into an image by varying the quali-

ties of the marks. The qualities manipulated are rooted in 

human perception. Manipulating such qualities as loca-

tion, orientation, size, color, and shape reveals differences 

in data values. Equally important to data visualization 

are similarities that group marks together. In Figure 5.31, 

similar colors and symbol shapes result in data grouped 

together, while changes of location differentiate between 

individual data points within each group.

An element that does not fi t easily into any of the mark 

categories is text. Text should be used to support graphic 

elements, not as a replacement for them. Text is typically 

used to label individual qualitative data points, scales, or 

units of measure. Text is also used for supplementary in-

formation. Often a small amount of text can simplify a 

visualization considerably. However, text should be inte-

(A) Scalar

18

(B) Vector

(6,18)

2-D

(14,6,5)

3-D

Y Y

X X

Z

Figure 5.29

Scalar and vector data types
Scalar data have only one component expressed as a magni-
tude. Vector data can express both magnitude and direction.

Arrow Mesh

Contour
lines

Glyph

Figure 5.30

Examples of complex marker types
Complex markers are a synthesis of simple marker types and 
appropriate use of perceptual cues such as color and size.
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grated into the visualization as much as possible, rather 

than being set apart in a separate legend.

Encoding Data Variables  Usually, an analysis is designed 

to examine data relationships. The functional relationships 

between variables are described as either independent or 

dependent. For example, in the earlier discussion of probes 

applied to a model to create a response, the probes, which 

are controlled by the experimenter, are independent of the 

model; therefore, they are an independent variable. How-

ever, the response data are dependent on the model’s reac-

tions to the probe, so the data are dependent variables.

Suppose that heat is the probe, the model is for a reac-

tor vessel, and the response being analyzed is the pressure 

●

●
●

●

●

●

●
●

▲

▲

▲
▲ ▲

▲
▲

▲

Figure 5.31

Using perceptual cues to encode data
Effective visualizations exploit our natural ability to discrimi-
nate between visual elements such as color, size, shape, and 
orientation.

●

●
●

●

●
●

● ●

Pressure (psi)

Temperature (°F)
Probe (heat)

Response
(pressure)

(A) (B)

Figure 5.32

Independent and dependent variables
The fi rst task in designing a visualization is identifying the types of variables to be displayed in the visualization.

inside the vessel (Figure 5.32A). The heat is an indepen-

dent variable because it is controlled by the researcher. As 

the heat is varied, the pressure inside the vessel is moni-

tored. The researcher knows ahead of time what tempera-

tures to use, but doesn’t know what the resulting pressure 

will be at the different temperatures. The pressure is de-

pendent on the application of the laws of physics to this 

particular vessel design, and the object of the experiment 

is to explore this relationship.

The resulting data are encoded, via marks, into a visu-

alization. For every heat value, a corresponding pressure 

value is recorded. A simple line graph is used to display the 

data, with the independent variable (temperature) mapped 

on the horizontal scale and the dependent variable (pres-

sure) shown on the vertical scale (Figure 5.32B).

5.7.2 Visualizations for One Independent Variable

The most common type of visualization is the 2-D graph 

or plot (Figure 5.33), which is defi ned by two primary 

axes (scales). The area within the vertical and horizon-

tal scale lines is the region where the data are presented. 

Text is used to indicate the range and units on the scales. 

The data are shown with marks in the data region, where 

reference lines are used to relate scale values to data 

marks. Text is used to label marks either directly or in-

directly through the use of a key or legend. The legend 

should be isolated from the graph and enclosed by a bor-

der. The legend will indicate the variables associated with 

the point marks or line types on a visualization.

Line Graphs  Variations in experimental data mean that 

points represented on the graph may show a trend, yet 

may not align perfectly with a straight line. The point 
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marks can still be connected together to form a line 
graph. The line mark would connect the points by fol-

lowing a progression of independent values, rather than 

vice versa (Figure 5.34). Using a technique called regres-
sion, a “best-fi t” line, representing the trend of the data, 

is drawn on the graph (Figure 5.35). This regression line 

could be linear, or a second- or third-order curve. Higher 
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Elements of a 2-D graph
These elements include scale lines, data region, reference lines, 
and legend.
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Connected line graph
Connected line graphs encode scalar data with line marks. 
The graph depicts the trend in the data relationship between 
the independent and dependent variables.

order curves are not common, since they are unlikely to 

represent well-understood phenomena.

Line graphs allow the viewer to perceive orientation 

and direction. Absolute values of individual data points 

are secondary to the trend revealed by the line. The direc-

tion of the line reveals information about the relationship 

between the dependent and independent variables. For 

example, in Figure 5.35, the line angling up indicates that 

as time increases, the index value also rises. This depicts 

a positive relationship between the two variables.

Bar Graphs  Another common type of 2-D graph is the 

bar graph (Figure 5.36). A bar graph uses either line 

or area marks to allow a closer focus on individual data 

values. However, in a bar graph, the line mark is used to 

show length, rather than orientation. Though area marks 

are commonly used in bar graphs, one dimension of the 

bar is held constant, reducing the variability in the mark 

to the length of the other dimension. Bar graphs are most 

often used when there are only a few independent vari-

able values, and they are usually qualitative. Also, unlike 

line graphs, bar graphs sometimes show the independent 

variable on the vertical axis (Figure 5.37).

Data with a well-defi ned zero point are best shown by 

having one end of all of the bars aligned on a common 

baseline, thus making it easier to compare their absolute 

values, or to estimate ratios. When the data are depicting 
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Regression line graph
Regression line graphs depict statistical or estimated trends in 
the data relationship, rather than connecting the individual 
data points.
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Computer graphics use many of the visualization tech-

niques described in this chapter for different applica-

tions. The result is a relatively new discipline called 

scientifi c visualization, which is the use of computer 

graphics to supplement or replace traditional design and 

mathematical modeling techniques in engineering and 

science.

Computer graphics allow the user to apply sophisti-

cated visualization techniques, such as shading, surface 

gradients, shadows (A), transparency and translucency 

(B), aerial perspective, and movement, to computer 

models. In engineering design visualization, new de-

signs are evaluated early in the design process. Com-

puter models are used to visualize the design, and fi nite 

Scientifi c Visualization

(A)

A mechanical design is modeled on a computer, then given 
surface properties, and then assigned light positions and 
intensities before rendering.

(Courtesy of SDRC, Inc. [Structural Dynamics Research Company.])

(B)

A mechanical assembly part is given translucent properties 
so the designer can visualize the interior properties.

(Courtesy of CADKEY, Inc.)

(C)

This is the computer model of a mechanical part that is being 
analyzed using computer graphics. Through the use of color, 
it is possible to visually determine areas of high stress.

(Photo courtesy of Algor, Inc.)

(D)

This computer model shows stress mapping on an artifi cial 
hip joint.

(Courtesy of Anderson Maciel and Sofi ane Sarni.)
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element models are used to visually analyze the effects 

of loads on a part (C), and the interference between 

parts. In medicine, computer graphics are used to visu-

alize and analyze complicated surgical procedures, to 

diagnose illness and injuries, and to aid in rebuilding 

human joints (D). In building construction, computer 

graphics can enhance the visualization of new buildings 

by creating still images and animated walkthroughs (E). 

Civil engineers and city planners use computer graphics 

to visualize new roads, before making fi nal design deci-

sions (F). Satellite images of the earth can be merged 

with computer data to analyze and visualize weather 

patterns, erosion, environmental impacts, and other ef-

fects (G). Scientifi c visualization is used for many appli-

cations to assist scientists, engineers, and laymen in the 

visualization of complicated structures, environments, 

and assemblies (H).

(E)

Animated walkthroughs can be created from the 3-D model 
to analyze the structure.

(Courtesy of Intergraph Corporation.)

(F)

This computer model shows how a proposed new road would 
cut a path through the countryside, allowing the planners 
to visualize the environmental impact of the proposed new 
road.

(Courtesy of Bentley Systems.)

(G)

Large amounts of data can be graphically represented to 
assist scientists in visualizing information about the earth.

(Courtesy of NOAA/GFDL.)

(H)

Computer graphics is a powerful tool used for visualization 
purposes.

(Courtesy of Newport News Shipbuilding.)
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158 PART 2  Fundamentals of Technical Graphics

an interval or range along a scale, with no natural zero 

point, the bars can fl oat (Figure 5.38). Though more dif-

fi cult for making comparisons of length, range bars are a 

useful tool for depicting the location of an interval. Men-

tally or physically drawing a reference line through the 

range bars at a specifi c dependent value permits compari-
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Figure 5.36

Bar graph
Bar graphs are often used when the independent variable is 
qualitative rather than quantitative. The bar mark represents 
the distance from some common origin value to the dependent 
variable value.
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Sample

Nitrogen (ppm)

Figure 5.37

Horizontal bar graph
Horizontal bar graphs are sometimes used as an alternative 
to standard bar graphs. Here, the independent and dependent 
variable axes are switched.

sons of the locations of various range bars. For example, 

using time as the dependent variable, the points at which 

various independent values turn “on” or “off” can be iden-

tifi ed and compared.

A number of techniques are used with bar graphs to 

group similar data together. If the independent variable 

has logical subgroups, spacing can be used to depict these 

groups. In Figure 5.39, separate data points represent each 

of three years within each category. Three grouped bars, 
each depicting one year, are used with a space between 

categories. Assuming the categories and subcategories of 

the independent variable are kept to a minimum, com-

1

2

3

4

5

–25 –20 –15 –10 –5 0 5 10 15 20 25
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Figure 5.38

Range bar graph
Range bar graphs do not have bars that are anchored at a 
common origin. These bar markers are used to encode interval 
(or range) data.
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Figure 5.39

Group bar graphs
Group bar graphs can be used to depict subcategories of a data 
variable.
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parisons can be made both between years in a single cat-

egory and between categories in a single year.

Sometimes, data values are a composite of a common 

group of subvalues. For example, in Figure 5.40, the over-

all weights of a series of models are divided into metal, 

plastic, and liquid components. Within a single prototype, 

comparisons are made of the relative weights of steel, 

plastic, and aluminum. In addition, comparisons of each 

of these subcategories are made between models. With 

this approach, the composite values (i.e., overall weights) 

of each group are easy to discern, but the lack of a com-

mon baseline for the subcategories makes absolute-value 

judgments diffi cult.
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Figure 5.40

Composite bar graphs
Composite bar graphs allow both individual subcategory val-
ues and an overall value to be represented by the length of a 
bar mark.

With both grouped and composite bars, the use of color 

or pattern coding to distinguish between the subcategories 

is recommended.

5.7.3 Visualizations for Two Independent Variables

It is common to have two independent variables that must 

be examined. The same techniques used to display one 

independent variable can be used to display two, if vari-

ous encoding marks are employed. Another option is to 

increase the number of geometric dimensions used to dis-

play the data. In both cases, perceptual abilities, such as 

color discrimination or depth perception, are important 

for visualizing the second independent variable.

Multiple Line Graphs  If the second independent variable 

has only a few discrete values, a multiple line graph can 

be used. The horizontal and vertical scales of the graph are 

used the same way as for only one independent variable. 

Each value of the second independent variable is repre-

sented as a separate line on the graph and each line must 

be coded, typically with either a color or a shape and a leg-

end to indicate the code-to-value mapping (Figure 5.41A). 

If there is suffi cient room, text labels pointing to the indi-

vidual lines can be used instead of the legend. The use of 

color versus shapes to code the second variable depends 

on how the graph is going to be displayed. Color reduces 

clutter and is less affected by being reduced or displayed 

at lower resolution. However, if the graph is to be photo-

copied in black and white, shape or line style coding is 

preferable (Figure 5.41B).
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Multiple line graphs, with color and shape coding
Multiple line graphs allow more than one independent variable level on a single graph. Each line mark represents a different level 
(value) of the independent variable.
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160 PART 2  Fundamentals of Technical Graphics

3-D Graphs and Plots  Two independent and one depen-

dent variable can be combined in a 3-D graph or plot. 

Two of the dimensional axes represent the independent 

variables, and the third axis (usually Z) represents the 

dependent variable (Figure 5.42). For every X, Y value 

representing an independent variable, a Z value maps a 

dependent variable.

Connecting point marks in a 2-D graph results in a line 

graph. With a 3-D plot, connecting the points results in a 

surface plot, which can be depicted in a number of ways. 

The simplest depiction is a mesh covering the surface (Fig-

ure 5.42A). Removing hidden lines helps in perceiving the 

3-D form, but may hide data points that are occluded (Fig-

ure 5.42B). Alternatively, the surface can be shaded. For 

example, the plot could simulate a light source falling on 

the object (Figure 5.42C). The shading value gradient over 

the surface would assist in perceiving the 3-D form, but 

may cause confusion; shading values could be mistaken 

for the coding of a data variable. A fourth approach is to 

shade the surface by varying the color according to the de-

pendent variable value (Figure 5.42D).

A 2-D option for a 3-D surface plot is a contour plot. 
A surface plot is sliced with a plane (Figure 5.43A). This 

XY plane represents a constant dependent variable value 

over all possible independent variable combinations. 

Next, a line is traced at the intersection between the plane 

and the surface. This contour line, or isoline (i.e., a line 

of constant value), represents the independent variable 

combinations that result in the dependent variable value 

(Figure 5.43B).

(C) (D)

(A) (B)

Figure 5.42

Examples of surface plots
Surface plots use a variety of visualization techniques to connect data points in 3-D space with a surface mark.

(© Wolfram Research, Inc. “A New Kind of Science” by Stephen Wolfram, www.wolframscience.com.)
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Typically, multiple contour lines are drawn on a contour 

plot to represent a uniform sampling of dependent variable 

values (Figure 5.43C). The horizontal and vertical scales 

represent independent variable values, and the contour 

lines show the mapping of constant dependent variable 

values. If the surface is thought of as a piece of terrain, the 

lines are like elevation contours on a terrain map.

Rarely will collected data points fall exactly on one of 

the contour lines, since the surface itself is the product of 

interpolating between the data points. The contour line 

represents an intersection with this interpolated surface, 

not actual collected data points. The denser and more reg-

ular the sampled data, the better will be the interpolation. 

Both contour and surface plots are most successful when 

data are sampled at regular intervals of both independent 

variables.

5.8 Virtual Reality and Visualization
Another way to enhance people’s ability to visualize 

a 3-D object or scene is to make their experience as 

realistic as possible. If the real object or scene is available 

to experience, then people are able to put all of their senses 

to work viewing, touching, hearing, and moving through 

the space. Many times, though, the real object is not avail-

able. Either the object does not yet exist (e.g., a new prod-

uct design) or is too expensive/dangerous (e.g., a fi ghter 

jet). Often when a real object is not available, CAD tools 

can be used to construct a virtual model of the object or 

scene. The goal is not only to make the model as realistic 

as possible but also to allow an enhanced interaction with 

the model that creates a virtual reality. This technology 

strives to create a sense of “being there,” as though it were 

a real experience. Section 3.9 provides a detailed overview 

of virtual reality techniques and technologies.

5.9 Visualization Uses
Visualization techniques such as the ones described 

in this chapter can be used in any technology or engi-

neering fi eld to assist in the solution of design problems. 

The following sections are a few examples of how visual-

ization techniques can be applied in specifi c professions. 

The examples show techniques that have been around for a 

long time, as well as some that are just coming into com-

mon use.

5.9.1 Mechanical Design

Many mechanical designs begin as collections of infor-

mal ideation sketches created by industrial designers or 

engineers (Figure 5.44). The sketches are used to visual-

ize larger, more complete designs that meet the design 

criteria. Once a direction has been chosen, 3-D modeling 

systems can be used to refi ne the form of the design. With 

the projection capabilities of a modeling system, views 

(B) (C)(A)

Figure 5.43

Contour plot
Contour plots are a method of visualizing data with two independent variable values in a 2-D plot. Each contour line (isoline) 
represents combinations of the two independent variables that give rise to a certain dependent variable value.

(© Wolfram Research, Inc. “A New Kind of Science” by Stephen Wolfram, www.wolframscience.com.)
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162 PART 2  Fundamentals of Technical Graphics

that show the design’s important features can be gener-

ated (Figure 5.45). Many 3-D modeling systems can inter-

act with software that precisely analyzes how a particular 

design will react under certain stresses (Figure 5.46). Color 

often plays a role in this analysis. Numeric data detail how 

Figure 5.44

Ideation sketches of a laptop computer

Figure 5.45

Pictorial projection of a laptop computer on a 3-D 
computer modeling system
(Courtesy of Turbo Squid.)

Figure 5.46

Color-coded output from an FEA of a mechanical design
(Photo courtesy of SDRC, Inc. (Structural Dynamics Research Company).)

a particular location on the design reacts to a load; color 

can be used to show this reaction visually and quickly.

At some point, physical models are needed for further 

analysis of the design (Figure 5.47). Sometimes such mod-

els are needed for ergonomic evaluations (e.g., the comfort 

of a car seat) or for troubleshooting to determine how the 

product is going to be assembled in the manufacturing 

plant. In the past, constructing physical models was often 

a laborious process. Now, however, for smaller objects, 

there are a number of rapid prototyping technologies that 

Figure 5.47

Physical mockups of the mechanical design
(Courtesy of Ford Motor Company.)
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take the specifi cations for a 3-D model directly from the 

computer modeling system and create a physical model. 

The ease with which these prototypes can be generated 

means that a physical model can be made readily avail-

able, to hold, turn, and otherwise manipulate, for a better 

understanding of its form (Figure 5.48). In addition, there 

are visual cues available in a true 3-D object that are dif-

fi cult or impossible to represent in a computer model. 

Section 3.4.1 provides more information on physical and 

rapid prototyping techniques and technologies.

5.9.2 Civil Projects

Professionals in the architectural/engineering/construc-

tion (AEC) industry are often involved with projects that 

measure in miles, rather than feet or inches. For example, 

designing a road interchange involves numerous design re-

quirements. The professionals must consider the require-

ments of the road, as well as the shape of the land. The fi -

nal interchange must fi t within the land boundaries, drain 

water properly, and have the desired confi gurations for the 

entrance and exit ramps.

The traditional method of designing such a project 

uses 2-D graphics. The plan view shows the interchange 

in a manner similar to that of a road map (Figure 5.49A).

Historically, this was the primary graphic used for such 

a design project. Training and experience were needed to 

be able to look at a drawing like this and visualize what 

the interchange would look like once built.

Communicating such a design to nonprofessionals is 

diffi cult since they may not have the visualization skills 

Figure 5.48

Objects made with a rapid prototyping system

necessary to properly interpret what they are seeing. Al-

though 2-D views are still valuable for making some de-

sign decisions, 3-D models reveal additional, essential 

information that makes the design decision process much 

more precise (Figure 5.49B). Perspective projections 

and surface shading to mimic the effect of the sun on the 

ground tap into basic perceptual abilities, making design 

visualization easier.

Even more information is obtained by viewing the 3-D 

model of the interchange as a dynamic sequence of im-

ages. By developing a series of views along a predefi ned 

path along the road, the modeler can create a drivethrough 

animation. This animation can simulate what it would be 

(A)

(B)

Figure 5.49

(A) Highway interchange 
(Courtesy of Washington State Department of Transportation.)

(B) 3-D computer model rendering of highway bridge
(Courtesy of 3DLasermapping.com.)
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164 PART 2  Fundamentals of Technical Graphics

like to walk or drive the road. The current generation of 

 computer hardware and software allows drivethroughs to 

be controlled interactively; designers can explore the de-

sign in real time, as though they were driving a car along 

the road.

5.9.3 Future Directions

The advanced visualization techniques described in the 

preceding sections are not limited just to the engineering 

professions. Researchers in the pharmaceutical indus-

try are using sophisticated computer systems to model 

molecules for new drugs (Figure 5.50). The sheer com-

plexity of potential molecules means that every visual-

ization technique available has been put to work. Visual-

izing such molecules is hampered by several factors. For 

instance, they are so small that no one has ever seen a 

molecule directly. You can only theorize indirectly what 

one might look like, or how it might react to the forces of 

other molecules nearby.

Visualizing molecular forces can be enhanced both 

through additional visual cues and engaging additional per-

ceptual modalities. Visual cues can be enhanced through 

virtual reality techniques, such as stereoscopic displays, 

Figure 5.50

Modeling molecules
A representation of a large molecule on a ball and stick com-
puter system provides tactile feedback. The control surfaces 
represent the dynamic forces between the atoms.

(Tom Palmer and Dave Bock at the North Carolina Supercomputing Center, a 

division of MCNC.)

motion tracking, and peripheral view fi lling. Similarly, 

haptic interfaces allow you to feel the molecular forces. 

 Auditory cues can provide tone changes that map to the 

 relative locations of molecules.

5.10 Summary
The mind uses many tools, working in concert, to inter-

pret the 3-D visual fi eld. The mind engages in constant 

problem solving in the interpretation process. Part of this 

problem-solving process is automatic. However, you can 

develop numerous techniques that will help. With a bet-

ter understanding of how the mind interprets what it re-

ceives, you can use conscious mental power to assist in 

this process. You can also learn to bring physical pro-

cesses into play. For example, you may be able to pick up 

an object and rotate it, to gain a better understanding of 

the object. More importantly, you may be able to create a 

sketch which will help you in the visual problem-solving 

process.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Why is visualization important in engineering and 

technical graphics? Is it useful in any other fi elds? Are 

you born with the ability to visualize, or is it learned?

 2. Explain the relationship between seeing real objects, 

seeing in the mind’s eye, and drawing on paper or 

with the computer.
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 3. What role do ideation sketches play in the de-

sign process? Do they use new or existing graphic 

information?

 4. What is the relationship between faces and edges in 

the visualization of an object?

 5. Do planar and curved surfaces reveal themselves 

differently on an object?

 6. Defi ne an image plane. How is it used in 

visualization?

 7. Describe the process of creating a projection on an 

image plane. How are the three axes of the image 

plane defi ned?

 8. How is an object oriented relative to the image plane 

to create the following:

  ■ A multiview.

  ■ An axonometric pictorial.

 9. What is the difference between a parallel and a per-

spective projection?

 10. When is a face foreshortened? When is a face seen 

in its true size and shape? Is a face ever represented 

as a single edge?

 11. Name three industrial applications of visualization. 

Name the specifi c techniques used and the percep-

tual cues they exploit.

 12. Give examples of nominal, ordinal, and scalar vari-

ables. Are these variables qualitative or quantitative?

 13. Look at the results of engineering analyses in journals 

or textbooks. What are the independent and depen-

dent variables? Can a dependent variable be the in-

dependent variable in another experiment, and vice 

versa?

 14. Give examples of at least three different line graphs. 

What are some of the different ways a second inde-

pendent variable can be coded in a line graph?

 15. Give examples of at least three different bar graphs. 

What are some of the different ways a second inde-

pendent variable can be coded in a bar graph? Is 

this the same in line graphs?
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 5.1 Gather real examples and/or magazine photographs 

of both single and multiple objects. The objects 

should vary in complexity of form. Some should 

have only simple planar features, while others 

should have curved, sculpted surfaces. Larger ob-

jects or scenes around school or home can simply be 

identifi ed. These objects, photographs, and scenes 

will be used in the rest of the problems in this chap-

ter. Some ideas are as follows:

  Motor vehicles.

  Farm equipment.

  Household appliances.

  Aircraft and nautical vessels.

  Computer equipment.

  Audiovisual equipment.

  Furniture.

  Lighting fi xtures.

  Sports and exercise equipment.

  Hand tools.

  Stationary and hand-held power tools.

 5.2 Using an image of a single, complex object, create 

a tracing, showing a single contour line around the 

object. Then, create another tracing and add two 

more contours outlining what you consider to be the 

two most important features on the object. Repeat 

the process until you have fi ve or six sketches, each 

time adding two or more contours to the sketch. At 

what point can you identify the object in the sketch 

without looking at the photograph?

 5.3 Using real scenes and images showing multiple 

items, or using objects created from the patterns 

on the end pages at the back of the book, create 

sketches using contour lines to identify the bound-

aries between the elements. First, use images and 

then real-world scenes or objects. Trace the contour 

lines, and then create more sketches of the same 

scenes drawing contour lines that divide the scenes 

into different groupings.

 5.4 Make two photocopies of each sketch created in 

Problem 5.3 and shade in:

  ■ The positive space (the objects in the scene).

  ■ The negative space (the background).

 5.5 Repeat Problem 5.3 and Problem 5.4, using CAD or 

other computer graphics software to draw the con-

tours and fi ll in the negative and positive spaces.

 5.6 Choose an image of a complex scene showing fa-

miliar objects and/or people and sketch it without 

tracing. Now, sketch the same scene with the im-

age upside down. Do not try to identify the objects 

in the photograph. Concentrate on the individual 

contours and their relationships to each other.

 5.7 Choose either four objects representing basic geo-

metric forms (e.g., a book, a rolling pin, a pencil, 

etc.), or primitive objects made from the patterns on 

the end pages at the back of the book. The lighter 

their color, the better. Place the objects in a strong 

light coming from behind you, over your shoulder 

(or equivalent).

a. Sketch the contours of the object.

b.  Shade the surfaces of the object to show the 

darkness as it appears.

c.  Move to a new location and sketch them again.

d. Move the light source to a new position.

e.  Repeat c and d, but this time imagine the move-

ment in your mind rather than actually moving 

the object. Create the sketches from what you 

imagine they would look like.

 5.8 Using the objects and setup from Problem 5.7, cre-

ate the following series of contour and shaded 

sketches:

a. Systematically move the object in 90-degree in-

crements about all three axes.

b. Systematically move the object in 5-degree in-

crements through 90 degrees.

c. Repeat a and b with a different object, but do 

the rotations in your mind.

d. Make photocopies of the 5-degree increment 

sketches. Pick one face of the object and shade it 

in all of the sketches. How does it change shape?

 5.9 Repeat Problem 5.8a through c, with two or three 

objects in the scene. Rotate the objects around a 

common imaginary axis. Try setting them on a lazy 

susan. Make photocopies of the 5-degree incre-

ments and darken in the contours that divide one 

object from another. Do their locations on the back-

ground stay the same in the different sketches?

 5.10 With the objects and setup from Problem 5.7, cre-

ate a series of shaded objects using various re-

peating patterns (textures). Vary the density of 

the pattern to vary the darkness. Do not show any 

P r o b l e m s
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contour lines. Some example patterns are shown in 

Figure 5.51.

 5.11 Look at an image of a multicolored object. Squint 

your eyes or view the photograph under dim light 

such that the color (hue) of the object washes out 

and only levels of gray are left. Sketch and shade 

the object in the image.

 5.12 Create a traditional fl ipbook animation. With a 

note pad bound at the top, draw a series of con-

tour line sketches on the bottom third of each page. 

Each sketch should vary slightly from the one on 

the preceding page, and fl ipping through all the 

sketches should create apparent movement of the 

object.

The frames of the animation can also be created 

on a CAD program. Use a uniformly sized border 

around each frame of the animation and try to fi t 

four to six frames on each sheet of paper. Start-

ing with simple objects (e.g., a cube), create anima-

tions of the object:

a. Translating along one axis.

b. Translating along two axes in sequence.

c. Translating along two axes simultaneously.

d. Rotating about one axis.

e. Rotating about two axes in sequence.

f. Rotating about two axes simultaneously.

g. Rotating and translating in sequence.

h. Rotating and translating simultaneously.

 5.13 Create a stereo pair of an object using a 3-D model-

ing system. Conduct research to determine the dif-

ference between what the two eyes see.

 5.14 Choose two images showing very different-looking 

objects. Create contour sketches of both objects by 

tracing over them. Now create fi ve more sketches 

that slowly transform one object into the other. 

Tracing paper may be useful for some parts of the 

drawing. This process is commonly referred to as 

morphing.

Figure 5.51

Some example patterns to be used in Problem 5.10
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 5.15 Figures 5.52 through 5.54. Match objects with tar-

get shapes.

17 18 19 20

1 2 3 4

5 6 7 8 9 10

11 12 13 14 15 16

TARGET

A. B.

 SHAPES

Figure 5.52

Match objects with target shapes
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Figure 5.53

Match objects with target shapes
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Figure 5.54

Write the letter p or q in the square near the rotated letter

170
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 5.16 Figures 5.55 through 5.57. In the table, match the 

given surface letter from the pictorial drawing with 

the corresponding surface number from the multi-

view drawing for each view.

(A)

(B)

F

L

D

B

J

G

K

M

C

I H

A

E

SideSurface Top Front

A
B
C
D
E
F
G
H
I
J
K

L
M

28

37
34

12

13

15

14
16

17

5

4 3

6

2 1
27 26

25

20

21

19

18

22

23

24

36

38
7
9

10

811
31

29
39

33
32

30

35

SideSurface Top Front

A
B
C
D
E
F
G
H
I
J
K

D

B

I

F

K

H

E

J C

A

G

1

2 3

4

5

8

6

7

11

10

9

20

19
1812 13

14

15

27

16

17

22

21
25

26

24

23

31
29

28
32 33

30

Figure 5.55
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(B)
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8
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E
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Figure 5.56
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 5.17 Figures 5.58A through E. In this exercise, a devel-

opment (unfolded) is to be matched to one of fi ve 

three-dimensional objects. The development shows 

the inside surfaces of a three-dimensional object 

with the shaded portion being the bottom surface.

 5.18 Figures 5.59A through E. In this exercise, the fi g-

ure in the top line is rotated into a new position. The 

fi gure in the second line will be rotated exactly the 

same way as the fi gure in the top line. Match the fi g-

ure in the bottom line that shows the second fi gure 

rotated to the corresponding rotation as the rotation 

of the fi gure in line one.

(A)

(B)

SideSurface Top Front

A
B
C
D
E
F
G
H
I
J
K

B

J

E
D I

F

G

C

H

K

A

1

4 3
2

10

8
6

97

5

11

20

32

12

13

14
15

16

18

22

17

2119
29

25
24

23

27

30

3128

33
26

SideSurface Top Front

A
B
C
D
E
F
G
H
I
J
K

B

E

A

H

C

D

G

F

I
K

J

116

9

4

2

1

3
8

5
10

7

12

13

14

15
16

1720

18

19

21

22
23

28

30

29

3331

32

26

2425

27

Figure 5.57
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(B)
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54

(C)

1 2 3
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(D)

1 2 3

54

1 2 3 4 5

(E)

Figure 5.58
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Figure 5.59
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 5.19 Figures 5.60A through E. In this exercise, the dot 

represents your position in relation to the object in 

a glass box. Match the correct view of the object to 

one of the alternative views.

 5.20 Object feature identifi cation. In Figure 5.61, iden-

tify the feature on the object as either an edge (E), 

face (F), vertex (V), or limiting element (L) in the 

space provided.

(C)

1 2 3

4 5
(B)

1 2 3

4 5
(A)

1 2 3

4 5

(D)

1 2 3

4 5
(E)

1 2 3

4 5

Figure 5.60
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Figure 5.61
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 5.21 Figure 5.62. Which two drawings of the four on the 

right show the same object as the one on the left?

1.

2.

3.

4.

5.

Figure 5.62

ber28376_ch05.indd   178ber28376_ch05.indd   178 1/2/08   2:57:06 PM1/2/08   2:57:06 PM



  CHAPTER 5  Design Visualization 179

 5.22 Figure 5.63. Each problem consists of an object that 

has been cut by a plane. You must visualize then 

sketch what the shape of the surface would be if cut 

by the plane.

A B C D

Figure 5.63
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 5.23 Figure 5.64. Each problem consists of a square 

piece of paper that is folded a number of times be-

fore a hole is drilled through it. You must visualize 

then sketch the unfolded square piece of paper with 

the resulting holes.

A B C D E

Figure 5.64
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 5.24 Figure 5.65. If the two pieces on the right were fi t-

ted together, what would the resulting fi gure look 

like? You must visualize then select from the pos-

sible answers on the left what the shape would look 

like after being fi tted together.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

A

B

C

D

KEY

A B C D

  

Figure 5.65
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 5.25 Sketch a refl ection of the object on isometric grid 

paper as if plane M was a mirror (Figures 5.66 to 

5.71).

M

Figure 5.66

M

Figure 5.67

M

Figure 5.68

M

Figure 5.69

M

Figure 5.70

M

Figure 5.71
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General Instructions for Problems 5.26 
through 5.42
Using the tables of data, graph or plot the data, using the 

specifi ed visualization method. In some cases, more than 

one method may be appropriate. Unless otherwise speci-

fi ed, the fi rst column is an independent variable to be 

mapped on the horizontal axis, and the other columns are 

dependent variables to be mapped on the vertical axis. 

The visualizations may be created by hand, computer, or a 

combination of the two.

Problems 5.26 through 5.27  Create scatter plots of the 

data supplied in the tables. For each of the plots, 

estimate a linear regression line that best describes 

the trend of the data.

 Temperature (°F) Pressure (psi)

 290 46

 295 58

 300 63

 305 74

 310 80

 315 88

 320 93

 325 94

 330 102

 335 110

 340 127

 345 129

 350 148

 355 156

 360 166

Steam Boiler PressuresTable for Problem 5.26

 Temperature (°F) Pressure 1 (psi) Pressure 2 (psi) Pressure 3 (psi) Pressure 4 (psi)

 290 22 72 35 64

 295 43 80 54 73

 300 58 84 70 78

 305 62 88 85 99

 310 74 95 91 92

 315 76 110 97 100

 320 87 113 99 104

 325 88 119 107 100

 330 95 112 103 108

 335 103 130 117 116

 340 143 125 124 128

 345 111 146 130 123

 350 126 148 136 139

 355 134 149 148 145

 360 140 157 153 147

Steam Boiler Pressure: Four Heating CyclesTable for Problem 5.27

ber28376_ch05.indd   183ber28376_ch05.indd   183 1/2/08   2:57:07 PM1/2/08   2:57:07 PM



184 PART 2  Fundamentals of Technical Graphics

Problems 5.28 through 5.30  Create single line graphs 

of the data supplied in the tables. The data can also 

be represented as bar graphs.

Problems 5.31 through 5.33  Create single bar graphs 

of the data supplied in the tables. The data can also 

be represented as line graphs.

 Size (AWG) Resistance (Ohms/1000 ft @ 25ºC)

 18 6.23

 16 3.99

 14 2.48

 12 1.60

 10 1.12

 8 0.644

 6 0.404

 5 0.322

 4 0.267

 3 0.209

 2 0.166

 1 0.128

 0 0.100

Copper Wire ResistanceTable for Problem 5.28

 Crank Angle (deg) Torque (Newton-meters)

 0–90 72

 90–180 �49

 180–270 98

 270–360 102

 360–450 �80

 450–540 48

 540–630 �110

 630–720 63

Torque Output of a Single 
Cylinder Engine

Table for Problem 5.29

 Cam Angle (deg) Lift (in)

 0 0

 30 0.11

 60 0.39

 90 0.78

 120 1.17

 150 1.45

 180 1.53

 210 1.48

 240 1.40

 270 1.28

 300 0.88

 330 0.33

 360 0

Disk Cam DesignTable for Problem 5.30

 Material lb/ft3

 Brick 120

 Concrete 142

 Copper 556

 Granite 166

 Lead 710

 Porcelain 151

 Steel 482

 Tar 63

 Wood, pine 32

Weight of MaterialsTable for Problem 5.32

 Substance BTU/lb

 Acetylene 21390

 Alcohol, methyl 9560

 Benzine 18140

 Charcoal, wood 13440

 Coal, bituminous 12780

 Gasoline 21350

 Kerosene 19930

 Hardwood 6980

Heat of Combustion of 
Fuel Sources

Table for Problem 5.33

 Brand Retail Cost (U.S. dollars)

 A 210

 B 199

 C 187

 D 340

 E 230

 F 280

Pricing of Wireless Access 
Points

Table for Problem 5.31

ber28376_ch05.indd   184ber28376_ch05.indd   184 1/2/08   2:57:07 PM1/2/08   2:57:07 PM



  CHAPTER 5  Design Visualization 185

Problems 5.34 through 5.35  Create multiple line 

graphs of the data supplied in the tables. Each col-

umn in the table represents a separate value of a 

second independent variable. The data can also be 

represented as multiple bar graphs.

Problems 5.36 through 5.37  Create multiple bar graphs 

of the data supplied in the tables. Each column in 

the table represents a separate value of a second 

independent variable. In a second graph, instead of 

laying out the bars side-by-side, make composite 

bars containing all the levels of the second inde-

pendent variable. The data can also be represented 

as multiple line graphs.

Problems 5.38 through 5.39  Create time series analy-

ses of the data supplied in the tables. In the layout 

of the analyses, use range bars in which the time 

segments are mapped on the horizontal axis and 

the independent variable is on the vertical axis.

 Velocity (ft/sec)

 Diameter (in) 0.5 2 6

  1 0.0378 0.0318 0.0267

  3 0.0345 0.029 0.0244

  6 0.0311 0.0266 0.0233

  9 0.0299 0.0248 0.0218

 12 0.0270 0.0231 0.0206

 18 0.0239 0.0210 0.0195

Calculated Friction Factor of 
Smooth Cast Iron Pipe

Table for Problem 5.34

 Plant

 Year A B C D

 2000 120 124 118 130

 2001 119 120 115 121

 2002 119 118 116 112

 2003 117 116 110 108

 2004 115 112 105 106

 2005 114 109 100 104

Cost of Production (U.S. Dollars) 
per Unit for LCD Monitors

Table for Problem 5.35

 Material

Year Copper Plastic Resin Mild Steel

1999 1.30 0.82 1.89

2000 1.25 0.88 1.79

2001 1.21 0.90 1.71

2002 1.24 0.91 1.66

2003 1.28 0.89 1.81

Raw Material Costs (German 
Deutsche Marks) per Unit

Table for Problem 5.36

 Operation

 Assembly  Install  Attach  Drive  Place
 Line Harness Clips Fasteners Cover

Line A 3.2 2.9 5.3 6.8

Line B 3.0 3.1 5.0 7.1

Line C 3.5 4.0 6.3 6.9

Line D 2.9 2.7 5.1 6.0

Line E 4.1 3.6 6.9 8.1

Average Assembly Operation 
Time (sec) per Unit

Table for Problem 5.37

Operation Time Begin Time End

Acknowledge startup horn 0.0 0.2

Monitor low power scale 0.2 5.6

Unlock control rods 0.4 0.6

Lower control rods 0.6 8.0

Switch to high-power scale 5.6 5.8

Monitor high-power scale 4.8 8.4

Lock control rods 8.0 8.2

Set auto control 8.2 8.4

Control Panel Operation 
Sequence (Decimal Min)

Table for Problem 5.38
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Problems 5.40 through 5.41  The data supplied in the 

tables do not plot well on standard linear scales. De-

cide whether a line or bar graph is more appropriate 

for the data, and create the following plots:

  ■ Standard linear scale plot

  ■ Semi-log plot

  ■ Log-log plot

  ■ Linear scale plot with scale breaks

  What are the problems with the standard linear 

scale plots? Which alternative plotting method best 

corrects the problems of the standard layout?

Problem 5.42  Create a histogram using the following in-

structions. Open a phone book to any page. Look 

at the last two digits of 30 different phone num-

bers, and count the number of two-digit pairs that 

fall between 0 and 9, 10 and 19, 20 and 29, etc. 

Plot the results, with the ranges on the horizontal 

axis and the count on the vertical axis. Is there a 

uniform count between ranges? Count 30 more 

numbers. Is the distribution becoming more or 

less uniform? Repeat the above process with the 

fi rst two digits of the phone numbers. Is the dis-

tribution more or less uniform? Why?

Operation Begin End Begin End Begin End

Tool load 0 4.2 45.6 50.1 65.5 68.9

Coolant 4 9.8 10.6 42 49.9 64.5

Trim end 4.2 10.8 — — — —

Rough pass 10.8 21.2 — — — —

Finish pass 21.2 43 — — — —

Chamfer corner 43 45.6 — — — —

End bore 50.1 65.5 — — — —

Machining Operation Sequence (sec)Table for Problem 5.39

  Unit Elongation
 Unit Stresses (psi) (change in length/length)

 10,000 0.0003

 15,000 0.0013

 20,000 0.0022

 25,000 0.0034

 30,000 0.0045

 35,000 0.0158

 40,000 0.0203

 45,000 0.0381

 50,000 0.0508

 55,000 0.0792

 60,000 0.1284

Deformation Test of Medium 
Steel

Table for Problem 5.40

 Substance Melting Point (°C)

 Acetylene �81.3

 Aluminum 659.7

 Carbon dioxide �57.0

 Magnesium 651.0

 Mercury �38.9

 Radon �110.0

 Silver 960.5

 Sodium chloride 772.0

 Zinc 419.0

Melting PointsTable for Problem 5.41
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Chapter Six

Technical 
Drawing 
Tools

Objectives
After completing this chapter, you will be 
able to:

 1. Identify the important parts of a 

CAD system used to create technical 

drawings.

 2. Defi ne the important terms related to 

CAD systems.

 3. Identify the important traditional 

tools used to create technical 

drawings.

 4. Defi ne the important terms related to 

traditional tools.

 5. Use traditional tools and CAD to draw 

lines, circles, arcs, and curves.

 6. Use scales, dividers, and CAD to 

measure and scale drawings.

 7. Identify standard metric, U.S., and 

architectural drawing sheet sizes.

 8. Identify standard pencil grades, and 

identify those most commonly used 

for technical drawings.

 9. Identify the types and thicknesses of 

the various lines in the alphabet of 

lines.

 10. Use traditional tools and CAD to 

erase parts of a drawing.

We graphicists choreograph colored dots 

on a glass bottle so as to fool the eye and 

mind into seeing desktops, spacecrafts, 

molecules, and worlds that are not . . .

—Frederick Brooks

C
hapter Six
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Introduction
Technical drawings are created using a variety of instru-

ments, ranging from traditional tools, such as pencils, 

compass, and triangles, to the computer. Drawing tools 

are used to make accurate and legible drawings and mod-

els. Traditional drawing instruments are still important, 

especially for sketching; today, however, the computer 

can be used for most drawing and modeling requirements. 

This chapter is an introduction to computer-aided design/

drafting (CAD) systems, including the related hardware, 

software, and peripheral devices, and the traditional 

equipment normally used by engineers and technologists 

to create technical drawings and models.

6.1 Technical Drawing Tools
Just as the graphics language has evolved over the years 

into a sophisticated set of standards and conventions, so 

have the tools used to graphically communicate technical 

ideas. Tools are used to produce three basic types of draw-

ings: freehand sketches, instrument drawings, and com-

puter drawings and models. The tools have evolved from 

pencils, triangles, scales, and compasses to computer-
aided design/drafting (CAD) systems. CAD is computer 

software and related computer hardware that supplements 

or replaces traditional hand tools in creating models and 

technical drawings (Figure 6.1).

6.2 Computer-Aided Drawing Tools
Traditional tools will continue to be useful for sketching 

and rough layout work; however, CAD software can cre-

ate virtually any type of technical drawing. Circle com-

mands replace the compass, line commands replace the 

T-square and triangles, and editing commands replace the 

dividers and erasing shield.

A CAD system consists of hardware devices used in 

combination with specifi c software, as shown schemati-

cally in Figure 6.2. The hardware for a CAD system 

consists of the physical devices used to support the CAD 

software. There are many different hardware manufactur-

ers and types of hardware devices, all of which are used to 

create, store, or output technical drawings and models. 

6.2.1 The Central Processing Unit (CPU)

The central processing unit (CPU) is the hardware device 

that runs the computer programs and controls the various 

attached input and output devices. Figure 6.3 shows a CPU 

Figure 6.1

CAD workstations
Typical CAD workstations used in industry have large color 
monitors. The CPU itself is housed in the rectangular box 
located below or on the side of the monitor, or on the fl oor. 

(Courtesy of Core Microsystems.)

Figure 6.2

Schematic representation of CAD hardware
Components of a CAD system include input, output, and 
storage devices attached to a CPU, as well as the CAD 
software.

Input
Devices

CAD
Software

Memory
Devices

Output
Devices

CPU
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circuit board, called a motherboard, which is housed in a 

rectangular box to protect the circuitry and facilitate con-

nection of the other devices. CPUs are generally classifi ed 

by the type of microprocessor chip upon which they are 

based. For example, IBM, Apple, Hewlett-Packard, and 

Sun are well-known manufacturers of computer systems. 

The power of a CPU is based on its clock speed, which 

is the rate at which it performs functions. The clock speed 

is expressed in megahertz (MHz); the higher the clock 

speed, the more capable the CPU. Other measurements 

used to rate CPUs include millions of instructions per 

second (MIPS) and system performance evaluation coop-

erative (SPEC) marks. For graphics workstations, the ef-

fi ciency of displaying graphics on screen is measured in 

the number of lines drawn per second and the number of 

smoothly shaded polygons displayed per second.

6.2.2 Computer Operating System

Every computer uses an operating system, which is a soft-

ware program that controls the internal operations of the 

computer, such as the memory, storage drives, input and 

output devices, and data transmission circuitry. Software 

comprises the written and coded instructions that govern 

the operation of the computer and the functions it per-

forms. Both CAD and the operating system are examples 

of software.

The operating system is the software interface between 

the user and the CPU. Many operating systems employ 

graphics, such as icons, to represent various functions. For 

example, a trash can might be used to delete fi les. Com-

mon operating systems used with CAD are Microsoft Win-

dows, UNIX, and LINUX. Figure 6.4 is the screen display 

of a computer using the Windows operating system.

6.2.3 Display Devices

There is a wide range of display devices, or monitors, avail-

able for computers. A display device is a type of output 

device, that is, a device through which information fl ows 

from the computer “out” to the user.

Display devices are classifi ed by their type, resolution, 

size, and color capabilities. Monitor sizes range from 9 to 

25 inches, measured diagonally. There are two types: vec-

tor and raster. A vector device locates the endpoints of a 

line and then draws the line by electronically charging a 

continuous stream of phosphors on the screen. A raster 
device, which is the most common, creates an image by 

electronically charging individual points called pixels, 

which are arranged in horizontal rows. The resolution is 

expressed in terms of the number of pixels horizontally 

by the number of pixels vertically, such as 1024 � 768, 

or 1280 � 1024. The more pixels there are on the screen, 

the higher the resolution, and the higher the resolution, 

Figure 6.4

The display screen of a computer running the Windows 
operating system
This type of computer interface is called a graphical user inter-
face (GUI). Notice how icons are used. For example, to delete 
a fi le, place it in the “recycle bin” located on the left side of 
the screen.

Figure 6.3

Main computer circuit board
The main circuit board, called a motherboard, contains 
electronic circuits and components, such as the CPU, RAM 
memory slots, and expansion slots. 

(Courtesy of Sun Microsystems Computer Corporation.)
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the greater the expense, memory, and processing power 

required. As for color capabilities, more advanced moni-

tors can display millions of colors.

In a CAD system, the display device can be thought 

of as the drawing paper or medium upon which technical 

drawings and models are produced. Figure 6.5 shows a 

screen from a CAD program. The CAD software com-

mands are located on the left side of the screen. Move-

ment of a screen cursor is controlled by an input device, 

such as a keyboard, tablet, or a mouse, through which in-

formation fl ows from the user “in” to the computer. The 

cursor is used to select a command by moving the cursor 

to that command on the screen and highlighting it.

6.2.4 Input Devices

Input devices are used to interact with software programs, 

including CAD. The computer keyboard is one type of 

input device and is used to enter alphanumeric data. Other 

input devices include the mouse, tablet, and scanner. 

These devices and their application to CAD systems are 

described in the following sections, as are some very spe-

cialized devices developed specifi cally for CAD use.

Tablets  A tablet is an input device used to control cursor 

movement and select menu items (Figure 6.6). For a CAD 

program, the tablet is covered with a thin plastic overlay 

that contains the menu options. Attached to the tablet is 

the cursor control device, which may be a puck or a stylus. 

A puck has a set of crosshairs, and a menu item is selected 

by moving the crosshairs over that item and pressing one 

of the buttons located on the surface of the puck. A stylus 

is a penlike device that has a button near the tip, and the 

button is pressed to make a menu selection. Specialized 

tablets, called digitizers, are used to convert a drawing 

created with traditional tools to a CAD drawing by using 

the puck or stylus to locate the endpoints of lines, the cen-

ters and diameters of circles, and the appropriate elements 

of other entities.

Scanners  A scanner is an input device used for convert-

ing a paper drawing created with traditional tools to a 

CAD drawing. The drawing paper is placed on the scan-

ner, which converts the vector image (the drawing) into a 

raster image (lines made of pixels). Software then changes 

the geometry and text into a vector computer fi le that can 

be edited by the CAD program, to create a CAD drawing. 

Figure 6.7 describes how a scanner works.

Keyboard  The keyboard is a device used to input alpha-

numeric data and to make CAD menu selections. Use of a 

keyboard for menu selection varies with the type of CAD 

software, as some programs are more keyboard dependent 

than others. It is also possible to control cursor movement 

with the arrow keys on a keyboard, although this is more 

cumbersome than other methods.

Figure 6.5

CAD display
The screen display of a CAD program has a menu area and 
an area for drawing.

(Certain images, and materials contained in this publication were reproduced 

with the permission of Autodesk, Inc. © 2005-2007. All rights reserved.)

Figure 6.6

Tablets
Tablets are input devices used to interact with the CAD 
software. 

(Courtesy of Wacom.)
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Mouse  The mouse is an input device used to control cur-

sor movement and to make menu selections. A mouse can 

be mechanical, optical, or infrared. A mechanical mouse 

has a small ball that rolls across a surface. This rolling 

motion controls small mechanical wheels that convert the 

motion into electrical signals. An optical mouse uses a 

tiny source of light emitted from the bottom to locate its 

position on a refl ective surface. An infrared mouse uses 

an infrared signal, sent to the computer through the air, 

to track its relative location. This mouse is not physically 

attached to the computer, as is a mechanical or optical 

mouse (Figure 6.8).

Drawing a Line Using a Mouse
Step 1. To draw a line using a mouse, select the appropri-

ate command, such as LINE, from the on-screen menu 

by using the mouse to move the screen cursor over the 

command to highlight it.

Step 2. While the command is highlighted, press the but-

ton located on the top left of the mouse to select the LINE 

command.

Step 3. With the mouse, move the cursor to the starting 

point on the screen, and then press the same mouse 

button.

Step 4. With the mouse, move the cursor to the location for 

the endpoint of the line, and then press the same mouse 

button.

The mouse can be thought of as the replacement for the pen-

cil when creating technical drawings and models.

Other Input Devices  There are many other, less com-

mon input devices that are available for CAD, includ-

ing joysticks, trackballs, mice for 3-D cursor movement 

The image to be scanned 
is placed face down on the 
glass window.  The 
scanning mechanism 
exposes the image to light 
with white or blank spaces 
reflecting more light than 
ink or colored areas.

The digital information is sent to
the computer for  storage or further processing.

An analog-to-digital (A-D) converter stores each analog 
voltage reading as a digital pixel.  A color scanner must 
make three passes under the image with the light 
directed through a red, green, then blue filter.

A lens focuses the beams of light 
onto light-sensitive diodes that 
convert the amount of light into 
electrical current.

The reflected light from the 
image is reflected through a 
system of mirrors that are 
continually pivoting to keep 
the light beams aligned with 
a lens.

The scan head moves 
beneath the glass capturing 
reflected light.

1

2

3

4

56

Figure 6.7

How a fl atbed scanner works

Figure 6.8

Infrared mouse
An infrared mouse uses an electronic signal to locate its 
position on the screen.

(Courtesy of Logitech.) 
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(Figure 6.9), programmed function boards, voice recog-

nition devices, dials, and others. Many of these are only 

used by a particular CAD program to perform some spe-

cialized function. A modem is an electronic input/output 

device used to send and receive data via telephone lines.

6.2.5 Output Devices

The output devices used to make hard copies of the draw-

ings created on screen are categorized as printers, plot-

ters, or fi lm recorders. These devices can be used to make 

Thrill Builder

Slowly the car inches up the im-

probable incline, defying grav-

ity, and propelled by unseen forces. 

As the roller coaster car gets to the 

crest of the hill and peers over the 

top at the twisted tracks and loop-

the-loops that lie just ahead, you try 

to convince yourself that the person 

who designed this cruel contraption 

knows what he is doing.

Relax: he does.

Kent Seko originally wanted to be 

an architect. He rode roller coasters 

as a kid, but never thought about de-

signing them until years later, when 

a friend who worked at Arrow Dy-

namics, Inc., a roller coaster design 

fi rm, talked him into applying for a 

job. Soon Seko joined Arrow Dynam-

ics at the entry level, in the drafting 

department.

Seko has worked his way from 

drafter to conceptual designer over 

the 12 years he has been with Arrow 

Dynamics. The primary designer has 

been a good mentor, working with 

Seko on his fi rst few design jobs. The 

two now make up the conceptual de-

sign team.

With Seko’s help, in 1989 Arrow 

designed and built the world’s fi rst 

Dream High Tech Job

200-foot tall roller coaster the Mag-

num XL-200 at Cedar Point. The 

Magnum was the worlds fi rst “hyper-

coaster.” In 1994, Arrow designed 

and produced two more hyper-

coasters—the Pepsi Max Big One 

at Blackpool Pleasure Beach, and 

the 80+ mph Desperado at Buffalo 

Bill’s Resort and Casino. Also with 

Seko’s help, in 1998 Arrow entered 

the Mouse ride market with its debut 

of the Mad Mouse at Myrtle Beach 

Pavilion and Amusement Park. He 

also worked on the Viper at Six Flags 

Magic Mountain, the tallest looping 

coaster in the world reaching a lofty 

188 feet into the Californian sky.

It takes both design and engineer-

ing to develop a thrill ride. Arrow Dy-

namics, a company of less than 30 

people, employs electrical engineers, 

mechanical engineers, drafting engi-

neers, and structural designers.

There aren’t many roller coaster 

designers (there are about 100 roller 

coaster design companies in the 

© Eurostyle Graphics/Alamy
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quick, rough check plots, production plots, presentation 

plots, or a combination of these.

Printers/Plotters  A printer is an output device that cre-

ates characters, numbers, and graphics on paper. Printers 

are used with CAD to create check prints. A check print 
is a low-quality hard copy made at high speed. Examples 

of printers include inkjet, thermal, and laser printers (Fig-

ure 6.10).

Inkjet Printers/Plotters  Inkjet printers use narrow noz-

zles to spray ink onto the paper (Figure 6.10). The tech-

nology uses special paper and ink cartridges to produce 

color output. Inkjet printers are fast and can be used for 

U.S.), and there is no special school. 

But Seko said, “It’s a great business 

to be in. It really gets in your blood.”

Designing for the landscape

Roller coasters are usually cus-

tom made. A park orders a new 

ride for the coming year, describing 

the desired features and the bud-

get. Seko and the design director 

then develop a proposal for the park 

covering cost, design features, and 

environment.

Designers can be creative about 

all sorts of aspects of the job. A ride 

can be basic, suspended, looping, 

or straight; it can be a water log ride; 

it can be death-defyingly tall or just 

medium tall. The surrounding land-

scape, and the available plot, strongly 

infl uence the design decisions. There 

may be a great view, or no view, or 

hills to work with. The ride could be 

long or short. The capacity of the ride 

is another concern: the park views 

it as how many passengers the ride 

can handle at a time, while the de-

signer sees it as how many cars to 

build, and how much weight to ac-

count for.

Seko has been asked from time to 

time to design rides that can snake 

through the park’s existing, surround-

ing rides.

If the park says yes to the pro-

posal, the engineering designers set 

to work on the ride, building the track, 

structure, stations, and controls. The 

designs then get sent to the fabrica-

tions, or manufacturing department, 

which builds the machine. They then 

ship it off to the park.

Arrow Dynamics usually likes to 

have a year to build a ride, but on oc-

casion has completed projects in just 

eight months. The more complicated 

the designs, the longer the ride takes 

to build.

One of the company’s most recent 

innovations is the ArrowBatic, which 

Seko describes as an “inverted 

Mouse Ride,” meaning an alteration 

of Arrow Dynamics’ Mad Mouse, pic-

tured at www.arrowdynamics.com. 

The ArrowBatic has loops and cork-

screws, as well as a heart-stopping 

vertical drop. The ride uses a single 

vehicle, instead of a train, which al-

lows it to maneuver in small areas.

Future ideas are top-secret, but 

Seko is excited and hopeful about 

upcoming plans. “Everybody’s go-

ing higher and taller,” he said. “The 

310-foot height barrier was recently 

broken, so there’s a little height war 

going on right now.” Arrow Dynam-

ics was responsible for the 200-foot 

record at Cedar Point with The Mag-

num in 1988. The Magnum is still 

rated seventh on rollercoaster.com’s 

top-ten coaster list.

The job that takes you for a ride

Seko said there are a few Arrow 

Dynamics employees who won’t 

ride the rides they develop, but Seko 

hops into a roller coaster car when-

ever possible. As designer, he gets to 

enjoy a special perk. After fi nishing 

a job, Seko sometimes gets invited 

to meet the people he’s worked with 

from the amusement park. He then 

gets the honor of “bucking the line” 

to take his ride for free.

—Leslie Tebbe, Salary.com 

Contributor

From “Dream Job: Roller Coaster Designer,” by 

Leslie Tebbe. Reprinted with permission from 

Salary.com.
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color shading, renderings, and solid fi lled output. Desk-

top inkjet printers are measured by the pages per minute 

(ppm) that can be printed, and the resolution, expressed 

as dots per inch (dpi). A typical color inkjet printer will 

print 16 ppm with a resolution of 1200 dpi.

Laser Printers  Laser printers use a laser beam to re-

cord an image in the form of tiny dots on a light sensi-

tive drum. The image is then transferred to paper using 

a special toner (Figure 6.11). Laser printers are measured 

by speed in ppm and resolution in dpi. Laser printers 

today can produce images at the rate of 20 ppm or more, 

black and white or color, with a resolution of 1200 dpi 

or more.

6.2.6 Storage Devices and Media

A storage device is used to store information on a specifi c 

medium and retrieve that information as needed. After a 

CAD drawing is created, it must be electronically stored 

on some type of storage medium. Storage media com-

monly used for CAD drawings are removable disks, hard 

disks, and streaming tape. Storage devices are combina-

tion input/output (I/O) devices, and are grouped into fi ve 

categories:

 1. External disk drives and USB fl ash drives (Fig-

ure 6.12).

 2. Fixed hard disk drives.

 3. Tape drives, which use tape cartridges.

Figure 6.9

3-D cursor control
This type of mouse is used to control 3-D cursor movements. 

(Courtesy of 3D Connexion.) 

Figure 6.10

Inkjet plotters
D- and E-size inkjet plotters spray ink onto paper, using nar-
row nozzles, to create colored plots of CAD drawings. 

(Copyright 2008 Hewlett-Packard Development Company, L.P. Reproduced 

with Permission.)

Figure 6.11

Laser printers
Laser printers are small-format output devices used for text 
and graphics. 

(Courtesy of Hewlett-Packard.)
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 4. Optical storage drives, such as CD and DVD.

 5. Network attached storage (NAS) (Figure 6.13).

The 31⁄2-inch removable disks have data storage capaci-

ties up to 250 MB. Fixed hard disk drives are peripheral 

devices that are usually installed in the computer cabinet 

and have much higher storage capacities than removable 

disks. Storage in hard disks is measured in gigabytes (GB). 

A gigabyte is 1000 megabytes (MB). Large removable 

storage devices have a removable cartridge, which can be 

changed to add new capacity, or can be transported to an-

other computer. Fixed and removable drives are measured 

by storage capacity; access speed or seek time, measured 

in milliseconds (ms); and data transfer rates, measured in 

millions of bits per second (MBPS). Storage in NAS de-

vices can be in terabytes (TB) which is 1000 GB.

 

Historical Highlight
Archimedes

Archimedes was a very talented scientist; some say he was 

the greatest scientist of the ancient world. Not much is known 

about this great thinker because he did not record much of 

his work, and even what he did record has been mostly lost. 

Most knowledge about him is based upon stories and myths 

that have been passed around for centuries.

It is rather appropriate that Archimedes is probably best 

known for his famous statement: “Give me a place to stand 

and I’ll move the world.” He may not have been able to move 

the world, but he did move some very large objects, such 

as boats and huge rocks. This superhuman ability came not 

from physical strength, but from an unprecedented knowl-

edge of mechanics. Archimedes used this knowledge to de-

sign a number of tools and war machines. The best-known 

ones are the Archimedes screw, a drum with screw-like par-

titions used to carry water up large distances (see fi gure), 

and catapults with adjustable ranges.

Archimedes probably designed many other tools as well, 

but the knowledge of them has been lost because he prob-

ably did not think tool designs were important enough to be 

drawn out. He chose to record work that was more theoreti-

cal in nature, such as his search for an accurate value for 

pi (which he did fi nd). Chances are that the more practical 

designs were worked out on trays of sand and never were 

 recorded permanently. Legend has it, in fact, that he was 

tracing a design in sand when he was killed by a Roman sol-

dier. The practical designs by Archimedes that we do know 

about are only known through other peoples’ stories and 

drawings.
SOURCE: Ipsen, D. C. Archimedes: Greatest Scientist of the Ancient World. 

Hillside, NJ: Enslow Publishers, Inc., 1988.

Figure 6.12

Jumpdrive
(Courtesy of Lexar.)

Figure 6.13

Networked attached storage device
This storage device has capacities that range from hundreds 
of GB to several TB.

(Courtesy of Dell.)

195

 (© SPL/Photo Researchers, Inc.)
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196 PART 2  Fundamentals of Technical Graphics

Optical storage drives use a high-density medium based 

on compact disk (CD) technology similar to audio CDs 

(Figure 6.14). A single 4.7-inch CD can hold up to 660 MB 

of information. Some CD drives are read-only memory 

(ROM), which means the information on the CDs can be 

read, but no information can be written onto them by the 

users. “Write once, read many” (WORM) is another type 

of optical technology.

Another optical storage medium is DVD, which can 

store more than 9 GB of data.

Tape storage is the oldest storage medium (Figure 6.15). 

Tape drives come in many sizes and are relatively slow, but 

compared with the other storage media, they are an in-

expensive medium for archiving CAD data.

USB fl ash drives are portable storage devices that are 

inexpensive, light-weight, and pocket-sized with storage 

capacities that range from hundreds of MB to a few GB. 

They are inserted into USB ports on a computer to trans-

fer CAD and other types of fi les. There are many types 

of memory cards available that can be used to store im-

ages and CAD fi les. These memory devices commonly 

are used in digital cameras, but most computers have 

memory card slots, making them an option for storing 

CAD-related data.

For large fi les and sharing large CAD models, many 

companies rely on network attached storage (NAS) de-

vices. These devices are confi gured to attach to the com-

panies’ intranet, allowing very fast access and storage of 

fi les. Typically, NAS devices can store from hundreds of 

GB to a few TB of data. Most of these devices are scalable, 

so more storage capacity can be added over a period of 

time as demand for storage increases.

6.3 Traditional Tools 
The traditional tools used to create technical drawings 

have evolved over time. Many tools were originally used in 

ancient Greece to study and develop geometry. Although 

computers may someday replace the need for many tra-

ditional tools, they are still useful today for drawing, and 

more importantly, for sketching. Traditional tools are de-

vices used to assist the human hand in making technical 

drawings. The assistance includes drawing lines straighter, 

making circles more circular, and increasing the speed 

with which drawings are made. The tools typically used to 

create mechanical drawings or sketches (Figure 6.16) con-

sist of the following:

Figure 6.14

CD ROM drive 
(Courtesy of Iomega Corporation.)

Figure 6.15

Tape drive
Tape drives are used to back up computer drawings. 

(Courtesy of Qualstar.)
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 1. Wooden and mechanical pencils.

 2. Instrument sets, including compass and dividers.

 3. 45- and 30/60-degree triangles.

 4. Scales.

 5. Irregular curves.

 6. Protractors.

 7. Erasers and erasing shields.

 8. Drawing paper.

 9. Circle templates.

 10. Isometric templates.

6.3.1 Straightedges

Mechanical drawings are started by taping the drawing 

paper to the working surface. A straightedge, such as 

a T-square, parallel edge (Figure 6.17), or drafting ma-

chine (Figure 6.18), is used to draw horizontal lines. They 

are also used as guides for triangles, which are used to 

create vertical and inclined lines (Figure 6.19). Draft-
ing machines are devices that supplement the T-square, 

triangles, protractors, and scales. The parallel edge is 

used to replace the T-square on wide drawing surfaces, 

Figure 6.16

Traditional tools
These are some of the many traditional mechanical drawing 
tools used for engineering drawings.

(Courtesy of Staedtler, Inc.)

Figure 6.17

Parallel edge
A parallel edge is used as a straightedge for drawing lines. 

(Courtesy of Staedtler, Inc.)

Figure 6.18

Drafting machine
A drafting machine is used to create lines on technical draw-
ings. The head is adjustable to create angled lines.

(Courtesy of Staedtler, Inc.)

Figure 6.19

Drawing vertical and inclined lines
A drafting machine is used to support triangles for vertical 
and inclined lines.
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to increase the accuracy and ease of making large-format 

drawings.

Taping a Drawing Sheet to the Surface
To start a drawing:

Step 1. Align the bottom of the paper or the border line 

printed on the paper with the top edge of the T-square, 

parallel edge, or drafting machine (Figure 6.20).

Step 2. Tape the four corners of the paper to the drawing 

surface using drafting tape.

6.3.2 Protractors

When lines must be drawn at angles different from the 

15-degree intervals available using standard triangles, 

either a protractor, the protractor head of a drafting ma-

chine, or an adjustable triangle is required. The protrac-
tor is a semicircular device whose center is placed at the 

start point of the line. The angle is then marked (Fig-

ure 6.21), and a straightedge is used to create the measured 

line. The protractor head of a drafting machine serves as 

a protractor in adjusting the angle for the straightedges 

(Figure 6.22). The adjustable triangle is a special device 

that can be adjusted to various angles (Figure 6.23).

Using a Protractor to Measure an Angle
Step 1. Place the protractor’s center at one end of the line. 

(See Figure 6.21.)

Step 2. Read the angle of the line by viewing where the 

line passes below a mark on the protractor’s semicircu-

lar edge.

6.3.3 Pencils

Mechanical pencils are more commonly used in draw-

ing than are wood pencils (Figure 6.24). Mechanical pen-

cils use either drafting leads or thin leads. Drafting leads 

are thicker and must be sharpened using lead pointers 

or abrasive paper (Figure 6.25). Thin-lead pencils use 

leads of specifi c diameters that do not need to be sharp-

ened. These lead diameters closely correspond to ANSI 

Drawing Surface

Bottom of paper
or borderline
aligned with top of
drafting machine

aligned with top of

Figure 6.20

Taping paper to the drawing surface
Paper is positioned on the drawing surface by aligning the 
bottom of the paper to the horizontal blade of the drafting 
machine, and then taping the paper at the corners.

Center (start of line)
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Figure 6.21

Protractor
The protractor is used to measure and mark angles on a 
technical drawing.

Figure 6.22

Drafting machine
The protractor head on a drafting machine is used to draw 
lines at any angle.

(Courtesy of Staedtler, Inc.)
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standard line thicknesses, such as 0.7 mm or 0.35 mm. 

A thin-lead pencil can only be used for a single lead di-

ameter; therefore, several thin-lead pencils are required 

for technical drawings, one for each of the different line 

thicknesses required.

Wood pencils have to be sharpened, using pencil point-

ers or abrasive paper, to create the various line thicknesses 

used in technical drawings. (NOTE: Never sharpen a pen-

cil over a drawing, and always keep the pencil point coni-

cal in shape to get good-quality lines.) Hand-drawn lines 

must be of uniform weight and thickness and must be cor-

rectly spaced so they can be legibly reproduced, such as 

for blueprinting.

Line weight refers to the relative darkness of the line. 

For example, the line drawn to represent the center of a 

circle is drawn black using a soft lead. The thickness of 

the center line is approximately 0.35 mm. Uniform thick-

ness means that the line should not vary (Figure 6.26). 

Thin-lead pencils are the easiest tool for drawing lines of 

uniform weight and thickness.

Figure 6.23

Adjustable triangle
The adjustable triangle can be set to a specifi ed angle. 

(Courtesy of Staedtler, Inc.)

Figure 6.24

Mechanical pencils
Mechanical pencils used for technical drawing come in dif-
ferent lead sizes for drawing the different thicknesses of lines 
required. 

(Courtesy of Staedtler, Inc.)

Figure 6.25

Pencil pointer for mechanical lead pencils
(Courtesy of Staedtler, Inc.)

.3 MM GOOD TECHNIQUE

.3 MM POOR – LINE THICKNESS VARIES

.3 MM POOR – DARKNESS VARIES

.6 MM GOOD TECHNIQUE

Figure 6.26

Line weight
Uniform lines do not vary in thickness or darkness.
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200 PART 2  Fundamentals of Technical Graphics

Mechanical and wood pencil leads are graded to dis-

tinguish their hardness (Figure 6.27). Hard grades range 

from 4H to 9H: the higher the number, the harder the lead. 

Hard leads are used for construction lines, with 4H be-

ing the one used most often. Medium grade leads are 3H, 

2H, H, F, HB, and B. These leads are used for general-

purpose work, such as visible lines, dimensions, sections, 

and center lines. The softer grades, such as HB and B, are 

commonly used for sketching. Soft leads range from 2B 

to 7B, with the larger number representing a softer grade. 

This type of lead is not commonly used in engineering or 

technical drawing but rather for artwork and architectural 

renderings.

6.3.4 Drawing Paper

Media are the surfaces upon which an engineer or tech-

nologist communicates graphical information. The media 

used for technical drawings are different types or grades 

of paper, such as tracing paper, vellum, and polyester fi lm. 

Tracing paper is a thin, translucent paper used for detail 

drawings. Vellum is a tracing paper chemically treated 

to improve translucency. Polyester fi lm, or its trade name 

Mylar, is transparent, waterproof, and diffi cult to tear. 

Mylar can be used for lead pencil, plastic-lead pencil, or 

ink drawings. Mylar is an excellent drawing surface that 

leaves no trace of erasure.

Special papers have also been developed for CAD 

plotters. For example, plotter paper used for fi ber-tipped 

pens has a smooth or glossy surface to enhance line defi -

nition and minimize skipping. Often, the paper comes 

with a preprinted border, title block, and parts list (Fig-

ure 6.28).

ANSI has established standard sheet sizes and title 

blocks for the media used for technical drawings. Each pa-

per size is designated by a letter, as shown in Table 6.1, and 

title block sizes are shown in Figure 6.74 at the end of the 

chapter.

HARD

MEDIUM

SOFT

The hard leads are used for construction
lines on technical drawings.

Soft leads are used for technical sketching
and artwork but are too soft for instrument
drawings.

The medium grades are used for general use
on technical drawings. The harder grades
are for instrument drawings and the softer
for sketching.

2B 3B 4B 5B 6B 7B

3H 2H H F HB B

9H 8H 7H 6H 5H 4H

Figure 6.27

Pencil grades
Pencils are graded by lead hardness, from 9H to 7B: 9H is the hardest and 7B is the softest.

Figure 6.28

Preprinted title blocks
Preprinted standard borders and title blocks on drafting paper 
are commonly used in industry. 

(Courtesy of Alvin & Company, Inc.)
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Keeping Drawings Clean
Keeping your drawing surface clean is an important part of 

technical drawing. Drawings become dirty primarily from the 

graphite from the pencils. To keep a drawing clean, follow 

these guidelines:

■ Never sharpen pencils over your drawing.

■ Clean your pencil point with a soft cloth after sharpening.

■ Keep your drawing instruments clean.

■ Rest your hands on the drawing instruments as much as 

possible, to avoid smearing the graphite on the drawing.

■ When darkening lines, try to work from the top of the 

drawing to the bottom, and from left to right across the 

drawing. Work from right to left across the drawing if you 

are left-handed.

■ Use a brush to remove erasure particles. Never use your 

hands.

6.3.5 Triangles

Vertical and inclined lines are drawn with triangles 

guided by a T-square or a parallel edge. Some triangles 

are thinner around the perimeter so they can be used 

for inking. Triangles come standard as 45 degrees and 

30 � 60 (30/60) degrees. Triangles come in various sizes, 

such as 6, 8, and 10 inch, and are made of clear plastic 

(Figure 6.29). By combining the 30/60-degree triangle 

and the 45-degree triangle, it is possible to draw angles at 

15-degree intervals (Figure 6.30).

6.4 Line Drawing Techniques
Horizontal, vertical, and inclined lines are drawn by 

hand with traditional tools, such as a straightedge 

and triangles. If a drafting machine is used, the blades 

serve as guides for drawing the lines. By adjusting the head 

of the drafting machine, you can create inclined lines.

Drawing Horizontal Lines
A horizontal line is drawn using the top edge of the blade of 

the T-square, drafting machine, or parallel edge.

Step 1. Hold the pencil in your right (or left) hand in a posi-

tion similar to that used for writing.

Step 2. Hold the straightedge fi rmly with your left hand as 

you pull the pencil from left to right across the paper. If 

you are left-handed, hold the straightedge with your right 

hand and pull the pencil from right to left.

Step 3. Rest your right (or left) hand lightly on top of the 

straightedge.

Step 4. Use the top edge of the straightedge as a guide for 

the pencil, position the pencil at approximately 60 de-

grees to the paper, and slowly rotate the pencil as the line 

is being drawn (Figure 6.31).

Horizontal lines are drawn with CAD in a variety of ways. 

Each endpoint of the line can be defi ned using X-Y coordi-

nate positions, such as 0,0 for one end and 4,0 for the other, 

which defi nes a horizontal line 4 units long. Another method 

would be to use a rectangular grid and snap to the grid 

points. (Snapping is a technique used by CAD systems to 

accurately place endpoints of lines at equally spaced points 

called a grid.)

Metric (mm) U.S. Standard Architectural

A4 210 � 297 A-Size 8.5� � 11� 9� � 12�

A3 297 � 420 B-Size 11� � 17� 12� � 18�

A2 420 � 594 C-Size 17� � 22� 18� � 24�

A1 594 � 841 D-Size 22� � 34� 24� � 36�

A0 841 � 1189 E-Size 34� � 44� 36� � 48�

ANSI Standard Sheet SizesTable 6.1

Figure 6.29

Drafting triangles
Drafting triangles are either 30/60- or 45-degree triangles 
and come in various sizes. 

(Courtesy of Alvin & Company, Inc.)
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202 PART 2  Fundamentals of Technical Graphics

Drawing Vertical Lines
Step 1. Draw a vertical line by placing one edge of either 

the 45- or 30/60-degree triangle on the top edge of the 

straightedge. The vertical blade of the drafting machine 

could also be used.

Step 2. Rest the right hand on the bottom of the triangle 

(Figure 6.32). Hold both the triangle and straightedge in 

position with the left hand.

Step 3. With the right hand, pull the pencil from the bottom 

to the top of the paper, holding the pencil at an angle of 

60 degrees to the paper and slowly rotating the pencil 

as you draw. Left-handers hold the triangle with the right 

hand and draw with the left.

Vertical lines are drawn with CAD using procedures simi-

lar to those for drawing horizontal lines. Coordinate end-

0°

Drawn with
30°/60° triangle

Drawn with 45°
triangle

Combination of 45° and 30°/60° triangles

45
°

0° Horizontal

90
° V

er
tic

al

30

90
° V

er
tic
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60

30

60

60°
30°

30°

60
°

45° 45
°

45°

All angles with
respect to
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15°

15°
75

°

75°

75°

15°

15°

75
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Figure 6.30

By combining the straightedge with the 45- and 30/60-degree triangles, you can draw lines at any 15-degree increment.

points could be specifi ed, such as 0,0 for one end and 0,4 for 

the other, making a vertical line 4 units long. The rectangular 

snap and grid could also be used to create vertical lines.

Drawing Inclined Lines
The 45- and 30/60-degree triangles can be combined or 

used separately, along with a straightedge, to draw lines at 

15-degree intervals, as shown in Figure 6.30. Lines at other 

than 15-degree intervals are drawn using either the protrac-

tor head on a drafting machine (Figure 6.33), a hand-held 

protractor, or an adjustable triangle.

Step 1. Mark the desired angle using the protractor, 

as described earlier. If the angle to be drawn is at any 
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15-degree increment, triangles can be used as the guide, 

as shown in Figure 6.30.

Step 2. Align the triangle with the marks for the line to be 

drawn.

Step 3. Use the edge of the triangle as a guide to draw the 

inclined line.

Inclined lines are created with CAD by using rectangular 

or polar coordinates. For example, the fi rst endpoint for the 

line could be located at 0,0, and the second point could be 

defi ned by giving the length and the angle relative to the fi rst 

point, such as 4 units long and 45 degrees. This would re-

sult in an inclined line.

6.4.1 Erasing

Lines are erased using a soft eraser, or the ERASE com-

mand when using CAD. To erase in small areas, or protect 

areas not to be erased, use an erasing shield (Figure 6.34). 

An erasing shield is a thin piece of metal with various 

sizes and shapes of holes cut in it. The part of the draw-

ing to be erased is exposed through a hole in the erasing 

shield and the surrounding area is shielded. A CAD sys-

tem uses a TRIM command, which has a function similar 

to that of an erasing shield.

6.4.2 Drawing a Line through Two Points

A line is drawn through two points by aligning one side 

of a straightedge with the two points, then connecting 

them with a line (Figure 6.35). With CAD, a line is drawn 

Pencil approximately
60° to paper Rotate pencil

slowly

M
ac

k

Figure 6.31

Drawing a horizontal line
A horizontal line is drawn by holding the pencil at a 60-degree 
angle to the paper and rotating the pencil as it is pulled across 
the paper. The blade of the drafting machine is used as a guide 
for the pencil point as it is pulled across the paper. By applying 
even pressure and slowly rotating the pencil, you can produce 
lines of uniform weight and thickness.

Rotate pencil
slowly

M
ac

k

Pencil approximately
60° to paper

Figure 6.32

Drawing vertical lines
Vertical lines are drawn by pulling the pencil along the edge 
of a triangle or the vertical blade of the drafting machine, 
slowly rotating the pencil as it is pulled.

Inclined line

Figure 6.33

Drawing inclined lines
Drawing inclined lines using a drafting machine requires set-
ting the protractor head to the desired angle and locking the 
head in place. The pencil is then pulled along the blade at a 
60-degree angle to the paper and is slowly rotated as it is pulled.
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204 PART 2  Fundamentals of Technical Graphics

through two points by “picking” each endpoint. Normally 

an existing point is picked using some type of “snap” com-

mand. For example, if the two points that must be picked 

are the endpoints of existing lines, then the SNAP com-

mand must be set to “endpoints.” The CAD software will 

then accurately connect the endpoints of the new line.

A CAD system provides the user with many options for 

picking existing entities, such as midpoints, centers, and 

intersections. Snapping to existing entities is an important 

CAD technique used to assure the accuracy of drawings 

and models.

6.4.3 Drawing Parallel Lines

The procedure to follow when drawing a line parallel to a 

given line varies depending on the tools being used.

Drawing Parallel Lines
Drafting machine

Step 1. If using a drafting machine, adjust the protractor 

head to align one blade or straightedge with the given 

line.

Step 2. Lock the protractor head, then move the drafting 

machine to the new position and draw the parallel line 

(Figure 6.36).

Two triangles

Step 1. If using two triangles, adjust the two triangles un-

til one edge of one triangle is aligned with the given line, 

while the other triangle serves as a straightedge and is 

held stationary.

Figure 6.34

Erasing shield
An erasing shield is used to erase parts of a drawing. The part 
of the drawing to be erased is exposed to an open area in the 
shield. Areas of the drawing that are not to be erased are 
protected by the shield. 

(Courtesy of Alvin & Company, Inc.)

Edge of triangle
aligned with the

points MackMack

Figure 6.35

Drawing a line through two points
To draw a line through two points, align the edge of a triangle 
to the two points and then pull the pencil along the edge of 
the triangle.

Given line

Parallel line

Figure 6.36

Drawing parallel lines
To draw a line parallel to a given line using a drafting machine, 
align one blade with the given line by adjusting the protractor 
head and locking it in place. Then move the drafting machine 
to the new position and draw the line along the parallel blade.
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Step 2. Slide the aligned triangle along the edge of the sta-

tionary triangle.

Step 3. After the moving triangle is in the new position, 

draw the line along the same edge that was aligned with 

the given line (Figure 6.37).

Adjustable triangle

Step 1. Adjust one edge of the triangle to align with the 

given line.

Step 2. Then move the triangle along the straightedge.

With CAD, there are a number of techniques used to cre-

ate parallel lines. For example, there may be a PARALLEL 

command that will automatically draw lines parallel to a given 

line. The given line is picked, then a point is selected where 

the parallel line is drawn.

6.4.4 Drawing Perpendicular Lines

A line is drawn perpendicular to another line using two 

triangles, a triangle and a straightedge, or a drafting ma-

chine. The drafting machine is used to draw a line per-

pendicular to a given line by aligning one blade with the 

given line, then using the other blade as a guide to draw 

the perpendicular line. The adjustable protractor head is 

used to align the fi rst blade (Figure 6.38).

Drawing Perpendicular Lines
Step 1. If two triangles are used, align the edge of one of 

the triangles with the given line. Do not use the hypot-

enuse (long edge) of the triangle. Use the other triangle 

as a straightedge and hold it stationary (Figure 6.39).

Step 2. Slide the aligned triangle along the edge of the 

stationary triangle.

Step 3. After the moving triangle is in the new position, 

draw the line, using its perpendicular edge.

With CAD, drawing a line perpendicular to a given line is 

done using a PERPENDICULAR command or snap option. 

The endpoint of the new line is picked, then the existing line 

is selected. The new line is automatically drawn from the 

picked endpoint perpendicular to the picked line.

6.4.5 Drawing Lines at Angles Relative to a Given Line

A drafting machine, a protractor and straightedge, or tri-

angles are used to draw lines at an angle to a given line. 

The protractor head of the drafting machine is adjusted 

to align with the given line, making that position the zero 

setting (Figure 6.40). The protractor head is then adjusted 

to the desired angle and the line is drawn.

Slide

Mack

Figure 6.37

Drawing parallel lines using triangles
To use two triangles to draw parallel lines, set up one of the 
triangles so that one edge aligns along the given line. Use the 
other triangle as a guide or base for the fi rst triangle. Hold the 
base triangle stationary and slide the other triangle along the 
edge of the base triangle to the new position, where the line is 
drawn.

Use this blade to draw
perpendicular line

Align parallel
to given line

Figure 6.38

Drawing perpendicular lines
To draw a line perpendicular to a given line using a drafting 
machine, align one blade with the given line by adjusting the 
protractor head, and then lock the head in place. Move the 
drafting machine head to the new position and draw the line 
along the perpendicular blade.
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206 PART 2  Fundamentals of Technical Graphics

Drawing a Line at a Given Angle
Figure 6.41 shows how two triangles, one of which is a 30/60-

degree triangle, can be used to create a line at 30 degrees to 

a given line.

Step 1. Using one triangle as a straightedge, slide the 

30/60-degree triangle into position so that the leg adja-

cent to the 30-degree angle is parallel with the given line.

Step 2. Hold the triangle used as a straightedge station-

ary, slide the 30/60-degree triangle to the new position, 

and draw the new line.

With CAD, a line can be drawn at an angle to a given line 

by using polar coordinate inputs, or rotating the snap and 

grid to align with the given line.

6.4.6 Drawing Irregular Curves

Irregular or French curves are used to draw curves 

which are not circles or arcs, examples of which are parab-

olas, hyperbolas, ellipses, and involutes (Figure 6.42). To 

draw long, irregular curves, a long, fl exible device called 

a spline is used (Figure 6.43). A CAD system can draw an 

irregular curve by using the SPLINE command.

Drawing an Irregular Curve
Step 1. A series of points is used to locate the curve (Fig-

ure 6.44).

Step 2. For best results, sketch a curve through the points.

Step 3. Align the irregular curve with only two or three 

points, then draw the curve only through these points. 

The curve segment drawn through the last of these points 

should be aimed in the general direction of the next point.

Step 4. Adjust the irregular curve to go through the next 

two or three points.

Step 5. Repeat these steps to complete the curve.

Perpendicular

Figure 6.39

Drawing perpendicular lines using two triangles
To use two triangles to draw perpendicular lines, align one of 
the triangles so that one edge (not the hypotenuse) is parallel 
to the given line. Use the other triangle as a guide or base. Hold 
the base triangle stationary and slide the other triangle along 
the edge of the base triangle to the new position; draw the line 
using the perpendicular edge of the triangle that was moved.

Align parallel
to given line

Line drawn
along blade

Angle relative to given line
set on protractor head

Figure 6.40

Drawing a line at an angle
To draw a line at an angle to a given line using a drafting 
machine, align one blade with the given line by adjusting the 
protractor head, and then read its angle. Adjust the drafting 
machine head to the new angle, lock it in place, and then draw 
the line along the blade.
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30°

Given line

New line

Figure 6.41

Drawing a line at an angle using two triangles
Two triangles can be used to draw a line at an angle to a given 
line by using one triangle as a guide or base and aligning the 
other triangle so that one edge is parallel to the given line. 
Hold the base triangle stationary and slide the other triangle 
along the edge of the base triangle to the new position, where 
the line is drawn.

Figure 6.42

Irregular curves
Irregular or French curves come in many shapes and sizes 
and are used to draw irregular curves. 

(Courtesy of Alvin & Company, Inc.)

Figure 6.43

Spline
A spline is a fl exible device used to draw long, irregular 
curves through a series of points. 

(Courtesy of Alvin & Company, Inc.)

Match

Draw

Draw
Match

Step 1

Step 2

Step 5

Step 4

Step 3

Figure 6.44

Steps in drawing an irregular curve through a series of 
points
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208 PART 2  Fundamentals of Technical Graphics

6.5 Scales
Scales are used to measure distances on technical draw-

ings. Scales are usually 6 or 12 inches long and are made 

of wood, plastic, or metal. Triangular scales are commonly 

used in technical drawing because they offer the user a 

combination of several scales on each side (Figure 6.45). 

The most common types of scales used in technical draw-

ing are mechanical engineer’s, civil engineer’s, metric, 

and architectural scales. A combination scale is one that 

has engineering, metric, and architectural components on 

a single scale.

The scale chosen to create the drawing must be marked 

clearly in the title block. For example, a drawing that is 

done full size is labeled as FULL SIZE, or as a ratio of 

1:1. A half-size drawing is marked as HALF SIZE, or 1:2. 

Other reduced scales are 1:4 (quarter size), 1:8 (eighth 

size), 1:16 (sixteenth size), and so on. Enlarged scales are 

2:1 (double size), 3:1, 4:1, 10:1, 100:1, and so on. When 
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Figure 6.45

Architect’s scale
The architect’s scale has 11 scales with which to measure distances accurately on architectural drawings.
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a metric drawing is created, the word METRIC or SI is 

prominently marked on the drawing.

Normally, CAD drawings are created full size. Only 

the plotted drawing is scaled to fi t the paper. When start-

ing a CAD drawing, set the units desired and draw full 

size. When ready to choose the paper size, determine the 

longest horizontal and vertical dimensions on the draw-

ing, then calculate the size paper needed to place the full-

size drawing on the sheet. For plots, decide the size of the 

paper to be used, and then calculate the plotting scale that 

will make the drawing fi t the sheet.

6.5.1 Architect’s Scale

An architect’s scale is used to create drawings of struc-

tures, such as a building or a factory fl oor layout. Because 

architects work in feet and inches, each scale is divided 

into a section for feet and a subsection for inches, and it 

is called an open divided scale. The scale is used by fi rst 

fi nding the distance in feet and then adding the number of 

inches (Figure 6.46). The combination architect’s scale has 

11 different scales. Some sides have more than one scale 

superimposed on each other. Notice in Figure 6.45C that 

the 1⁄4 and 1⁄8 scales are on the same side; the 1⁄4 scale is read 

from the left, and the 1⁄8 scale is read from the right.

Reading an Architect’s Scale
For this example, use the ¾� per foot scale (Figure 6.46). 

This scale has a ¾ marked at the end. The feet are read to 

the right of the zero mark. Fractions of a foot are measured 

to the left of zero. The large numbers (28, 26, 24 . . .) near 

the left end of the scale represent two things: (1) the number 

of feet for the 3/8 scale, which starts from the right end, and 

(2) the 6� marks for the ¾ scale.

Step 1. Align the zero mark on the scale with the start point 

of the line to be measured.

3

0
3

4 28
1

26
2

24
3

9 36

Step 3

0

22
4

20

0
4

3
4

3

0
3

4 28
1

26
2

24
3

9 36

Step 1

0

22
4

20

3

0
3

4 28
1

26
2

24
3

9 36

Step 2

0

22
4

20

Figure 6.46

Steps in reading an architect’s scale
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Step 2. Adjust the scale so that the other end of the line 

is aligned with the smaller of the two foot mark values, 

which for this example is 3.

Step 3. The fractions of a foot are read to the left of the zero 

mark. To determine how many parts a foot has been di-

vided into on this scale, count the number of both short 

and long marks to the left of zero. For this scale, there are 

24 marks to the left of zero, meaning that a foot is divided 

into 24 equal parts, each equal to ½�. The longer marks 

represent inches. Determine which mark to the left of zero 

aligns closest to the left end of the line. For this example, 

the closest mark is the 8, which is read as 4�. So the line is 

measured as 3� 4�.

6.5.2 Civil Engineer’s Scale

The civil engineer’s scale is a decimal scale divided into 

multiple units of 10, and it is called a fully divided scale 

(Figure 6.47). This scale is commonly used to draw large 

structures and maps, where one inch on the map or draw-

ing represents some number of feet or miles. Each end of 
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0

26'

17'
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44'
68'
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36

20

40

0

0

34'
50'
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0

0

84'

39'
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81'
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4 2648 4652 5056 5460 58
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24384042444648

2 4 6 8 32 34 36

2468565860626466687072

(A)

(B)

(C)

1'

52'
20'

2" (HALF SCALE)
1" (FULL SCALE)

Figure 6.47

The civil engineer’s scale
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the scale is labeled 10, 20, 30, 40, 50, or 60, which speci-

fi es the number of units per inch. For example, the 30 scale 

has 30 units per inch. Many different scales can be created 

by simply moving the decimal place, as follows:

10 scale: 1�10�, 1�100�, 1�1000�

The 20, 30, 40, 50, and 60 scales work in a similar man-

ner (Figure 6.48).

The 10 scale is often used in mechanical drafting as a 

full decimal inch scale where each division equals 1⁄10�.

Reading a Civil Engineer’s Scale
For this example, the 20 scale is used (Figure 6.49). The 

20 scale has twenty marks per inch; therefore, each mark 

equals 1/20 of an inch if the scale is used full size. However, 

the scale can also be conveniently used for half-size scale 

and others.

Step 1. Align the zero mark on the 20 scale with the left 

end of the line to be measured.

Step 2. Determine the closest mark on the 20 scale that 

corresponds to the right end of the line. For this exam-

ple, assume a line that ends at the fourth mark past the 

number 2 on the scale. If this were a full-scale drawing, 

the length of the line would be 24/20 or 1.2�. On a half-

scale drawing, the line would be 2.4�. If the scale were 

1 inch equals 20 feet (1��20�), then the line would be read 

as 24�.

CIVIL ENGINEER'S SCALE

Divisions Ratio Scales Used with This Division

10
20
30
40
50
60

1:1
1:2
1:3
1:4
1:5
1:6

1" = 1"
1" = 2"
1" = 3"
1" = 4"
1" = 5"
1" = 6"

1" = 1' 1" = 10'
1" = 20'
1" = 30'
1" = 40'
1" = 50'
1" = 60'

1" = 100'
1" = 200'
1" = 300'
1" = 400'
1" = 500'
1" = 600'

20
0 1 2 3 4

4042444648

1" Full scale

2" Half scale

20" 1/ 20 scale or .05 scale

20' 1" = 20'

200' 1" = 200'

2 miles 1" = 2 miles

Figure 6.48

How a civil engineer’s scale is used

20
0 1 2 3 4 5

384042444648

Step 1

Step 2

20
0 1 2 3 4 5

384042444648

2 3

Figure 6.49

Steps in reading a civil engineer’s scale

6.5.3 Mechanical Engineer’s Scale

The mechanical engineer’s scale is used to draw me-

chanical parts and is either fractionally divided into 

1/16 or 1/32, or decimally divided into 0.1 or 0.02 
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212 PART 2  Fundamentals of Technical Graphics

(Figure 6.50). Typically, the other sides of the scale are half 

size (1⁄2��1�), quarter size (1⁄4��1�), and eighth size (1⁄8��1�) 
(Figure 6.50). For scales smaller than 1⁄8, use the architect’s 

scale.

Reading a Mechanical Engineer’s Scale
Full-size 16 scale

The 16 scale represents an inch divided into 16 equal parts; 

therefore, each mark is 1/16� every other mark is 2/16� or 1⁄8�, 

every fourth mark is 4/16� or ¼�, and every eighth mark is 

8/16� or ½� (Figure 6.51).

Step 1. To measure a line, align the zero mark with the left 

end of the line.

Step 2. Determine which point on the scale is closest to the 

right end of the line. For this example, assume a line for 

which the right end is aligned exactly with the ninth mark 

past 1�. The length of this line is read as 1–9/16�.

Full-size 50 scale

The 50 scale is commonly used for full-size mechanical en-

gineering drawings because it provides two-decimal-place 

accuracy (Figure 6.52). The ANSI standard calls for such 

accuracy on all nontoleranced dimensions, making the 
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8
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8
3"

Figure 6.50

The combination mechanical engineer’s scale
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50 scale the logical choice. The 50 scale divides an inch 

into 50 parts, meaning each mark equals 1/50 or 0.02�. The 

numbers between the longest marks on the scale, such as 

2, mean 20/50.

Step 1. To measure a line, align the zero mark with the left 

end of the line.

Step 2. Determine which point on the scale is closest to the 

right end of the line. For this example, assume a line for 

which the right end is aligned three marks to the left of the 

small number 12.

Step 3. The length of the line is read as 2.46�.

Half-size scale

The half-size scale is labeled ½ at the end. To the right of 

zero, each mark represents a full inch; to the left of zero, 

there is only one inch and it is marked off in fractions (Fig-

ure 6.53). There are 16 marks in the inch to the left of zero, 

which means that each mark represents 1/16�. The longer 

marks represent 1⁄8�, 1⁄4�, and ½� increments.

Step 1. To measure a line, position the scale such that the 

left end of the line is to the left of zero and is within the 

inch that is marked off. (The exact position is not critical 

in this step.)

16

0 2

0 1 2

22 421 620 819 1018

1
4SIZE

16

0 2

0 1 2

22 421 620 819 1018

1
4SIZE

Step 1

Step 2

16

0 2

0 1 2

22 421 620 819 1018

1
4SIZE

1/16"
1/8"

3/16"
1/4"

5/16"
3/8"

7/16"
1/2"

9/16"
5/8"

11/16"
3/4"

13/16"
7/8"

15/16"
1"

2

(A)

Figure 6.51

Steps in reading the mechanical engineer’s scale
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Reading a 50 scale
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Reading a half-size scale 
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Step 2. While making sure that the left end of the line stays 

within the marked-off inch to the left of zero, adjust the 

scale so that the right end of the line is exactly aligned 

with the closest full inch mark to the right of zero.

Step 3. Read the full inch mark fi rst; then read the mark to 

the left of zero that most closely aligns with the left end 

of the line. As an example, assume a line that is between 

3� and 4� long. The right end of that line would be at the 

3� mark to the right of zero. The left end of the line would 

be at one of the marks to the left of zero, such as the 

fi fth mark, which would be 5/16�. The sample line, then, 

would measure 3�5/16�.

6.5.4 Metric Scale

The international organization that established the metric 

standard is the International Standards Organization 
(ISO). The system is called the International System 
of Units, or Systeme Internationale, abbreviated SI. The 

metric scale is used to create scaled technical drawings 

using SI units (Figure 6.54), for which the millimeter 

(mm), meter (m), and kilometer (km) are the most com-

mon units of measure. The meter is the base unit, with the 

millimeter equal to 1/1000 of a meter and the kilometer 

equal to 1000 meters. The conversion factor between mil-

limeters and inches is the ratio 1��25.4 mm. For example, 

1:1

(A)

1:10

0 10mm 20 30 40 50 60 70 270 280 290 300mm

0100mm2003002700280029003000mm 2300240025002600

1:1 RATIO METRIC-SCALE (FULL-SIZE)

1:10 RATIO METRIC-SCALE (ONE TENTH SIZE)

52.5 mm

38 mm
1.0 mm

210 mm

320 mm

10 mm

1:2

(B)

1:20

0 20mm 40 60 80 100 120 140 540 560 580 600mm

0200mm4006005200540058006000mm 4400460048005000

1:2 RATIO METRIC-SCALE (ONE-HALF SIZE)

1:20 RATIO METRIC-SCALE (ONE-TWENTIETH SIZE)

118 mm

62 mm
2 mm

360 mm

540 mm

20 mm

1:5

(C)

1:50

0

01m

1:5 RATIO METRIC-SCALE (ONE-FIFTH SIZE)

1:50 RATIO METRIC-SCALE (ONE-FIFTIETH SIZE)

335mm

180 mm
5 mm

1.20 m
1.75 m

.05 m

100mm 200 300 1400 1500mm

12131415m

Figure 6.54

The metric scale for using SI units
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216 PART 2  Fundamentals of Technical Graphics

to change 68 mm to inches, divide 68 by 25.4 to get 2.68�. 
To change 3.75� to millimeters, multiply 3.75 by 25.4 to get 

95.25 mm. Conversion tables are found on the inside back 

cover of this text.

Figure 6.54 shows the different sides of a triangular met-

ric scale and includes examples of how they are read. Each 

side of the triangular scale has a different metric scale, as 

follows:

1:1  Full size

1:2 Half size

1:5 Fifth size

1:10 Tenth size

1:20 Twentieth size

1:50 Fiftieth size

These ratios can be reduced or enlarged by multiplying 

or dividing by a factor of 10. For example, the 1:20 scale 

can be reduced to a 1:200 scale by multiplying by 10.

Reading a Metric Scale
Full-size 1:1 ratio

On the 1:1 metric scale, each mark represents 1 mm and 

every tenth mark represents 10 mm, or 1 cm (Figure 6.55A).

Step 1. To measure a line, align the zero mark with the left 

end of the line and read the mark on the scale aligned 

closest to the right end of the line. For this example, as-

sume a line for which the right end is closest to the sixth 

mark past the number 20. The length of this line would 

be read as 26 mm, or 2.6 cm.

Twentieth-size 1:20 ratio

For this scale, each mark represents 20 mm and every tenth 

mark is 200 mm (Figure 6.55B). Multiplying this scale by a 

factor of 10 would make it 1:200, where each mark would 

represent 200 mm and every tenth mark 2000 mm.

Step 1. To measure a line, align the zero mark with the left 

end of the line and read which mark on the scale is aligned 

closest to the right end of the line. For this example, as-

sume a line for which the right end is closest to the sec-

ond mark past the number 400. The length of the line is 

440 mm.

6.6 Drawing Instrument Set
A drawing instrument set typically consists of one large 

and one small bow compass and a set of dividers, as shown 

in Figure 6.56. These instruments can be purchased sepa-

rately or in a set. Some sets contain a small box to hold ex-

tra points and lead, and an extension bar for the compass, 

for making larger circles and arcs. Adapters are available 

for ink pens or for thin-lead mechanical pencils.

6.6.1 Compass

The compass is used to draw circles and arcs of varying 

diameters (Figure 6.57). The lead is sharpened to a bevel 

using sandpaper (Figure 6.58). The extension bar is used 

to draw large circles by extending the range of the large 

bow compass. A beam compass is used for even larger 

circles (Figure 6.59). With CAD, the CIRCLE and ARC 

commands are used to create all sizes of circles and arcs.

1:1
0 10mm 20 30 40 50

2700280029003000mm 25002600

26 mm

(A)

1:20

540560580600mm

0 200mm 400 600

520

800

500

1000

440 mm

(B)

Figure 6.55

Reading the full and 1:20 metric scale

Figure 6.56

Drawing instrument set commonly used for technical 
drawings
This set contains two compasses, a divider, a beam attachment 
for large circles and arcs, inking points, and a tube with 
extra parts. 

(Courtesy of Staedtler, Inc.)
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used to transfer measurements on a drawing or divide a 

line into equal parts by trial and error.

To transfer a measurement, open the dividers to the de-

sired distance; then pick up and move the dividers to the 

new position, and mark the paper by lightly pushing the 

points of the dividers into the paper. This will leave two 

small marks that are the same distance apart as the origi-

nal measurement.

To divide a line into equal parts, such as three, open the 

dividers to a distance you believe to be about one-third the 

length of the line. Then, begin at one end of the line and 

Figure 6.57

A bow compass and extension bar used to draw circles 
and arcs
(Courtesy of Staedtler, Inc.)

Long cut

SideFront

Mack

Figure 6.58

Sharpening compass lead
The lead in a compass is sharpened to a bevel using sandpaper.

Figure 6.59

Beam compass
A beam is a special attachment to a regular compass and is 
used to draw large circles and arcs.

Drawing a Circle or Arc
Step 1. Draw two perpendicular lines to mark the center 

point of the circle or arc, and use the scale to mark the 

radius along one of these center lines (Figure 6.60).

Step 2. Set the compass point at the intersection of the 

center lines; then set the compass to the radius by align-

ing the pencil point of the compass with the mark on the 

center line.

Step 3. Draw the circle or arc by leaning the compass in 

the direction that the circle is being drawn, putting most 

of the pressure on the pencil point. The compass can be 

moved either clockwise or counterclockwise.

6.6.2 Dividers

A divider is similar to a compass except that it has needle 

points in both ends. There are two types of dividers: cen-

ter wheel bow and friction (Figure 6.61). The divider is 
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218 PART 2  Fundamentals of Technical Graphics

step off the distance three times. If the last space falls short 

or goes beyond the other end of the line, reset the divider 

by a distance equal to one-third of the shortfall or excess, 

and re-step the line. Repeat these steps, using trial and er-

ror, until the line is equally divided.

With CAD, the DIVIDE or a similar command is used 

to mark equally spaced points on a line.

6.7 Templates
Templates are devices used to assist in the drawing of 

repetitive features, such as circles, ellipses, threaded fas-

teners, and architectural symbols (Figure 6.62). The cir-

cle template is used to draw circles, arcs, and fi llets and 

rounds and is quicker than using a compass. The circle 

template has perpendicular center line marks, which are 

used to align the template to the perpendicular center 

lines on the drawing. An ellipse template works in a simi-

lar manner to create ellipses. Templates are also available 

for other common shapes, such as electronic or architec-

tural symbols, and threaded fasteners (Figure 6.63).

CAD software can be used to make templates of virtu-

ally anything drawn. Once an electronic template is cre-

ated for a part, such as a fastener or an electronic or archi-

tectural symbol, the template can be scaled, rotated, and 

placed into an existing drawing. TEMPLATE, SYMBOL, 

BLOCK, and PATTERN are common CAD commands 

synonymous with using templates. One advantage of using 

CAD is that anything drawn has the potential of becom-

ing a template and nothing need be drawn twice. Software 

products available as add-ons to a CAD program include 

symbol or template libraries, so the user does not have to 

draw the symbols from scratch.

Radius

Step 1

Step 2

Step 3

Figure 6.60

Steps used to draw a circle with a compass

Figure 6.61

Friction divider
A friction divider is used to transfer measurements or divide 
a line into equal parts. 

(Courtesy of Staedtler, Inc.)

Figure 6.62

Circle template
A circle template is used to draw circles and arcs by align-
ing marks on the template with center lines on the drawing, 
then using a pencil to trace the outline of the hole cut in the 
template. 

(Courtesy of Staedtler, Inc.)
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Figure 6.63

Symbol template
This template is used to draw architectural symbols, such as 
door swings and appliances. 

(Courtesy of Staedtler, Inc.)

Step 4

Step 1

Step 2

.25"

.25"

Step 3

.375"

Figure 6.64

Steps in laying out a drawing sheet

6.8 Technique for Laying Out a Drawing Sheet
Before an engineering drawing is created, the drawing 

sheet is laid out. The following steps describe how to lay 

out an A-size drawing sheet. 

Step 1. Position the drawing paper on the drawing board 

by aligning the long bottom edge of the paper with 

the top edge of the parallel edge or drafting machine 

(Figure 6.64). If the paper is prebordered, align the bot-

tom border line with the top edge of the parallel edge or 

drafting machine. Put a small piece of masking tape at 

each corner of the paper.

Step 2. If the paper is not prebordered, draw the borders. 

To do this, measure 0.25� from each side of the paper 

and make very light marks with a hard pencil grade. Draw 

the border lines through these marks, using the straight-

edge and triangles and a soft-grade pencil to produce 

thick (0.7 mm) black lines.
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220 PART 2  Fundamentals of Technical Graphics

Step 3. Create a strip title block across the entire bottom 

of the drawing sheet. To do this, measure 0.375� above 

the bottom border line and place a very light pencil mark. 

Draw the upper title strip line through this mark, using 

the straightedge and a soft-grade pencil to produce a 

thick (0.7 mm) black line.

Step 4. Divide the title strip into six parts. To do this, mea-

sure the following distances from the left vertical border 

line: 4.00�, 8.00�, 9.00�, 10.00�, and 10.5�. Place very light 

pencil marks at each measurement. Draw vertical lines 

through these marks, using the straightedge and triangle 

and a soft-grade pencil to produce thick (0.7 mm) black 

lines.

6.9 Technique for Drawing Using 
Traditional Tools

Engineering and technical drawings are used to 

communicate technical information. In order to 

communicate the technical idea clearly, the drawing must 

be neat and must have consistent lines. Through practice 

and hard work, you will be able to create neat drawings 

that are easy to read and understand. The following are im-

portant guidelines that should be followed when making 

technical drawings using traditional tools:

 1. All lines except construction lines should be black, 

crisp, and consistent (Figure 6.65). Black lines are 

Good Technique

1.

Black, crisp & consistent line

Poor Technique

2.

Sharp corner

3.

Thin

Thick

4.

5.

6.
PART NAME PART NAME

Good center and hidden line technique

Tangent

Light guide lines

Figure 6.65

Examples of good and poor drawing techniques for lines and arcs, using traditional tools
Lines should be black, crisp, consistent, and the proper thickness.
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(Courtesy of Bose Corporation.)

3-D Design Pays Off for Bose Corporation

221

The challenge facing Bose® engineers was 

to fi t an AM/FM tuner and six-disk CD 

player into an area that previously held only a single-disk 

CD player. Complicating the effort was that the fi nal 

product was to be the smallest offering available on the 

market, yet needed to contain Bose’s renowned styling 

and functionality. Time constraints mandated that the 

product be brought to market as quickly as possible. Ob-

jectives included:

■ Engineer the product such that the access door to the 

CD magazine was on the front of the console. Addi-

tionally, the door had to function smoothly and be a 

high-quality component. 

■ Fit the CD changer, AM/FM tuner, and all the elec-

tronics needed to drive the changer, tuner, and dis-

play into an enclosure measuring 15.5 inches long by 

8 inches wide by 2.5 inches high. 

■ Bring the Bose Lifestyle® 20 music system to mar-

ket in record time. 

■ Demonstrate the effectiveness of its new 3-D soft-

ware system to speed the product development cycle. 

■ The number one criterion for the new software: re-

ducing time to market. 

■ Maintain the elegant design of Bose audio equipment, 

with a minimum of buttons and knobs cluttering the 

design. 

The process began when Bose® engineers modeled 

each of the individual console components. The next step 

was to pull all the components into a master model of the 

assembly, so engineers could see how everything fi t to-

gether. Then, the design team studied the fi t of the com-

ponents and assemblies within the enclosure. Shaded 

solid models made it easy to visualize the box and its 

many contents, and in many cases, this was all that was 

needed to spot problems and optimize the internal con-

fi guration. Designing the console door was next using 

3-D CAD software to let the team examine the motion of 

the door directly from the solid model assembly, without 

creating special mechanism models. 

Results

■ Bose brought a superior product to market in record 

time. 

■ Bose Lifestyle® 20 music system was the smallest 

multiple-disk CD player on the market. 

■ The fi nal product contained the sleek, elegant design 

of all Bose audio equipment offerings. 

■ The use of 3-D solid models made it much easier for 

the design team to communicate with electronics de-

signers, manufacturing engineers, and vendors on the 

project. They conveyed design intent earlier and more 

accurately than previously possible. This enhanced 

communications, reduced errors in downstream op-

erations, and also made it possible to perform analy-

sis, get quotes, and make tools sooner because these 

processes didn’t have to wait for drawings.
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created by using a soft lead and putting pressure 

on the pencil as the line is being drawn. Crisp lines 

do not have fuzzy edges. A consistent line does not 

change in thickness from one end to the other.

 2. Corners should be sharp and without overlap.

 3. Different linetypes vary in thickness, and the draw-

ing should refl ect these variances. For example, a 

visible line is thick (0.6 mm), and a hidden line is 

thin (0.3 mm). There should be a clear difference 

between these two lines when drawn.

 4. Dashes, such as hidden, center, and phantom line-

types, should have consistent spacing, with defi nite 

endpoints.

 5. Arcs intersecting lines should have smooth points 

of tangency.

 6. Construction lines should be very light and should 

be drawn with a hard-grade lead. A good rule of 

thumb when creating construction lines is that, 

when the drawing is held at arm’s length, the con-

struction lines should be diffi cult to see.

6.10 Summary
The tools used for technical drawing include traditional 

ones, such as the triangle and the compass, and CAD. 

Traditional tools are used to make technical drawings by 

hand, and it takes practice and repetition to become profi -

cient in their use. Although with CAD there is less empha-

sis on developing good technique, it still requires practice 

and repetition to attain profi ciency. 

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline

■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings

Questions for Review
 1. Defi ne CAD.

 2. Defi ne traditional drawing.

 3. List four different output devices used with CAD.

 4. Name the primary parts of a CAD system.

 5. List two types of storage media for CAD drawings.

 6. List two types of input devices used with CAD 

systems.

 7. What is a CPU?

 8. List the typical hand tools used to create a drawing.

 9. What are templates used for? Give an example of 

one.

 10. Describe how pencils are graded.

 11. List the standard paper sizes used for technical 

drawings.

 12. What is the shape of a sharpened compass lead?

 13. What grade pencil is used to create construction lines 

on technical drawings?

 14. List fi ve recommended drawing techniques for cre-

ating good technical drawings.

 15. How are metric drawings clearly identifi ed on the 

drawing sheet?
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P r o b l e m s

The problems in this chapter introduce you to the tools 

of technical drawing. To solve these problems, you must 

use either traditional tools or a CAD system. By doing the 

drawing problems, you will learn how traditional tools, 

such as the straightedge, triangles, compass, dividers, 

scales, protractors, paper, eraser, and pencils, are used. If 

solving the problems using CAD, you will learn how to 

draw and erase lines, circles, arcs, and curves. 

To convert the problems to metric, use 25.4 mm per 
inch and round the value to the nearest whole millime-
ter. Use capital (caps) letters for all text.

 6.1 Using traditional tools or CAD, draw the border for 

an A-size (81⁄2� � 11�) sheet, using the dimensions 

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

3.50 3.50
1.001.00

0.75
0.38

8.00

10.50

3.81

Figure 6.66

Problem 6.1  A-size drawing sheet divided into six equal 
parts

shown in Figure 6.66. Divide the drawing area into 

six equal parts and label each, beginning with the 

letter A. Do not include the dimensions. Text is 1⁄8� 
high, all caps, and centered vertically in the space, 

using light construction guidelines if using tradi-

tional tools.

 6.2 Using traditional tools or CAD, draw the border for 

an A4 metric sheet, using the dimensions shown in 

Figure 6.67. Divide the drawing area into six equal 

parts and label each, beginning with the letter A. 

Text is 3 mm high, all caps, and centered vertically 

in the space, using light construction guidelines, if 

using traditional tools.

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

89 89
2525

19.5
10

204

267

97

Figure 6.67

Problem 6.2  A4 metric drawing sheet divided into six 
equal parts
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 6.3 See Figure 6.68. Using either the A or A4 sheet cre-

ated in Problems 6.1 and 6.2, do the following in the 

given space:

a. Draw six equally spaced horizontal lines.

b. Draw six equally spaced vertical lines.

c. Draw eight equally spaced 45-degree lines.

d. Draw eight equally spaced 30-degree lines.

e. Draw eight equally spaced 15-degree lines.

f. Draw eight equally spaced 75-degree lines.

 6.4 See Figure 6.69. Draw another A or A4 sheet and 

divide it into six equal parts. (If using CAD, sim-

ply load the drawing sheet created in Problem 6.1 

or 6.2.)

a. Create the brick pattern shown, using 1� (25 mm) 

as the length and 0.50� (13 mm) as the height.

b. Create the pattern shown, using 1.60� (41 mm) as 

the length and 0.80� (20 mm) as the width, and 

using a 45-degree angle.

c. Draw the solid and dashed horizontal lines, us-

ing 0.25� (6 mm) spacing.

d. Draw the pattern shown, using 0.28� (7 mm) 

spacing.

e. Draw the 45-degree angled lines, using 0.40� 
(10 mm) spacing.

f. Draw the Escher pattern at an angle of 60 de-

grees. (Estimate distances to approximate the 

pattern.)

45°

.40

DATEYOUR NAME

.50

DRAWING NAME SCALE NO. GRADE

.25

1.60

.80

.25

.28

B.

45°

A. C.

F.E.D.

.10

.28

Figure 6.69

Problem 6.4  Pattern exercise

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

Figure 6.68

Problem 6.3  Line exercise

224 PART 2  Fundamentals of Technical Graphics
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 6.5 See Figure 6.70. Determine the measurements 

shown, on the metric scales.

1:1

(A)

1:10

0 10mm 20 30 40 50 60 70 270 280 290 300mm

0100mm2003002700280029003000mm 2300240025002600

1:1 RATIO METRIC-SCALE (FULL-SIZE)

1:10 RATIO METRIC-SCALE (ONE TENTH SIZE)

1:2

(B)

1:20

0 20mm 40 60 80 100 120 140 540 560 580 600mm

0200mm4006005200540058006000mm 4400460048005000

1:2 RATIO METRIC-SCALE (ONE-HALF SIZE)

1:20 RATIO METRIC-SCALE (ONE-TWENTIETH SIZE)

1:5

(C)

1:50

0

0

1:5 RATIO METRIC-SCALE (ONE-FIFTH SIZE)

1:50 RATIO METRIC-SCALE (ONE-FIFTIETH SIZE)

100mm 200 300 1400 1500mm

1m12131415m

3

2

1

4

5

6

10

1

12

7

8

9

14

15

13

18

17

16

1

Figure 6.70

Problem 6.5  Reading metric scales

Answers
 1. _____________  7. _____________ 13. _____________

 2. _____________  8. _____________ 14. _____________

 3. _____________  9. _____________ 15. _____________

 4. _____________ 10. _____________ 16. _____________

 5. _____________ 11. _____________ 17. _____________

 6. _____________ 12. _____________ 18. _____________
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226 PART 2  Fundamentals of Technical Graphics

10

(A) 50

0

0

36

20

(B) 40

0

0

54

30

(C) 60

0

0

1 2 3 11 12

4 2648 4652 5056 5460 58

1 2 3 4 5 6 22 23 24

24384042444648

2 4 6 8 32 34 36

2468565860626466687072

3

2

1

4

5

6

10

1

12

7

8

9

14

15

13

18

17

16

1

Figure 6.71  

Problem 6.6  Reading civil engineer’s scales

Answers
 1. _____________  7. _____________ 13. _____________

 2. _____________  8. _____________ 14. _____________

 3. _____________  9. _____________ 15. _____________

 4. _____________ 10. _____________ 16. _____________

 5. _____________ 11. _____________ 17. _____________

 6. _____________ 12. _____________ 18. _____________

 6.6 See Figure 6.71. Determine the measurements 

shown, on the civil engineer’s scales.
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11 12

56
12

58
8

60
4

62
0 3

32

16
0 1 2 3

3
16 0

24
2

20
4

16
6

12
8

8
10

4
12

100
14

96

128
1

SIZE64
1 SIZE

(A)

0
3

0
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4

1
0

0
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1
26

2
24

3
2

14
0

3
8

11
29639 36

1
4

1
8

1
2369

20
1

18
2

0
10

0
46

4
44

8
42

72
10

76
8

80
6

84
4

88
2

92

16
1 SIZE

(B)

(C)

0

4
1 SIZE

8
1 SIZE

32
1 SIZE

12
1

SIZE
24
1

SIZE

96
1

SIZE48
1 SIZE

19

21

22

20 23

24

25 26

34

33 32 31

28

293027

40 38

39

36

37

35

32

1 4

5

6

10

1

127 8

9

14

15

13

18

17 16

1

Figure 6.72  

Problem 6.7  Reading architectural engineer’s scales

 6.7 See Figure 6.72. Determine the measurements 

shown, on the architectural engineer’s scales.

Answers
 1. _____________  8. _____________ 15. _____________

 2. _____________  9. _____________ 16. _____________

 3. _____________ 10. _____________ 17. _____________

 4. _____________ 11. _____________ 18. _____________

 5. _____________ 12. _____________ 19. _____________

 6. _____________ 13. _____________ 20. _____________

 7. _____________ 14. _____________ 21. _____________

 22. _____________ 29. _____________ 36. _____________

23. _____________  30. _____________ 37. _____________

24. _____________  31. _____________ 38. _____________

25. _____________  32. _____________ 39. _____________

26. _____________  33. _____________ 40. _____________

27. _____________  34. _____________

28. _____________ 35. _____________
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 6.8 See Figure 6.73. Determine the measurements 

shown, on the combination scales.

 6.9 See Figure 6.74. Draw the border lines and title 

blocks for the ANSI and ISO drawing sheets, using 

the dimensions shown. Add text as shown, using 
1⁄8� (3 mm) all caps text.

10

50

0

0

1 2 3 11 12

4 2648 4652 5056 5460 58(A)

(B)

(C) 17

16

0 2

11 120 1 2 3

0

.01
1:100

FULL SIZE-50(.02)

0 1 2 3 4 5 6 7 27 28 29 30

1 8 6 4 2 0
11 12

4 212 8 6 4 2 11
0 1

8 6 4 2 10
2

8 6 4 2 9
3

22 421 620 819 1018

1
4SIZE

1
2 SIZE42 441

METRIC

19

20

1615

3

2

1

4

5

6

10

1

12

7

8

9

14

13

18

17

1

Figure 6.73  

Problem 6.8  Reading combination scales

Answers
 1. _____________  5. _____________  9. _____________

 2. _____________  6. _____________ 10. _____________

 3. _____________  7. _____________ 11. _____________

 4. _____________  8. _____________ 12. _____________

13. _____________ 17. _____________

14. _____________ 18. _____________

15. _____________ 19. _____________

16. _____________ 20. _____________
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Title Block for D and E.

Continuation Sheet Title Block for A, B, C.

Continuation Sheet Title Block
for D and E.

Title Block for A, B, C.

Size
Designation

Width
(Vertical)

Length
(Horizontal)

Margin

HorizontalVertical
A (Horiz)
A (Vert)

B
C
D
E

8.5
11.0
11.0
17.0
22.0
34.0

11.0
8.5

17.0
22.0
34.0
44.0

0.38
0.25
0.38
0.75
0.50
1.00

0.25
0.38
0.62
0.50
1.00
0.50

International
Designation

A4

A3
A2
A1
A0

Width

In.mm

210

297
420
594
841

8.27

11.69
16.54
23.39
33.11

Length

In.mm

297

420
594
841
1189

11.69

16.54
23.39
33.11
46.11

FSCM NO

SCALE

SIZE

SHEET

DWG NO REV

ISSUED

DRAWN

REV

SCALE

SIZE

SHEET

FSCM NO DWG NO

ISSUED

DRAWN

SIZE FSCM NO DWG NO REV

SHEETSCALE

SCALE SHEET

SIZE FSCM NO DWG NO REV

1.25.38

.25

1.00
.75

.25
5.12

2.38 1.75

.50

2.50

1.12

.38

1.751.50
4.252.00

.62

.25

.25

1.00

7.62

.38 1.25

.50

1.12 2.50

.25

5.12
2.38 1.75

.50

1.25.38

1.751.50
4.25

.38

.25

.62

6.25

1.75

.38

.38

Figure 6.74

Problem 6.9  ANSI standard title blocks and border lines

229
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230 PART 2  Fundamentals of Technical Graphics

 6.10 See Figure 6.75. Create the grid shown, using the 

dimensions given. Plot points at the intersections 

shown; then draw a smooth curve through each 

point using an irregular curve or the appropriate 

CAD command. For metric, use a grid of 10 mm in 

a 120 mm-by-120 mm square.

 6.11 See Figure 6.76. Smooth curves are used in the de-

sign of cams to represent harmonic motion. Con-

struct the curve shown in the fi gure by plotting the 

points.

6.00

6.00

.50 SQUARE GRID

Figure 6.75

Problem 6.10  Irregular curves

4.1250

2.50

11 Equal
divisions

1 Division

Figure 6.76

Problem 6.11  Smooth curve
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 6.12 See Figure 6.77. Do the problems assigned by your 

instructor, using the appropriate size drawing sheet. 

Do not dimension. Whenever you see TYPICAL or 

TYP on the drawings, it means that similar features 

are the same size; Ø means diameter of the circle.

(A) (B) (C)

(D) (E)

(F)

2.50

.25
(TYPICAL)

4.25

.25
(TYPICAL)

2.50 2.50
5.25

.25
TYP

.25
TYP

ø3.00

ø2.50

ø2.00

ø1.50

6X ø.50

9X ø1.120 9X ø1.50

ø2.50

1.375

2.75 TYP 

1.250

5X ø2.50
5X ø2.00

45°

Equilateral Triangles
Equilateral Triangles

Figure 6.77

Problem 6.12  Shape construction
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 6.13 See Figure 6.78. Using a scale of 1⁄8��1�–0�, draw 

the truss shown in the fi gure. The rise (R) is one-

fourth the span of the truss.

 6.15 See Figure 6.80. Construct the irregular polygon 

shown in the fi gure, using the given dimensions, on 

an A- or A4-size sheet. Do not dimension.

SPAN = 30'-0"

2/3 R
3/4 R

RISE = 1/4 SPAN

1/6 SPAN TYP.

Figure 6.78

Problem 6.13  Truss

 6.14 See Figure 6.79. Construct the irregular polygon 

shown in the fi gure, using the given dimensions, on 

an A- or A4-size sheet. Do not dimension.

4"

2.25"

1.50"

135°

120°

Figure 6.79

Problem 6.14  Angle polygon

E

A

B

C

D

F
G

H

I J

135°

120°

?

60°
90°

75°
105°

105°

90°
AB = .94

BC = .90

CD = .46

DE = .34

EF = .66

FG = .40

GH = 1.06

HI = .68

IJ = 1.30

JA = ?

Figure 6.80

Problem 6.15  Irregular polygon

 6.16 See Figure 6.81. Construct the centering plate, us-

ing the given dimensions. All of the angles are pro-

portional to angle A. Place the drawing on an A- or 

A4-size sheet. Do not dimension.

.66

3X
A/3

.625A

A

A

A/3

.35

4

5X ø .25

4X ø .375

ø 3.00

Figure 6.81

Problem 6.16  Centering plate
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 6.17 See Figure 6.82. A laser beam directed from source 

A is refl ected at a 45-degree angle from mirror B to 

mirror C, then onto the horizontal machine surface. 

Draw the mirrors, machine surface, and light path. 

Determine angle X for mirror C. [Hint: Angle Y 

must equal angle Z (angle of incidence equals angle 

of refl ection).] Use a scale of 1⁄4� equals 1�–0� and 

draw on an A-size sheet.

 6.19 See Figure 6.84. Construct the V-spacer shown in 

the fi gure. The letter R in the dimensions means 

the radius of the arc. Use an A-size sheet.

A

B

C

D

8'-0"

10'-0"

Z

Y

X

Horizontal machine surface

45°

Figure 6.82

Problem 6.17  Refl ector

 6.18 See Figure 6.83. Construct the retaining ring shown 

in the fi gure. Use an A-size sheet and triple the size 

of the linear dimensions.

2X 15°

2X 60°

2X 75°

2X R .060
R .330

R .390

R .410 FILLETS & ROUNDS R .020 U.O.S.
.0625 THICK

Figure 6.83

Problem 6.18  Retaining ring

2X R .88

2X R .63

R .88

2.75

5.75

2.20

4.70

.25 THICK 1.38

90°

Figure 6.84

Problem 6.19  V-spacer

 6.20 See Figure 6.85. Construct the saw shown in the 

fi gure. Use an A-size sheet.

18X 20°

ø 5.00

ø 6.00

ø 1.50

1.63

.250

18X R .040

.125 THICK

Figure 6.85

Problem 6.20  Saw
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 6.21 See Figure 6.86. Construct the fl ow gasket shown 

in the fi gure, using a B-size sheet.

 6.22 See Figure 6.87. Construct the pump gasket shown 

in the fi gure, using a B-size sheet.

5.00

1.40

R 3.40

9X R .60

9X ø .60

6X 36°

.30 TYP.

6X R 3.25 ø 2.00

FILLETS & ROUNDS R .20 U.O.S.
.0625 THICK

Figure 6.86

Problem 6.21  Flow gasket

16°
26°

19°

37°

2X 29°

2X 21°

ø 6.00

R 3.54

R 3.88

ø 6.54

4X R .37

8X ø .340

FILLETS & ROUNDS R .13 U.O.S.
.0625 THICK

3.992

R 3.88

Figure 6.87

Problem 6.22  Pump gasket

 6.23 See Figure 6.88. Construct the open support shown 

in the fi gure, using an A-size sheet.

.60

1.12

1.50

2X R .22

4X R .15

R 3.00

R 2.70

R 1.88

R 1.58

.45

2X ø.60

30°

4X R .30

2X R .15

.30

Figure 6.88

Problem 6.23  Open support
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 6.24 See Figure 6.89. Construct the angle bracket shown 

in the fi gure, using a B-size sheet.

3.25

5.00

7.13

5.63

6.75

R 1.13

1.75

2.63

45°

30°

1.75

2.63

45°

2X ø 1.25

R 1.75

1.25

Figure 6.89

Problem 6.24  Angle bracket

 6.25 See Figure 6.90. Construct the chamber clip shown 

in the fi gure, using a B-size sheet.

4X R .88

75°

2.75
3.13

5.88

6.88

7.38

1.88

3.25

3.61

.38

1.88

.75

.75 .88 TYP.

2.00

4X ø .50

FILLETS & ROUNDS
R .38 U.O.S.
OBJECT SYMMETRICAL
ABOUT VERTICAL CENTER LINE

7.76

Figure 6.90

Problem 6.25  Chamber clip
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 6.26 See Figure 6.91 A through I. Using the scale as-

signed by your instructor, measure and then con-

struct the parts.

(B)

(D)

(F) (G )

(H)

(C)

(E)

(I)

(A)

Figure 6.91

Problem 6.26  Scaled drawings
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Chapter Seven

Sketching 
and Text

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne technical sketching.

 2. Understand how sketching integrates 

into the design process.

 3. Identify and defi ne two types of 

sketches.

 4. Create a design sketch using pencil or 

computer.

 5. Identify and use sketching tools.

 6. Use grid paper to create sketches.

 7. Lay out a sketch using proportions.

 8. Understand the difference between 

pictorial and multiview projection.

 9. Create a perspective sketch.

 10. Create an isometric sketch.

 11. Create an oblique sketch.

 12. Create a multiview sketch.

 13. Identify the types and precedence of 

lines.

 14. Understand how sketching is used in 

constraint-based modelers.

 15. Follow good hand-lettering practice.

 16. Identify important practices when 

using CAD for lettering.

It adds a precious seeing to the eye.

—William Shakespeare

C
hapter Seven

ber28376_ch07.indd   237ber28376_ch07.indd   237 1/2/08   2:59:12 PM1/2/08   2:59:12 PM



238 PART 2  Fundamentals of Technical Graphics

Introduction
Sketching is an important method of quickly communicat-

ing design ideas; therefore, learning to sketch is necessary 

for any person working in a technical fi eld. Sketching is as 

much a way of thinking as it is a method of recording ideas 

and communicating to others. Executives, engineers, tech-

nicians, and nontechnical people, from children to adults, 

use sketches to represent new ideas.

Sketching is a form of documentation in the early, ide-

ation phase of engineering design. Most new designs are 

fi rst recorded using design sketches.

This chapter introduces you to sketching techniques. 

The next chapter uses these techniques to help you visual-

ize the forms of objects in your mind. Later chapters show 

you how to take your sketched design ideas and formalize 

them in models or drawings that can be used in analysis 

and manufacturing.

Lettering is part of sketching and drawing. Before 

CAD, lettering had much more emphasis in engineering 

and technical graphics. Now it is no longer necessary to 

spend hours working on lettering technique. CAD sys-

tems offer the user many different typestyles that can be 

varied in a number of ways. More and more, hand letter-

ing is used only to add additional information to sketches. 

Though this lettering will probably not be as refi ned as the 

lettering in a mechanical drawing, it should still refl ect a 

standardized style and should be neatly done.

7.1 Technical Sketching
There are three methods of creating technical draw-

ings: freehand, mechanical, and digital, as shown in 

Figure 7.1. Technical sketching is the process of produc-

ing a rough, preliminary drawing representing the main 

features of a product or structure. Such sketches have tra-

ditionally been done freehand; today, CAD systems can 

also be used. A technical sketch is generally less fi nished, 

less structured or restricted, and it takes less time than 

other types of freehand illustrations (Figure 7.2). Also, a 

technical sketch may communicate only selected details 

of an object, using lines; whole parts of an object may be 

ignored, or shown with less emphasis, while other fea-

tures may be shown in great detail.

Technical sketches can take many different forms, 

depending on the clarity needed and the purpose of the 

sketch, both of which depend on the audience for which 

the sketch is intended. For example, a sketch made quickly 

to record a fl eeting design idea may be very rough (Fig-

ure 7.3). This type of sketch is for personal use and is not 

meant to be understood by anyone but the individual who 

produced it. A sketch may also use the format of a more 

formal, multiview drawing intended to be used by some-

one who understands technical drawings (Figure 7.4). 

However, this type of sketch would not be appropriate for 

a nontechnical person. Pictorial sketches would be used 

to further clarify the design idea and to communicate that 

idea to nontechnical individuals (Figure 7.5). Shading can 

be used to further enhance and clarify a technical sketch 

(Figure 7.6 on page 240).

Technical sketches are used extensively in the fi rst (ide-

ation) stage of the design process and are an informal tool 

used by everyone involved in the design and manufacture 

of a product (Figure 7.7 on page 240). For example, an 

industrial technologist might make several sketches of a 

layout for a factory fl oor.

Many designers fi nd that sketching becomes part of 

their creative thinking process. Through the process of 

ideation, as explained in Chapter 2, sketching can be 

used to explore and solidify design ideas that form in 

the mind’s eye, ideas that are often graphic in nature. 

Sketching helps capture these mental images in a perma-

nent form. Each sketch is used as a stepping stone to the 

DIGITAL

Figure 7.1

Technical drawings are created using freehand, mechanical, or 
digital means. Freehand drawings are known as sketches and 
are an important communication tool that engineers use fre-
quently when designing.

Less Detail,
Less Structure,
Less Restrictions

More Detail,
More Structure,

More Restrictions

Figure 7.2

Freehand drawings are grouped by the level of detail, struc-
ture, and restrictions used to create the sketch.
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Figure 7.3

Technical sketch
A rough technical sketch can be made to capture a design idea quickly. 

(Courtesy of Ziba Design.)

Figure 7.4

Multiview sketch of a mechanical part
Sketches can be used by the engineer to communicate techni-
cal information about the design to others.

Figure 7.5

Pictorial sketch
Pictorial sketches are used to communicate technical informa-
tion in a form that is easy to visualize.
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next sketch or drawing, where ideas are refi ned, detail is 

added, and new ideas are formed.

On a large project, hundreds of sketches are created, 

detailing both the successful and the unsuccessful ap-

proaches considered for solving the design problem. Since 

all but the smallest of design projects are a collaborative 

effort, sketches become an important tool for communi-

cating with other members of the design team.

At the early stages of the design process, highly re-

fi ned, detailed drawings can actually impede the explo-

ration of alternative ideas. What is needed are informal, 

nonrestrictive sketches that can communicate both geo-

metric and nongeometric information and can be pro-

duced quickly and changed easily. Technical sketching, 

being fast and less restrictive, can convey ideas at a level 

of detail that communicates the design intent and, at the 

same time, allows the viewers to imagine for themselves 

how different solutions might further the design. Sketches 

as a communications tool encourage collaborative contri-

butions from other members of the design team.

7.1.1 Freehand Sketching Tools

Normally, tools used for sketching should be readily avail-

able and usable anywhere: pencil, paper, and eraser. Al-

though variations on these tools are numerous and sophis-

ticated, the goal of technical sketching is simplifi cation. 

Just a few pencils, an eraser, and sheets of paper should be 

all that is needed. Many a great design idea was born on a 

note pad with a No. 2 wooden pencil! Although there may 

be a temptation to use straightedges, such as T-squares and 

triangles, a minimum amount of practice should allow you 

to draw lines good enough for sketches without these aids. 

Mechanically drawn lines can slow you down, add a level 

of accuracy not needed in the early stages of a design, and 

restrict the types of forms explored.

Pencils  The lead used in pencils comes in many differ-

ent hardnesses (see Chapter 6); the harder the lead, the 

lighter and crisper the line. For general-purpose sketch-

ing, leads in the H and HB range will give you acceptable 

lines. If the lead is much harder, the lines will be too light 

and hard to see. In addition, hard lead has a tendency to 

puncture and tear some of the lighter weight papers used 

in sketching. On the other hand, if the lead is too soft, 

too much graphite is deposited on the paper and can be 

smudged easily. Leads in the middle range allow for a 

dark, relatively crisp line.

With any weight of lead, you can vary the darkness 

of the line to some degree. With wooden pencils, lighter 

lines can be drawn by dulling the point of the lead. With a 

thin-lead mechanical pencil, the lead is essentially always 

sharp. Lighter lines can be drawn by easing the pressure 

on the mechanical pencil as you draw.

Although traditional wooden pencils can be used for 

sketching, it is more common to use mechanical pencils. If 

Figure 7.6

Shaded sketch
This rendered sketch is an example of the amount of detail 
that can be used when creating sketches. This type of sketch 
is more appropriate for technical illustrations than for design 
communications. 

(Irwin drawing contest winner Tim Brummett, Purdue University.)

Servicing
Financing
Marketing
Producing
Planning
Documenting

Modeling

Design
Analysis

Design
Visualization

Problem
Identification

Preliminary
Ideas

Preliminary
Design

S
ke

tc
hi

ng Sketchin
g

S k etc hin g

IDEATION

REFINEMENT IMPLEMENTATION

Figure 7.7
Sketching is used throughout the design process to communi-
cate information.
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only a single mechanical pencil is used, one with a 0.5-mm 

lead size is probably the best. However, if you want to em-

phasize a group of lines by drawing them thicker, you may 

want to work with a set of pencils, each with a different 

lead thickness. The alternative is to draw over the lines a 

number of times. This is less desirable since it is impossible 

to draw freehand exactly along the same path twice; each 

time you draw over a line, you widen or slightly change its 

path. Also, it is useful to have one pencil with a somewhat 

harder lead, such as 2H or 4H, to produce a slightly lighter 

line for preliminary construction lines.

Eraser  Erasing should only be used to correct mistakes 

in a line, not to make changes in a design. Such changes 

should be recorded on a separate sketch, and the original 

sketch should be preserved. Still, most people fi nd that a 

small amount of erasing is helpful. Usually, the eraser on 

the end of the pencil is suffi cient. However, if you are go-

ing to do a lot of sketching, you may need a separate eraser, 

and one of any size or shape will do. You might consider a 

vinyl eraser, since they leave less residue when used.

Paper  There is a wide range of paper choices for sketch-

ing (including a napkin you could draw on during lunch). 

The most accessible and easiest to use is notebook size 

(81⁄2� � 11�) paper. Because of the diffi culty of drawing 

long lines freehand, paper much larger than that is nor-

mally not useful for a single sketch. On the other hand, 

larger paper is useful for drawing multiple sketches that 

should be visually grouped together.

Plain bond paper with no lines offers the highest de-

gree of fl exibility; lined paper tends to lock you in visually 

to drawing along the lines. However, when you want the 

guidance of existing lines on the paper, it is most useful 

to have the lines running along both dimensions, form-

ing a grid. Two of the most common grid papers used in 

sketching are square grid (Figure 7.8A on the next page) 

and isometric grid (Figure 7.8B on the next page) for use 

in certain types of pictorial sketch. Common grid densities 

run from 4 to 10 lines per inch. A less common type of grid 

paper is perspective, which is used to create another type 

of pictorial sketch (Figure 7.8C on the next page).

Often, it would be useful to have grid lines for the 

sketch, but not for the fi nal drawing. One way this can be 

achieved is to sketch on thin, plain, translucent tracing pa-

per laid over the grid paper and taped down so that the grid 

lines show through. When the sketch is done, it is untaped 

from the grid paper and viewed without the grid lines be-

hind it. This technique is also a money saver because grid 

paper is more expensive than tracing paper (often called 

Historical Highlight
Very Early Attempts at Drawing

Our earliest records of drawings come from caves and from 

ancient Egyptian tomb drawings. Characteristics of draw-

ings at this time include the human face simply displayed in 

a profi le view. Legs are also shown in profi le because bend-

ing of the legs will appear in true form. The torso, though, is 

better drawn from the front because it makes it easier to rep-

resent the arms naturally. Most drawings of this period are 

contrived so that the middle part of the fi gure is twisted so 

you see the side view of the head, the front view of the torso, 

and the side view of the legs. This method to depict humans 

was also used by the Babylonians from about 2500 B.C.

It is worth noting that most early drawings were of hu-

mans or of humans using something. The focus of most 

drawings seems to be to describe events or stories and not 

things. Even though the Greeks were quite advanced in ge-

ometry, the drawing of things was not important, which may 

have prevented development of drawing techniques useful 

for drawing technical devices. The development of drawing 

techniques suitable for technical drawings would have to 

wait for the Renaissance.
Excerpted from The History of Engineering Drawing, by Jeffrey Booker, 

Chatto & Windus, London, England, 1963.

E. Strouhal, © Werner Forman/Art Resource, NY.

241

ber28376_ch07.indd   241ber28376_ch07.indd   241 1/2/08   2:59:23 PM1/2/08   2:59:23 PM



242 PART 2  Fundamentals of Technical Graphics

trash paper), which can be bought in bulk on rolls. The 

other advantage to tracing paper is that it can be laid over 

other sketches, photos, or fi nished technical drawings. 

A light table can be used to improve the tracing process. 

Tracing is a fast, accurate method for refi ning a design idea 

in progress or for using an existing design as the starting 

point for a new one.

7.2 Sketching Technique
It takes practice and patience to produce sketches 

that are both legible and quickly made. The follow-

ing sections describe common techniques used to produce 

good sketches quickly. The discussions cover the tools 

and the techniques for creating straight lines, curves (such 

as circles and arcs), and proportioned views. With pa-

tience and practice, it is possible for you to become good 

at making quick, clear sketches, regardless of your expe-

rience and natural drawing ability.

7.2.1 Straight Lines

All sketches are made up of a series of lines. Lines cre-

ated for sketches differ from mechanically produced lines 

in that they are not constrained or guided by instruments, 

such as a T-square, template, or compass. Instead, the 

(C)

(A) (B)

Figure 7.8

Square (A), isometric (B), and perspective (C) grids used for sketching
The grid lines are used as an aid in proportioning the drawing and sketching straight lines freehand.
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lines are guided strictly by the eye and hand. Such lines 

have a different aesthetic quality than mechanical lines 

(Figure 7.9). At a micro level, sketched straight lines are 

uneven; at a macro level, they should appear to follow a 

straight path without any interruptions (Figure 7.10).

One of the easiest guides to use for sketched lines is 

grid paper. Lines drawn right on the grid are the easiest 

to produce, and even those lines that are offset but paral-

lel to a grid line are fairly easy to produce. The idea is 

to keep your sketched line a uniform (but not necessarily 

equal) distance between two existing grid lines.

Curved lines, straight lines not parallel to a grid line, 

and lines drawn without the aid of a grid are more dif-

fi cult. In all of these cases, the lines are drawn as inter-

polations between two or more points. The points are 

typically marked on an engineering drawing as two in-

tersecting lines, one horizontal and one vertical, and each 

approximately 3 ⁄16� long. Your eye should take a “global” 

view of all the points to be connected and should guide 

your hand as it goes from point to point.

Quite often, the sketched line is built up from a se-

quence of two or three passes with the pencil (Figure 

7.11). The fi rst pass is drawn light, using a hard lead, such 

as a 4H, sharpened to a point, and may not be as straight 

as your fi nal line will be; however, it should provide a 

path on top of which the fi nal, even, darker line is drawn. 

For particularly long lines, the initial line may be drawn 

in segments, coming from the two endpoints and meeting 

in the middle; however, the fi nal line should be drawn in 

one single pass to avoid choppiness. If necessary, another 

pass can be used to darken or thicken the line.

Long lines are diffi cult to control, even for someone 

with a lot of experience. If you cannot choose a drawing 

scale that reduces the size of the sketch, use grid paper as 

a guide, drawing either directly on the grid paper or on 

tracing paper placed on top of the grid paper. If the line is 

parallel and relatively close to the edge of the paper, you 

can rest a fi nger or a portion of your palm along the edge 

of the paper to stabilize your drawing hand (Figure 7.12 

on the next page). If necessary, you can use a ruler or a 

scrap of paper to mark a series of points on the sketch, but 

this will slow you down a bit.

Another technique that helps when drawing lines 

of any length is changing the orientation of the paper. 

Sketching paper should not be fi xed to your drawing sur-

face. Instead, you should be able to rotate the paper freely, 

orienting it in the direction that is most comfortable. 

Practice will determine which orientation is best for you. 

Many people fi nd that drawing the lines by moving away 

from or toward the body, rather than from left to right, 

produces the quickest, straightest lines; others fi nd it most 

comfortable if the paper is angled slightly away from the 

body. Again, the longer the line, the more important it is 

that the paper be positioned comfortably for you.

To sketch quickly, accurately, and without fatigue, 

your hand and the rest of your body should be relaxed. 

Paper orientation should allow your whole forearm to be 

in a comfortable position. Your hand must also be relaxed 

and comfortable. Students learning to sketch often believe 

that sketched lines must be as rigid as mechanically drawn 

Sketched

Mechanical

Figure 7.9

A comparison of mechanically drawn and sketched lines

Yes

No!

No!

No!

Figure 7.10

Examples of good and bad straight line technique
Sketched lines should be straight and dark and should have a 
consistent thickness.

1st Pass

2nd Pass

Figure 7.11

Sketching lines
The sequential drawing of a straight line is done by fi rst draw-
ing a very light line, using short strokes. The light line is then 
drawn over and darkened.
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lines, and they assume that the tighter they grip the pencil, 

the more control they will have over the line. In fact, the 

opposite is true. A more relaxed grip (though not relaxed 

enough to let the pencil slip in your hand) will allow the 

eye and mind to control the pencil more directly, making 

almost subconscious corrections to keep it on track.

With experience, although you will be conscious of 

where you are drawing from and to, the actual drawing of 

the line will be virtually automatic. The idea is to fi nd the 

right balance between relaxed, comfortable drawing and 

sloppy, loose drawing. Although not drawn with instru-

ments, sketched lines should still be crisp, and straight 

lines should be easily distinguishable from those that are 

supposed to be curved.

The following summarizes the techniques used to 

sketch straight lines:

■ Orient the paper to  a comfortable position. Do not fi x 

the paper to the surface.
■ Mark the endpoints of the lines to be sketched.
■ Determine the most comfortable method of creating 

lines, such as drawing from left to right, or drawing 

either away from or toward your body.
■ Relax your hand and the rest of your body.
■ Use the edge of the paper as a guide for making 

straight lines.
■ Draw long lines by sketching a series of connected 

short lines.

■ If necessary, draw on grid paper or on tracing paper 

that is overlaid on grid paper.

Sketching Straight Lines
In this exercise, you are to create a series of 5� long parallel 

lines equally spaced at 0.5�. Refer to Figures 7.10 and 7.11.

Step 1. Lightly mark the endpoints of the lines to be 

sketched on 8½� � 11� paper.

Step 2. Orient the paper in a comfortable position for 

sketching.

Step 3. Comfortably and in a relaxed manner, position 

your hand so that the pencil is close to one of the marked 

endpoints of the fi rst line to be sketched. Sketch the top 

line fi rst, to avoid smearing newly sketched lines with 

your hand.

Step 4. Quickly scan the two endpoints of the fi rst line 

to determine the general direction in which you will be 

sketching.

Step 5. Lightly sketch a short line, approximately 1� long, 

by moving your hand and the pencil in the general direc-

tion of the other end of the line.

Step 6. Repeat steps 4 and 5 until the other end of the line 

is reached.

Step 7. Return to the starting point of the line and overdraw 

the line segments with a slightly longer, heavier stroke, to 

produce a thick, dark, more continuous straight line.

Finger rigid—
slide along edge

Keep this
distance from
edge 

Strip of paper

Figure 7.12

Sketching long lines
Very long lines can sometimes be more diffi cult to draw. One technique is to use the edge of the paper as a guide for your hand. 
Another technique is to mark equal distances from the edge of the paper using a marked scrap of paper as a guide. The marks are 
then used as a guide to produce the line.
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Step 8. Repeat steps 3 through 7 to sketch the remaining 

straight lines.

7.2.2 Curved Lines

Curved lines need multiple guide points. The most com-

mon curve is a circle or circular arc. Although very small 

circles and arcs can be drawn in one or two strokes and 

with no guide points, larger circles need some prelimi-

nary points. The minimum number of points for a circle 

is four, marked on the perimeter at equal 90-degree inter-

vals. For an arc, use at least one guide point for every 90 

degrees and one at each end.

There are a number of ways to lay out the guide points 

for circular curves quickly. One way is to draw a square 

box whose sides are equal to the diameter of the circle 

(Figure 7.13A). The midpoints on each side of the square 

mark the points where the circle will touch the square. 

These points are called points of tangency. More guide 

points can be added by drawing the two diagonals across 

the square. The center of the circle being sketched is the 

point where the diagonals cross (Figure 7.13B). Mark the 

guide points on each diagonal approximately two-thirds 

the distance from the center of the circle to the corner of 

the square. This distance is the approximate radius of the 

circle (Figure 7.13C).

As with longer straight lines, large arcs and circles are 

harder to draw and may need guide points marked at more 

frequent intervals. To do this, it is handy to use a scrap of 

paper with the radius marked on it (Figure 7.13D).

Circular arcs are drawn the same way as circles, adjust-

ing the number of points to suit the degree of curvature 

(i.e., the length) of the arc. Noncircular arcs, however, can 

be more diffi cult. Since these lines are only to be sketched, 

calculating the points that the curve should pass through is 

too involved and is not recommended. Simply use the eye 

to estimate guide points and then gradually draw a curve 

to pass through those points. (Ellipses and curves in mul-

tiview drawings are two special cases treated later in this 

chapter.)

As with straight lines, positioning the paper and us-

ing a relaxed grip are important for helping you create 

good curves. Unlike straight lines, curves are usually best 

drawn in a series of arcs of not more than 90 degrees. 

After each arc is drawn, rotate the paper for the next seg-

ment of arc. With practice you may be able to eliminate 

rotating the paper for smaller arcs, but will probably still 

have to do so for larger ones.

A common pitfall when drawing circles is not properly 

estimating the degree of curvature. This leads to arcs that 

are too fl at, too curved, or both (Figure 7.14). Until you 

get better, more points along the arc will help guide you.

(A) (B) (C) (D)

ra
diu

s

2
3

4

2

3 1

Figure 7.13

Sketching a circle
Sketching a circle is easier using one of the techniques shown. For small circles, use a square or multiple center lines to guide the 
construction process. For large circles, use a scrap of paper with the radius marked on it as a guide.

BothToo flat Too curved

Figure 7.14

Poorly drawn circles will have fl at areas and sharp curves
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Sketching a Circle or Arc
The following steps demonstrate how to sketch a circle or 

arc. Refer to Figures 7.13 and 7.14 as a guide.

Step 1. Orient the paper in a comfortable position and re-

lax your grip on the pencil. Lightly mark the corners of a 

square with sides equal in length to the diameter of the 

circle or arc to be sketched.

Step 2. Lightly sketch the square, using short strokes to 

create the straight lines.

Step 3. Mark the midpoints of the four sides of the square. 

This gives you four marks on the perimeter of the circle.

Step 4. Sketch diagonals across the corners of the square. 

Where the diagonals cross is the center of the circle.

Step 5. Mark the diagonals at two-thirds the distance from 

the center of the circle to the corner of the square. This 

gives you four more marks on the circle’s perimeter.

Step 6. Sketch the circle by creating eight short arcs, each 

between two adjacent marks on the perimeter. Start 

at any mark and sketch an arc to the next mark (on ei-

ther side of the fi rst one, whichever is most comfortable 

for you).

Step 7. Rotate the paper and sketch the next arc from 

the last mark you touched to the next mark on the perim-

eter. Repeat this step until all eight arc segments have 

been sketched. For smoother sketches, rotate the paper 

in the opposite direction from the one you used to draw 

the arc.

Step 8. Overdraw the arcs with a thick, black, more con-

tinuous line to complete the sketched circle.

7.2.3 Contour Sketching

The most fundamental element to creating sketches is 

the line or the outline of an object. The lines or outlines 

of an object are used to represent the edges and contours 

of objects we see in the world. If we sketch the boundar-

ies, an object slowly takes shape and we begin to recog-

nize it as a familiar object. This technique of sketching 

the outline of an object is called contour sketching and 

is an important technique used by novice sketchers to 

gain confi dence in their sketching ability. Contours on 

objects can take the form of edges of an object, lines 

that separate contrasting light or color, changes in the 

surface of an object, and overlapping parts. The pri-

mary reason for contour sketching is to develop your 

visual acuity and sensitivity to important object fea-

tures which are necessary to create accurate sketched 

representations.

When fi rst learning how to use contour sketching, be-

gin by slowly tracing the outline of an object with your 

eyes while slowly sketching what you see. At fi rst the 

sketch may seem crude and out of proportion, but with 

practice your sketches will be quite good. Figure 7.15A 

shows an example of a contour sketch created by care-

fully looking at the outline of the object and sketching 

what you see without looking at the paper. Figure 7.15B 

is a sketch created by carefully looking at the outline of 

the object and looking at the paper as you sketch. Both 

techniques are useful when learning how to observe and 

create sketches of what you see. 

Making a Contour Sketch
In this exercise, you are to create a sketch of the stapler 

shown in Figure 7.15 using the contour sketching technique.

Step 1. Using a plain piece of white paper and a soft lead 

pencil, place your drawing hand with the pencil near the 

center of the paper.

Step 2. Orient the paper in a comfortable position for 

sketching.

(A)

(B)

Figure 7.15

Contour sketch
A contour sketch is created by carefully observing the outline 
of an object while sketching. This technique is used to improve 
your sketching ability. In (A), the contour sketch was created 
without looking at the paper. The contour sketch in (B) was 
created by looking at the object, then looking at the paper as 
the sketch was produced.
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Step 3. Comfortably and in a relaxed manner, very slowly 

begin to trace the outline of the object with your eyes.

Step 4. Slowly move your pencil across the paper as your 

eyes scan the outline of the object. Do not erase or 

sketch over lines and do not look at your sketch. Sketch 

very slowly and deliberately.

Step 5. Continue to draw each edge as you view it at a 

slow and deliberate pace.

Step 6. Look at your sketch after you have completed 

viewing the contours of the object. Repeat steps to im-

prove technique.

Making a Modifi ed Contour Sketch
In this exercise, you are to create a contour sketch but 

you will be able to look at your sketch as you are working 

(Figure 7.15).

Step 1. Using a plain piece of white paper and a soft lead 

pencil, place your drawing hand with the pencil near the 

center of the paper.

Step 2. Orient the paper in a comfortable position for 

sketching.

Step 3. Comfortably and in a relaxed manner, very slowly 

begin to trace the outline of the object with your eyes.

Step 4. Slowly move your pencil across the paper as your 

eyes scan the outline of the object. Do not erase or 

sketch over lines. Sketch very slowly and deliberately.

Step 5.  Occasionally look at your sketch to match it with 

the object being drawn.

Step 6. Continue to draw each edge and interior edges as 

you view it at a slow and deliberate pace.

7.2.4 Negative Space Sketching

Another useful technique novice sketchers can try to im-

prove their sketching technique is called negative space 
sketching. In this technique you concentrate on the spaces 

between the objects and not on the object itself. In other 

words, you concentrate on the geometry of the object, such 

as lines, curves, angles, tangencies, and not the names of 

the objects, such as handle, hole, base, cube. An example 

of a negative space sketch is shown in Figure 7.16. Notice 

the object itself is not shaded and lacks details, but the 

space surrounding the object is shaded.

Making a Negative Space Sketch
For this exercise, you are to create a negative space sketch 

of the object shown in Figure 7.16.

Step 1. Use a plain sheet of white paper and begin by 

sketching the box surrounding the object.

Step 2. Sketch over the top of the negative spaces in the 

fi gure to reinforce that you are going to be sketching the 

negative spaces and not the object itself.

Figure 7.16

Negative space sketching
Negative space sketching produces a sketch having only the 
spaces between the object and not the object itself.
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Step 3. Focus on one of the outlined negative spaces just 

created in step 2 until you can visualize the negative 

space.

Step 4. Now begin sketching the negative space form on 

your sheet of paper. Concentrate on drawing lines and 

curves by determining the angles, lengths, tangencies, 

and other geometric characteristics.

Step 5. Repeat steps 3 and 4 until all the negative space 

has been created.

7.2.5 Upside-Down Sketching

Upside-down sketching is another method that can be 

used to improve your sketching ability. In this technique 

you take a photograph of a recognizable object, such 

as a chair, and turn it upside-down before sketching it. 

By turning it upside-down you can concentrate on the 

shape and form of the object, allowing you to create a 

better sketch. Figure 7.17 is a photograph of a table that 

is upside-down. Carefully sketch the outline of the ob-

ject by concentrating on the geometry or form and not 

the names of the part, such as legs or feet. By doing so 

you will be able to create a more accurate sketch of the 

object.

7.3 Proportions and Construction Lines
Frequently, in the sketch of an object, the relative pro-

portions of its primary dimensions—width, height, and 

depth—are more important than their actual physical 

sizes. A proportion is the ratio between any two dimen-

sions of an object. These proportions are represented in 

the sketch by a series of preliminary lines, which are 

drawn light and fast, and which may or may not represent 

the locations of the fi nal lines in the sketch. Their pur-

pose is to form a backbone, a structure inside which the 

fi nal linework can be drawn.

The fi rst step in a sketch involves drawing the con-

struction lines, which guide a sketch’s overall shape and 

proportion. Construction lines are very light, thin lines 

used to roughly lay out some of the details of sketches 

or drawings. Do not try to draw the construction lines to 

exact lengths since lengths are marked later, by either in-

tersecting lines or short tick marks.

Construction lines have two primary features: the 

lines themselves and the intersections created where two 

lines cross. For example, the construction lines become 

the paths for the fi nal straight lines. Points marked by the 

intersections of construction lines guide the drawing of 

circles. Usually, both of these features are used in cre-

ating sketches. Since all the dimensions of a sketch are 

estimated, groups of construction lines forming boxes 

and other shapes are an important tool for preserving the 

shape and proportion of the object and its features as the 

sketch is developed.

Grid paper can be used as a guide in creating construc-

tion lines but should not be thought of as a substitute, 

since the grid does not directly represent the proportions 

of the object, and there are many more grid lines than 

there are features on the object. The goal is to draw con-

struction lines on top of the grid to reveal the form of the 

object. With experience, you may be able to make do with 

fewer construction lines, but while you are learning how 

to create properly proportioned sketches, you should use 

more, rather than fewer, construction lines to guide you.

The level of detail in many objects can be daunting for 

beginners. The best strategy—even if you are an experi-

enced sketcher—is to draw the object in stages. Before 

beginning a sketch, look at the object carefully and iden-

tify its various features. One feature could be the entire 

object. Other features may be holes, notches, rounded 

corners, etc. On more complex objects, groups of features 

can be combined to form larger features.

Each feature has a proportion that can be represented 

by a series of construction lines. The following steps de-

Figure 7.17

Upside-down sketching
Sketch the outline of the object by concentrating on the geo-
metric forms not the names of the parts.

(Courtesy of Lunar Design.)
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scribe how to proportion a drawing by breaking it down 

into its component features.

Creating a Proportioned Sketch
Step 1. Refer to Figure 7.18. Gage the proportion of the 

overall size of the object. For the fi rst sketch, use two 

overall dimensions of the object: width and height. 

Lightly sketch a box that represents the ratio of these 

two dimensions (Figure 7.18, Step 1). This box is called 

a bounding box because it represents the outer dimen-

sional limits of the feature being drawn. If the object is 

rectangular in shape, the fi nal linework will follow the 

perimeter of the bounding box. In most cases, however, 

the fi nal linework will only touch on a portion of the box’s 

edges.

Step 2. Inside the fi rst bounding box, draw other boxes 

to represent the larger features of the object, and within 

those boxes draw still others to represent the smaller 

features of the object. Often, a construction line can be 

used for more than one box. The fi nal boxes each show 

the proportions of one feature of the object.

Step 3. Continue to draw bounding boxes until the small-

est features of the object have been represented. As you 

gain experience, you may fi nd that some of these smaller 

features need not be boxed; instead, their fi nal lines can 

be sketched directly.

Step 4. When all of the features of the object have been 

boxed, begin sketching the fi nal linework, which is done 

signifi cantly darker than the construction lines.

The goal is, if you hold the drawing at arm’s length, 

the construction lines are hard to see, and the fi nal line-

work is clear and sharp. If there is not enough contrast be-

tween the construction lines and the fi nal linework, then 

the construction lines become a distraction. Make the fi -

nal lines darker, or the construction lines lighter, or both; 

however, do not erase your construction lines.

Some construction lines are not part of a bounding 

box. These lines are used to create intersections to mark 

important points. For example, diagonals inside a bound-

ing box can be used to mark its center (Figure 7.19). This 

holds true whether the box is square or rectangular. This 

centerpoint could then mark either the center of the fea-

ture to be drawn, or the corner for another, smaller bound-

ing box (Figure 7.20 on the next page).

Step 4

Final sketch

Width

Step 1

Step 2 Step 3

Height

Width

Object

Height

Figure 7.18

Creating a proportioned sketch
To create a well-proportioned sketch, use multiple steps to cre-
ate lightly sketched boxes that are then used as guides for the 
fi nal sketch.

W

.5 H

H

.5 W

Figure 7.19

Locating the center of squares and rectangles
Construction lines are used to draw diagonals marking the cen-
ter of a square or rectangle.
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Sketching Identically Proportioned Squares
Figure 7.21 demonstrates how to create a series of identi-

cally proportioned squares.

Step 1. In the square that you want to duplicate, draw a 

pair of diagonal lines to locate its center. Through this 

center point, draw lines to the midpoints of each of its 

sides (Figure 7.21, Step 1).

Step 2. Extend out to one side the top and bottom hori-

zontal lines of the bounding box. Draw a diagonal line to-

ward one of the horizontal lines, starting from one corner 

(marked A) and going through the midpoint of the adja-

cent perpendicular side (marked B).

Step 3. Where the diagonal line crosses the upper horizon-

tal line, mark the corner of the new box. Sketch a vertical 

line from this point to complete the new square.

The proportioned square method is especially use-

ful when grid paper is not used and you need to create 

a larger object out of a series of identically proportioned 

smaller boxes. As shown in Figure 7.21, this method can 

be adapted to squares of any size.

One of the most diffi cult sketching techniques to learn 

is making a sketch look well proportioned. For example, 

Figure 7.22 shows a well proportioned and a poorly pro-

portioned sketch of a computer monitor. Proportioning 

skills will improve with practice. A good rule of thumb 

is, if the drawing does not look or feel right, it probably 

is not. In the poorly proportioned monitor in Figure 7.22, 

the ratio of the height to the width is incorrect.

Whether you are copying another drawing or sketching 

a real object, the temptation is to accurately measure all 

the features. This defeats the purpose of doing a sketch. If 

you are copying a drawing, the fastest approach is simply 

to trace over it. If you must enlarge (or reduce) the sketch, 

use grid paper and multiply (or divide) the number of 

grids enclosed in a feature, or use a grid of a different size 

(Figure 7.23). If you are sketching a real object, roughly 

measure the overall dimensions with a scale, or mark the 

measurements on any convenient material. If you are go-

ing to sketch a larger object, stand at a distance from the 

object, face it, and hold a pencil at arm’s length in front 

of you (Figure 7.24). Align the end of the pencil with one 

W

H

.25 H

.25 W

Figure 7.20

Constructing proportioned squares
Construction lines are used to draw diagonals that can be used 
to construct new squares or rectangles. Step 3

Step 1 Step 2

A

B

Figure 7.21

Sketching identically proportioned squares
An identically proportioned square is created by extending 
both top and bottom horizontal lines and constructing diago-
nals across the existing box. 

Well Proportioned Poorly Proportioned

Figure 7.22

Good and poor proportions
One well and one poorly proportioned sketch of a computer 
monitor. The poorly proportioned monitor looks too wide.
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edge of a feature, as sighted along your outstretched arm. 

Make a mark on the pencil to represent the opposite edge 

of that feature. Translate this pencil length to the sketch, 

and repeat the process for other features and their dimen-

sions. Be sure to stand in the same place every time!

In all cases, a progressive refi nement of the construc-

tion lines from the largest feature to the smallest will al-

low you to compare your sketch regularly with the object 

and the proportions being sketched.

Sketching Objects
Step 1. Collect magazine photographs or clippings that 

show 2-D images or patterns. These can range from pic-

tures of faces, to company logos, to fronts of buildings, 

etc. Stick with images that look fl at, that is, images that 

don’t show a depth dimension.

Step 2. Lay tracing paper over the image and tape the pa-

per down.

Step 3. Lightly sketch an overall bounding box of the ob-

ject. Look at the image contained in the bounding box. 

Mentally identify as many features on the object as you 

can. The features may be small and self-contained or a 

collection of several smaller features.

Step 4. Refi ne the drawing by sketching a series of pro-

gressively smaller bounding boxes. Start with the larger 

features and work downwards.

Step 5. If desired, you can then darken some of the lines 

representing the image, to highlight the most important 

lines of a feature. What are the most important lines of a 

feature? Experiment with different lines to see which are 

more critical than others in representing the form of the 

image.

Hint: Buy a roll of tracing paper from your local blueprint 

or art supply store. It’s cheaper than individual sheets, and 

you won’t run out as often.

7.4 Types of Sketches
Sketching is used to communicate, to yourself and 

to others, as shown in Figure 7.25. Ideation 
sketches are quickly produced, simplifi ed, annotated, 

Figure 7.23

Grid paper is used to scale an object
The scale can be changed by enlarging or reducing the values. 
For example, to double the size of the sketch, multiply 8 and 6 
by 2, and sketch the part on a grid using 16 and 12 as the new 
width and height.

Figure 7.24

Estimating dimensions of larger objects with a pencil held 
at arm’s length

self as encoder, others as decoders

Self to Others
through Sketching

self as encoder/ decoder

Self to Self
through Sketching

IDEATION

COMMUNICATION &
DOCUMENTATION

Figure 7.25

Types of sketches
Sketches are used to communicate to oneself or to others. 
Sketches for oneself are done to record ideas quickly and are 
usually very rough. Sketches for others are part of a communi-
cations process that requires the sketches to be more refi ned.
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freehand sketches that document the progressive develop-

ment of design ideas (Figure 7.26A). These sketches can 

provide you with immediate feedback on your ideas. By 

sketching thoughts as they occur, you also create a histor-

ical record of the development of an idea. Sketches, then, 

are concept drawings and are only meant to capture the 

essence of a design, rather than every last detail. Think of 

an ideation sketch as a type of graphic shorthand. The 

sketches may be very rough and may not necessarily be 

used to communicate to others.

At some point, however, ideas must be shared. 

Sketches can be used for this purpose. Document 
sketches, though still quickly produced, are more formal-

ized, annotated, freehand sketches that are neater and 

more refi ned than ideation sketches (Figure 7.26B). These 

sketches are used in the refi nement stage of engineering 

design and include many of the standards and conventions 

appropriate for engineering and technical drawings pro-

duced with drawing instruments or CAD. 

In many cases, ideation sketches can be traced over and 

refi ned to create document sketches. Remember, however, 

that document sketches are still produced freehand and 

lack the detail of a fi nal technical drawing. The refi ne-

ment of the ideation sketch is primarily a transformation 

of personal graphic notes into a standardized, universally 

recognized format.

7.5 Introduction to Projections
Both ideation and document sketches can represent the ob-

jects being designed in a number of different ways. We live 

in a three-dimensional (3-D) world, and representing that 

world for artistic or technical purposes is largely done on 

two-dimensional (2-D) media. Although a sheet of paper is 

technically three-dimensional, the thickness of the paper 

(the third dimension) is useless to us. It should be noted that 

the computer screen is a form of two-dimensional media, 

and images projected on it are governed by the same limi-

tations as projections on paper. Modern techniques, such 

as holograms, stereograms, and virtual reality devices, 

are attempts to communicate three-dimensional ideas as 

three-dimensional forms. However, drawings are still the 

primary tool used for representing 3-D objects.

Most projection methods were developed to address 

the problem of trying to represent 3-D images on 2-D 

media (Figure 7.27). Projection theory and methods have 

taken hundreds of years to evolve, and engineering and 

technical graphics is heavily dependent on projection 

theory.

The most common types of projection used in sketch-

ing are multiview, isometric (one type of axonometric), 

oblique, and perspective, as shown in Figure 7.28. (See 

also Figure 10.1 in Chapter 10.) These four types of pro-

jection can be placed in two major categories: multiview 

sketches and pictorial sketches. Multiview sketches pres-

ent the object in a series of projections, each one show-

ing only two of the object’s three dimensions. The other 

three types of projection, grouped as pictorial sketches, 

present the object in a single, pictorial view, with all three 

dimensions, width, height, and depth, represented. There 

are always trade-offs when using any type of projection; 

some are more realistic, some are easier to draw, and 

some are easier to interpret by nontechnical people.

Figure 7.26

Ideation sketches
This is an ideation sketch of a material punch (A) and subse-
quent document sketch (B) for use in the refi nement stage.

(A)

(B)
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7.5.1 Isometric Pictorials

An isometric pictorial sketch is a type of parallel projec-

tion that represents all three dimensions in a single image. 

Although there are a number of ways of orienting an ob-

ject to represent all three dimensions, isometric pictorials 

have a standard orientation that makes them particularly 

easy to sketch. Start by looking at the two-point perspec-

tive in Figure 7.29 on the next page. Then, instead of hav-

ing the width and depth construction lines converge on 

vanishing points, have them project parallel to each other 

at a 30-degree angle above the baseline (Figure 7.30 on 

the next page). A more complete treatment of construct-

ing isometric pictorials is presented in Chapter 11.

Many CAD systems will automatically produce an 

isometric view of a 3-D model when the viewing angle 

is specifi ed. Some CAD systems have predefi ned views, 

such as isometric, which are automatically created after 

selection. 

2-D Paper

3-D Part

Figure 7.27

3-D object on 2-D medium
For centuries, graphicians have struggled with representing 
3-D objects on 2-D paper. Various projection techniques have 
evolved to solve this problem.

(A)  Multiview (B)  Axonometric

(C)  Oblique (D)  Perspective

Figure 7.28

Classifi cation of sketches
Various projection techniques are used to create four ba-
sic types of sketches: multiview, axonometric, oblique, and 
perspective. The sketches shown in B, C, and D are called 
pictorial because they represent the object as a 3-D form. The 
multiview sketch uses multiple fl at views of the 3-D object to 
accurately represent its form on 2-D paper.

Various 2-D CAD-based tools have eased the process 

of creating pictorials. Probably the easiest way of creat-

ing such views is to use a 3-D CAD package to create 

a model. This model can easily represent pictorial views 

and can also generate views for a multiview drawing. 

Another way of classifying projections relates to 

whether they use parallel projection or perspective 
projection. Multiview, isometric, and oblique multiview 

projections use parallel projection, which preserves the 

true relationships of an object’s features and edges. This 

type of projection is the basis of most engineering and 

technical graphics. Perspective projection distorts the ob-

ject so that it more closely matches how you perceive it 

visually. 

Since it is much easier to lay out a sketch in parallel 

rather than in perspective projection, you will probably 

fi nd yourself doing a majority of your sketching using 

parallel projection, even though it is less realistic. Only 

when the object spans a large distance—such as a house 

or bridge—will it be useful to represent the distortion 

your eyes perceive as the object recedes from view. Since 

parallel projection is the basis for most engineering and 

technical graphics, Chapters 10 and 11 in this text present 

the theory and fundamental concepts of this projection 

technique.
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Making an Isometric Sketch
Make an isometric sketch of the object shown in Figure 

7.31.

Sketching the isometric axis

Step 1. Isometric sketches begin with defi ning an iso-

metric axis, which is made of three lines, one vertical 

and two drawn at 30 degrees from the horizontal. These 

three lines of the isometric axis represent the three pri-

mary dimensions of the object: width, height, and depth. 

Although they are sketched at an angle of 60 degrees to 

each other, they represent mutually perpendicular lines 

in 3-D space.

Step 2. Begin the sketch by extending the isometric axes 

shown in Step 1, Figure 7.31. Sketch a horizontal con-

struction line through the bottom of the vertical line. 

Sketch a line from the base of the vertical line to the 

right, at an approximate angle of 30 degrees above the 

horizontal construction line. Sketch a line from the base 

of the vertical line to the left, at an approximate angle of 

30 degrees above the horizontal construction line.

The corner of the axis is labeled point 1; the end of the 

width line is labeled point 2; the end of the depth line is la-

beled point 4; and the top of the height line is labeled point 

3. The lengths of these lines are not important, since they 

will be treated as construction lines, but they should be 

more than long enough to represent the overall dimensions 

of the object. Estimate the overall width, height, and depth 

of the object using the estimating techniques described ear-

lier in this chapter. Use these dimensions to sketch a block 

that would completely enclose the object.

Blocking in the object

Step 3. Sketch in the front face of the object by sketch-

ing a line parallel to and equal in length to the width di-

mension, passing the new line through point 3. Sketch 

a line parallel to and equal in length to the vertical line 

(1–3), through points 5–2. The front face of the object is 

complete.

Step 4.  From point 3, block in the top face of the object by 

sketching a line parallel to and equal in length to line 1–4. 

This line is labeled 3–6. Sketch a line parallel to and equal 

in length to line 3–5, from point 6. This line is labeled 6–7. 

Sketch a line from point 5 to point 7. This line should be 

parallel to and equal in length to line 3–6. Block in the 

right side face by sketching a line from point 6 to point 4, 

VPRVPL

Figure 7.29

Perspective sketch
For perspective projection, the width and depth dimensions converge on vanishing points.

30°30°

Figure 7.30

Isometric sketch
For this isometric sketch, the width and depth dimensions are 
sketched 30 degrees above the horizontal.
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which is parallel to line 1–3. The bounding box of the ob-

ject, sketched as construction lines, is now fi nished. The 

box serves the same purpose as the one drawn in Figure 

7.18, but it represents all three dimensions of the object 

instead of just two.

Adding details to the isometric block

Step 5. Begin by estimating the dimensions to cut out the 

upper front corner of the block, and mark these points as 

shown in Step 7. Sketch the height along the front face 

Step 7

Step 2

1

2

3

4

Step 3
Front face

1

2

3

4

5

Step 4
Top + side faces

1

2

3

4

5 6

7

Step 5

1

2

10

11

9

8

13

12

Step 6

1

2
4

6
10

11

9

8

13

12

16

14

15

21

20
19

18

22

23

Step 1
Isometric axis

30° 30°

7

17

Width
Depth

Figure 7.31

The basic steps used to create an isometric sketch of an object
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by creating a line parallel to line 1–2; label it 8–9. Sketch 

30-degree lines from points 8 and 9 and label these lines 

9–10 and 8–11. Now sketch a line from point 10 to point 

11. Sketch vertical lines from points 10 and 11 and label 

the new lines 10–12 and 11–13. Sketch a line from point 

12 to point 13, to complete the front cutout of the block.

With a simple sketch, you can often lay out all of your 

construction lines before having to darken in your fi nal line-

work. With more complicated sketches, the sheer number 

of construction lines can often cause confusion as to which 

line belongs to which feature. The confusion can be worse in 

an isometric sketch, where the lines represent three dimen-

sions rather than two. Therefore, after the marks are made 

for the last two features in Step 5, you can begin darkening 

in some of the lines representing the fi nal form.

Step 6. Estimate the distances to create the angled sur-

face of the block, and mark these points, as shown in 

Step 5. From the marked point on line 11–13, sketch a 

30-degree line to the rear of the block on line 4–6. Label 

this new line 14–15. From the marked point on line 12–13, 

sketch a 30-degree line to the rear of the block on line 

6–7. Label this new line 16–17. Sketch a line from point 14 

to point 16 and from point 15 to point 17, to complete the 

sketching of the angled surface. Lines 14–16 and 15–17 

are referred to as nonisometric lines because they are 

not parallel to the isometric axis.

  Estimate the distances for the notch taken out of the 

front of the block, and mark these points, as shown in 

Step 5. Draw vertical lines from the marked points on line 

1–2 and line 8–9. Label these lines 18–19 and 20–21, as 

shown in Step 6. Sketch 30-degree lines from points 19, 

20, and 21 to the estimated depth of the notch. Along 

the top surface of the notch, connect the endpoints of 

the 30-degree lines, and label this new line 22–23. The 

30-degree line extending back from point 20 is stopped 

when it intersects line 18–19, as shown in Step 6. To 

complete the back portion of the notch, drop a vertical 

line from point 22, as shown in Step 6. Stop this new line 

at the intersection point of line 19–23. The rough isomet-

ric sketch of the block is complete. 

 Note that we have not mentioned hidden features repre-

senting details behind the visible surfaces. The drawing con-

vention for isometric sketches calls for disregarding hidden 

features unless they are absolutely necessary to describe 

the object.

Step 7.  Darken all visible lines to complete the isometric 

sketch. Since the construction lines are drawn light, there 

is no need to lighten them in the completed sketch.

7.5.2 Isometric Ellipses

Isometric ellipses are a special type of ellipse used to rep-

resent holes and ends of cylinders in isometric drawings. 

In an isometric drawing, the object is viewed at an angle, 

which makes circles appear as ellipses. When sketching 

an isometric ellipse, it is very important to place the ma-

jor and minor axes in the proper positions. Figure 7.32 is 

an isometric cube with ellipses drawn on the three visible 

surfaces: top, profi le, and front. Remember Figure 7.32A, 

because those are the three positions of isometric ellipses 

Horizontal
or top plane

Minor axis

Profile
plane

Front plane

Minor axis

Major axis

Major axis

Minor axis

Major axis

60°30°

(A) Correct (B) Incorrect

60° 30°

Figure 7.32

Isometric representation of circles
Circular features appear as ellipses in isometric sketches. The orientation of the ellipse is set according to the face on which the 
circle lies. The correct orientation is shown in (A) and examples of incorrect orientations are shown in (B).
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found on most isometric sketches and drawings. The fol-

lowing are the key features of the isometric ellipse on each 

plane:

■ The major and minor axes are always perpendicular to 

each other.
■ On the top plane, the major axis is horizontal, and the 

minor axis is vertical.
■ On the front and profi le planes, the major axes are 

measured 60 degrees to the horizontal.
■ The major axis is always perpendicular to the axis run-

ning through the center of the hole or cylinder.

Sketching an Isometric Ellipse
Figure 7.33 shows the steps for creating an isometric el-

lipse. Notice that the steps are almost identical to those for 

sketching a circle as explained earlier in this chapter. The 

difference is in the orientation and proportion of the primary 

axes.

Step 1. This isometric ellipse will be drawn on the front 

plane. Begin by sketching an isometric square whose 

sides are equal to the diameter of the circle.

Step 2. Add construction lines across the diagonals of 

the square. The long diagonal is the major axis, and the 

short diagonal is the minor axis of the ellipse. The two 

diagonals intersect at the center of the square, which is 

also the center of the isometric ellipse.

Step 3. Sketch construction lines from the midpoints of 

the sides of the square through the center point. These 

lines represent the center lines for the isometric ellipse. 

The midpoints of the sides of the isometric square will be 

tangent points for the ellipse and are labeled points A, B, 

C, and D. 

Step 4. Sketch short, elliptical arcs between points B and 

C and points D and A.

Step 5. Finish the sketch by drawing the elliptical arcs be-

tween points C and D and points A and B, completing 

the ellipse.

A

C

D

B

A

C

D

B

Step 4
Sketch Arcs

Step 5
Finish the Ellipse

Step 1
Isometric Square

A

C

D

B

Diameter

Diameter

Step 2
Sketch Diagonals

Step 3
Locate Midpoints

Center
point

Midpoints

Minor
diameter

Major
diameter

Figure 7.33

Sketching an isometric ellipse
The steps used to create a sketch of an isometric ellipse begin with constructing an isometric box whose sides are equal to the di-
ameter of the circle. The center of the box and the midpoints of the sides are found, and arcs are then drawn to create the ellipse.
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Sketching an Isometric Cylinder
Figure 7.34 shows the steps for creating an isometric view 

of a cylinder.

Step 1. Sketch the isometric axis. To sketch the bounding 

box for the cylinder, begin on one 30-degree axis line and 

sketch an isometric square with sides equal to the diam-

eter of the cylinder. This square will become the end of 

the cylinder. Next, mark the length of the cylinder on the 

other 30-degree axis line, and sketch the profi le and top 

rectangles of the bounding box. For the profi le rectangle, 

the length represents the length of the cylinder, and the 

height represents the diameter of the cylinder. For the 

top rectangle, again the length represents the length of 

the cylinder, but the width represents the diameter of the 

cylinder. Note that only three long edges of the bounding 

box are drawn (the hidden one is not), and only two lines 

for the back end of the bounding box are drawn (the two 

hidden ones are not).

Step 2. Draw diagonals and center lines on the isomet-

ric square, and sketch in the ellipse, to create the end 

of the cylinder, as described in “Sketching an Isometric 

Ellipse.”

Step 3. Where the center lines intersect with the top and 

front sides of the isometric square, mark points A and 

B. Sketch construction lines from points A and B to the 

back end of the bounding box and mark points C and D. 

Sketch an arc between points C and D.

Step 4. On the isometric square, locate the two points 

where the long diagonal intersects with the ellipse. From 

those two points, sketch two 30-degree lines to the back 

of the bounding box. (These 30-degree lines are tangent 

to the ellipse on the front of the cylinder.) Then, sketch 

short elliptical arcs from points C and D to the tangent 

lines, as shown in the fi gure. The cylinder should now be 

visible in the bounding box.

Step 5. Darken all visible lines to complete the cylinder. 

Note that the major axis of the ellipse is perpendicular to 

the axis running through the center of the cylinder, and 

the minor axis is coincident to it.

Diameter
Cylinder le

ngth

Isometric Axis

Step 1
Sketch Bounding Box

Diameter

Step 2
Sketch End of Cylinder

A

B

C

D

Step 3
Sketch Far End of Cylinder

C

D

Step 4
Sketch Sides of Cylinder

Tangent

Tangent

90°

Step 5
Complete the Sketch

Figure 7.34

Steps used to construct a sketch of an isometric cylinder
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Sketching Semi-Ellipses
Figure 7.35 shows how to sketch a semi-ellipse.

Step 1. This isometric ellipse will be drawn on the profi le 

plane. Begin by sketching an isometric square whose 

sides are equal to the diameter of the arc. Add construc-

tion lines across the diagonals of the square. The two 

diagonals intersect at the center of the square, which is 

also the center of the isometric ellipse. Sketch construc-

tion lines from the midpoints of the sides of the square 

through the center point. These lines represent the cen-

ter lines for the isometric ellipse.

Step 2. The midpoints of the sides of the isometric square 

will be tangent points for the ellipse and are labeled 

points A, B, and C. The long diagonal is the major axis, 

and the short diagonal is the minor axis. Sketch short, el-

liptical arcs between points B and C and points B and A, 

which create the elliptical arc on the near side of the ob-

ject. The back part of the semi-ellipse can be sketched 

by constructing 30-degree parallel lines that are equal in 

length to the depth of the part, from points A, B, and C. 

This locates points A’, B’, and C’ on the back side of the 

object. Add the back ellipse by sketching an arc between 

points B’ and C’ and points B’ and A’.

Step 3. Finish by darkening the fi nal lines and lightening 

the construction lines.

7.5.3 Isometric Grid Paper

The use of isometric grid paper can improve your tech-

nique and decrease the time necessary to create an iso-

metric sketch. Isometric grid paper is made of vertical 

and 30-degree grid lines, as shown in Figure 7.8B. There 

are two primary advantages to using isometric grid paper. 

First, there is the advantage obtained by using any kind 

of grid paper. Proportions of the object’s features can be 

translated into certain numbers of blocks on the grid. This 

can be especially useful when transferring the dimensions 

of a feature from one end of the object to the other. Un-

like square grid paper, each intersection on an isometric 

grid has three lines passing through it, one for each of the 

primary axis lines. This can create some confusion when 

counting out grid blocks for proportions. Just remember 

which axis line you are using and count every intersection 

as a grid block.

The second advantage of the isometric grid is the as-

sistance it provides in drawing along the primary axis 

lines. Although estimating a vertical line is not diffi cult, 

estimating a 30-degree line and keeping it consistent 

throughout the sketch is more challenging. Remember that 

the only dimensions that can be transferred directly to an 

isometric sketch are the three primary dimensions. These 

dimensions will follow the lines of the grid paper. When 

blocking in an isometric sketch, lay out the dimensions 

on construction lines that run parallel to the grid lines. 

Angled surfaces are created using construction lines that 

are nonisometric; that is, they do not run parallel to any 

of the grid lines and are drawn indirectly by connecting 

points marked on isometric construction lines.

If there is a disadvantage to using isometric grid pa-

per, it is the distraction of having the grid in the fi nished 

drawing. As with square grid paper, this problem can be 

solved in a number of ways. You could use tracing paper 

over the grid paper, allowing the grid paper to be used 

over and over. You could work out a rough sketch on grid 

Step 2
Sketch Second Arc

Step 1
Sketch Isometric Square

Step 3
Complete the Sketch

B

C

A

B'

C'

A'

Diameter
Diameter

Depth

Figure 7.35

Steps used to construct a sketch of a semi-ellipse
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260 PART 2  Fundamentals of Technical Graphics

paper and then trace over it. You could also use grid paper 

with grid lines printed in a special color that does not re-

produce in photocopies. Grid paper with a very dark grid 

can be fl ipped over and the sketch can be made on the 

back side. You can see the grid through the paper, but it 

won’t reproduce on the photocopier.

Practice Exercise 7.1
Using isometric grid paper, sketch common, everyday ob-

jects. Some examples are given in Figure 7.36. Sketch ob-

jects with a variety of features. Some should require sketch-

ing isometric ellipses, while others should have angled 

surfaces that require nonisometric lines. Start with simpler 

forms that only contain isometric lines and work toward 

more complex forms. Another approach is simply to leave 

out some of the details. You can capture the essence of the 

form by representing just its primary features. This is a com-

mon approach in creating ideation sketches.

 The cost and availability of isometric grid paper can be a 

discouraging factor in using it to create lots of sketches. You 

can minimize the expense by using roll tracing paper over a 

sheet of grid paper. The two sheets can be held together 

with low-tack tape or put in a clipboard. With practice, you 

will fi nd that grid paper is not needed and you can create 

sketches on the tracing paper alone.

7.5.4 Oblique Pictorials

Oblique pictorials are another method of creating a pic-

torial sketch of an object. Oblique sketching attempts to 

combine the ease of sketching in two dimensions with 

the need to represent the third dimension. In an oblique 

sketch, the front face is seen in its true shape and is 

square with the paper, and only the depth axis is drawn at 

an angle (Figure 7.37). As with an isometric pictorial, the 

lines of projection are parallel to each other.

Screwdriver

Stapler

Figure 7.36

Isometric sketches of common objects

Oblique

Circle

Isometric

Ellipse

Figure 7.37

Isometric versus oblique sketches
In oblique sketching, the front face of the object (showing the height and width dimensions) is squared with the paper, and the depth 
dimension is drawn at an angle to the horizontal. This is different from an isometric sketch, where no faces are squared with the 
paper.
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Because of the ease with which the front face is drawn, 

oblique sketching is useful when the majority of the fea-

tures are on the front face of the object. Many types of 

furniture are conveniently drawn in oblique, especially 

cabinets with a lot of detailing on the front. On the other 

hand, oblique sketching should not be used if the object 

has many features (especially, circular ones) on faces 

other than the front.

As with isometric sketches, hidden features are not 

shown on most oblique sketches, unless absolutely neces-

sary to describe the object. Because of the difference in 

how the depth dimension is drawn, scaling the depth to 

half or two-thirds its actual size helps the visual propor-

tions of the sketch.

Creating an Oblique Sketch
Figure 7.38 shows the steps used to create an oblique 

sketch. The object is oriented so that most of the details are 

represented in the front view.

Step 1. Begin the sketch by boxing in the front face of 

the object as if you were creating a front view. Estimate 

distances and box in features to create a proportional 

sketch. 

Step 2. To view the object from the right and above, 

sketch depth construction lines at an angle of 30 to 45 

degrees above the horizontal and to the right of the front 

face (Figure 7.38, Step 2). To view the object from below, 

sketch the depth lines below the horizontal. To view the 

object from the left side, sketch the depth lines to the left 

of the front face. Sketch only corners that will be visible. 

  Estimate the distance for the depth along the sketched 

lines. Full-length depth lines may make the object look 

out of proportion. Two-thirds or one-half size depth lines 

will create a better proportioned sketch. If full-size depth 

dimensions are used, the sketch is called a cavalier 

oblique. If the depth is one-half size, the sketch is called 

a cabinet oblique. For the example in Figure 7.38, one-

half size depth is marked along each depth line.

Step 3. Draw a line between each depth mark to create the 

back edge of the object. These lines are parallel to the 

edges of the front view. The next step is to determine if 

any part of the hole on the rear of the object can be seen 

from the front. This is done by marking the locations of 

the centers of the holes on the front and sketching depth 

lines from those center points. The depth is marked on 

the depth lines, the marks are used as centers for the 

back holes, and circles equal in diameter to the front cir-

cles are sketched.

Step 4. If any part of a back circle is inside a front circle, 

that part will be visible in the oblique drawing and is 

darkened along with the other visible lines.

Using Grid Paper to Create an Oblique Sketch
Figure 7.39 on the next page shows how square grid pa-

per can be used as an aid in creating an oblique sketch. 

Use tracing paper over the grid to avoid grid lines in the 

 fi nal sketch. The front face can be sketched much like a 2-D 

drawing. The depth axis is sketched along a 45-degree line 

that is a diagonal of the square grid boxes.

Step 1. Count the number of squares to determine the di-

mensions of the object. For the example in the fi gure, the 

Step 4

Object to be
sketched

Step 1

Determining
visibility of holes

Step 3

Parallel

Step 2

30°– 45°

1/2–2/3
of true depth

Figure 7.38

The construction of an oblique sketch is a multistep process 
that begins by boxing in the front view, adding details, and 
then boxing in the depth dimension.
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Given their advantages, why are multiview drawings 

not always used? For one thing, there are the multiple 

views, rather than a single view, to be drawn. These views 

must be coordinated with one another to represent the ob-

ject properly. You have to carefully visualize the views as 

you sketch them, and so does the person viewing them. 

Without training and experience, you might fi nd it hard to 

interpret multiview drawings. The choice between multi-

views and pictorials is often one of exact representation 

of features versus ease of sketching and viewing.

Orienting and Selecting the Front View  When creating a 

multiview drawing of a design, the selection and orienta-

tion of the front view is an important fi rst step. The front 

view is chosen as the most descriptive of the object; for 

example, what would normally be thought of as the side 

of the car is chosen as the front view because it is the 

most descriptive (Figure 7.41A). In addition, the object 

must be properly oriented in the view. The orientation 

of the object is based on its function. For example, for 

an automobile, the normal or operating position is on its 

wheels, rather than on its roof or bumpers (Figure 7.41B).

Choosing the Views for a Multiview Drawing  Another way 

to understand the views of an object is to pick it up and 

turn it around. This may be hard to imagine with some-

thing like a car, but many of the objects you will be 

sketching are considerably smaller and can be held in the 

hand. Imagine picking up the object shown in Figure 7.42 

on page 266 and holding it so that you are looking at the 

front. Now, rotate the object so that you are looking at its 

top. Rotate it back to where you started and then rotate 

Step 1 Step 2 Step 3

Diagonals

Figure 7.39

Square grid paper can be used to assist in the construction of an oblique sketch.

width of the object is 12 and the total height is 15. Use 

these measurements to begin boxing in the features on 

the front face of the object. Sketch the details of the front 

face by locating the center of the concentric arcs, then 

sketching the arcs and the corners of surfaces.

Step 2. Sketch the depth of the object by drawing diago-

nals of the square grids, which are 45 degrees above the 

horizontal. Make this sketch a cabinet oblique by using 

half the actual depth. As with an isometric sketch, many 

of the features on the front face have to be projected to 

the back face. Be careful when determining which edges 

or portions of edges will be hidden.

Step 3. Darken all visible lines.

7.5.5 Multiview Projections

Multiview drawings are based on parallel projection 

techniques and are used when there is a need to represent 

the features of an object more accurately than is possible 

with a single (pictorial) view. A multiview drawing is a 

collection of fl at 2-D drawings that work together to give 

you an accurate representation of the overall object. With 

a pictorial drawing, all three dimensions of the object are 

represented in a single view. The disadvantage of this ap-

proach is that not all the features in all three dimensions 

can be shown with optimal clarity. In a multiview projec-

tion, however, each view concentrates on only two dimen-

sions of the object, so particular features can be shown 

with a minimum of distortion (Figure 7.40). Enough 

views are generated to capture all the important features 

of the object.
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it so you are looking at its right side. There are an infi -

nite number of intermediate views of the object between 

the points of rotation at which you stopped; for right now, 

however, consider only those views that are rotated 90 de-

grees from each other. These are considered regular or 

principal views, and each represents two primary dimen-

sions of the object. If you continue rotating the object in 

90-degree increments, you will see as many as six regular 

views (Figure 7.43 on page 267).

A multiview drawing should have the minimum num-

ber of views necessary to describe an object completely. 

Normally, three views are all that are needed; however, the 

three views chosen must be the most descriptive ones. The 

most descriptive views are those that reveal the most infor-

mation about the design, with the fewest features hidden 

from view.

For example, Figure 7.43 shows one isometric view 

and six orthographic views of a simple object. Of the six 

orthographic views, which are the most descriptive? Al-

though all the views given reveal much about the size and 

shape of the object, some are more descriptive than oth-

ers. The choice of views is determined as follows:

 1. Identify the most descriptive or important features 

of the object.

 2. Determine the views that best represent those 

features.

 3. The normal or usual orientation of the object as it 

is encountered.

After deciding the most descriptive features of the 

part, choose the views which show these features. Part 

of this selection will involve determining which views 

do the best job of neither obscuring nor hiding other fea-

tures. For example, the object in Figure 7.43 has four im-

portant features: the hole, the rounded top, the L-shaped 

profi le, and the slot cut out of the base in front. There 

are only two views that show the hole and rounded top: 

the front and rear. Although both views show these fea-

tures equally well, the front view is chosen over the rear 

view because it does not hide the slot cut in the base. 

The L-shaped profi le is shown equally well in both the 

right and left side views, and they have an equal number 

of hidden features. Although either view can be used, 

convention favors choosing the right side view. The slot 

in the base is shown in both the top and bottom views. 

However, the top view has fewer hidden lines, so it is 

preferred over the bottom view for the sketch. For this 

object then, the preferred views are the front, top, and 

right side views.

W
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(Front view)

(A)

Perpendicular to
major features

Multip
le paralle

l

lin
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f s
ight

Depth

Height

(B)

What you see

Figure 7.40

Multiview drawings
Multiview drawings are classifi ed as a parallel projection, because the lines of sight used to view the object are parallel. This 
method of viewing an object results in a single view, with only two of the three dimensions represented. Therefore, it takes multiple 
views to show all three dimensions.
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Practice Exercise 7.2
Find a number of small objects that can be picked up in 

your hand and rotated. Look at them carefully and identify 

their important features. Orient each object so that the most 

important features are seen. Make this view the front view. 

Before rotating them, try to imagine what the top and right 

side views will look like. Now rotate them and see if that is 

how they look. Do all of the important features show up in 

these three views? If not, what other front view can you se-

lect that would result in seeing all of the important features 

in the three views?

Next, look at some larger items you cannot pick up. For 

each object, move around it and look at it from different 

viewpoints. Try to imagine picking it up and rotating it. Is 

there any difference in how the object looks if you pick it up 

and rotate it rather than walk around it?

 Figure 7.44 on page 268 shows some common objects 

represented in multiview drawings.

7.6 Multiview Sketching Technique
As with other types of drawings, there is a certain tech-

nique, or standard set of methods, followed when creating 

multiview sketches. The technique includes line conven-

tions, proportioning, and methods for creating circles, 

arcs, and ellipses. A knowledge of the proper and effec-

No! Yes

No!

Poor Orientation

No!

Poor Orientation

(A)

(B)

Most Descriptive

Figure 7.41

Most descriptive view
Proper orientation and the most descriptive features of an object are important when establishing the front view for a multiview 
sketch. Objects should be positioned in their natural orientation; for this car, that position is on its wheels.
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This case study describes the design of a special bike 

frame designed for Lance Armstrong using 3-D mod-

eling and CAD. In this case study, you will see exam-

ples of how the design process is used and the impor-

tance of 3-D modeling to shorten the design time from 

12 months to seven months.

  
Designing a Winning 
Tour de France Bike

The courageous story of recovering cancer victim 

Lance Armstrong centered the world’s attention on the 

US Postal Service team in the 2000 Tour de France® 

bicycle road race. Could Armstrong repeat his win and 

wear the yellow jersey again? Not only did he emerge 

victorious from the Tour de France, but just a month 

later he captured a bronze medal at the Sydney, Austra-

lia, Summer Olympics™.

You might think the bicycle a champion like Arm-

strong rides would take a long time to develop, with a 

team of engineers puzzling over the design, tweaking 

and re-tweaking time after time. The USPS Team Time 

Trial carbon fi ber bike, made by world class bicycle 

manufacturer, Trek® Bicycle, moved from initial con-

cept to fi nished product in just seven months. “That’s a 

fi rst,” said Michael Sagan, Industrial Designer of Trek’s 

Advanced Concept Group. “Normally it takes 12 to 14 

months to complete a project like this.”

A Single Prototype

Sagan believes Trek was able to achieve the dramatically 

fast turnaround in large part because the company had 

the right people and the right computer tools. Trek has 

been using Alias|Wavefront™ Studio™ for the past fi ve 

years and for this project the company moved to an NT 

system and paired it with the latest release of Studio.

Sagan used the new integrated paint function in Stu-

dio to sketch out different 3-D views of the bike’s frame 

over Pro-E centerlines created by Trek Lead Engineer 

Doug Cusack. After concepts were reviewed and a di-

rection decided, a complete 3-D digital frame was cre-

ated. Advanced Concept Group modelmakers used the 

digital information to cut a phenolic resin prototype us-

ing SurfCAM. Then the prototype was taken to Texas 

A&M University for wind tunnel testing.

The test was conducted by aeronautical engineer, 

John Cobb and Cusack, with Armstrong riding the ex-

perimental model in the tunnel. Variations were tried 

by adding clay to the model, but the original prototype 

delivered the best performance. “We nailed it right off 

the bat,” said Sagan. “We did make more changes later 

to improve the lateral stiffness, but we had such a high 

confi dence level in our digital model that we didn’t feel 

the need to make another prototype and could proceed 

directly to tooling. It really was a concept to victory.”

About the Bike

The USPS Time Trial bike frame is made of Optimum 

Compaction Low Void carbon, a compressed super light 

fi ber. OCLV minimizes air pockets and maximizes 

strength. The only thing close to it is a fi ghter aircraft 

wing. The frame features an aerodynamic downtube, a 

steeper seat tube and fl ared chain stays for a power-gen-

erating and wind-splitting riding position. The complete 

design results in a bike that is not only fast, light and 

strong, but also more comfortable for the rider. 

Concept to Victory in 7 Months

(Courtesy of Michael Sagan, Industrial Designer, Trek Bicycle Corp.)
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266 PART 2  Fundamentals of Technical Graphics

tive technique will assist the beginner in creating legible 

multiview sketches.

7.6.1 Line Conventions

As in all engineering and technical drawings, multiview 

drawings and sketches require adherence to the proper 

use of the alphabet of lines. Figure 7.45 on page 268 

shows the alphabet of lines, sketched rather than drawn 

with drawing instruments, and includes the recommended 

pencil thicknesses. Figure 7.46 shows the application of 

each linetype on an engineering sketch.

In engineering and technical drawing, it is important 

that hidden features be represented, so that the reader 

of the drawing can clearly understand the object. Many 

conventions related to hidden lines have been established 

over the years. Figure 7.47 on page 270 shows the hidden 
line conventions that must be followed when  creating 
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Figure 7.42

Visualizing a multiview drawing
By rotating a real object in your hand, you can simulate how a multiview drawing is created. A different principal view of the 
object is produced for every 90 degrees of rotation.
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 technical sketches or instrument drawings unless a CAD 

system has limitations that make it diffi cult to com-

ply with these requirements. These conventions are as 

follows:

■ There should be no gap when a hidden line intersects a 

visible line when the feature terminates (Figure 7.47A 

on page 270).
■ Corners on hidden lines should be joined (Figure 7.47B 

on page 270).

■ There should be a gap when a hidden line intersects 

either a visible corner or visible arc (Figure 7.47C on 

page 270).
■ Three (hidden) intersecting corners, found in holes 

that are drilled and that end inside the object (i.e., do 

not go all the way through the object), should be joined 

as shown in Figure 7.47D on page 270.
■ At the bottom of the drilled hole, the lines indicating 

the tip (created by the drill, which has a pointed tip) 

are joined (Figure 7.47E on page 270).

Rear Left Side

Top

Right SideFront

Bottom

Front

Bottom

Left
Side

Top

Rear

Right
Side

Figure 7.43

Six principal views
A multiview drawing of an object will produce six views, called regular or principal views. The object is viewed from six mutually 
perpendicular viewpoints. The six views are called front, top, bottom, rear, right side, and left side.
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268 PART 2  Fundamentals of Technical Graphics

line that has precedence over a center line. Figure 7.49C 

on page 271 is an example of a visible line having prece-

dence over a center line. Notice that whenever a hidden or 

visible line has precedence over a center line, the center 

line is still drawn in the view by leaving a space and then 

extending it beyond the edge (Figure 7.49D on page 271).

7.6.3 Conventional Practices for Circles and Arcs

Circles are used to represent holes and the bases of cones 

and cylinders. Arcs are used to represent portions of these 

elements, as well as rounded corners on objects. When-

ever representing a hole, cylinder, or cone on a technical 

drawing, the conventional practice is to draw center lines, 

Figure 7.44

Multiviews of common objects
These multiview drawings of common objects show the front, 
top, and right side views. Hidden lines have been omitted for 
clarity.

■ Hidden arcs are started on the center line or the point 

of tangency (Figure 7.47F on page 270).
■ When a hidden line passes behind a visible line (i.e., 

does not intersect the visible line), do not put a  hidden-

line dash on the visible line (Figure 7.47G on page 270).
■ At the point where one hidden line crosses in front of 

another hidden line (indicating two hidden features, 

one closer to the visible view than the other), use a 

dash for the hidden line in front; that is, if the front 

hidden line is horizontal, use a horizontal dash at the 

point of crossing (Figure 7.47H on page 270).

7.6.2 Precedence of Lines

It is fairly common in technical drawings to have two 

lines in a view coincide. When this happens, the conven-

tional practice called the precedence of lines dictates the 

linetype to draw when two or more lines in a view overlap 

(Figure 7.48 on page 270).

For example, in Figure 7.49A on page 271 a visible line 

in the top view coincides with the hidden lines for the hole. 

The precedence of lines requires that the visible lines be 

drawn and the hidden lines not be shown in the top view. 

Figure 7.49B on page 271 shows an example of a hidden 

Cutting plane lines

.6mm

Section lines

.3mm

Construction line

.3mm

Phantom line .3mm

Dimension & Extension lines

.3mm
1.25

Center line

.3mm

Hidden line

.3mm

Visible line

.6mm

.6mm

Figure 7.45

Sketched alphabet of lines
Standard engineering drawing practice requires the use of 
standard linetypes, which are called the alphabet of lines. The 
sizes show the recommended line thicknesses.
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which are used to (1) locate the centers of circles and arcs; 

(2) represent the axis of cylinders, cones, and other curved 

surfaces; and (3) represent lines of symmetry.

Figure 7.50 on page 271 is a multiview drawing of a 

cylinder. In the top view, horizontal and vertical center 

lines are drawn to locate the center of the circle. In the 

front view, a very thin center line is drawn to show the lo-

cation of the cylinder’s axis. The small dashes that cross 

at the center of the circle extend approximately 8 mm or 
3 ⁄8� from the edges of the object. The short segment of the 

center line is approximately 3 mm or 1 ⁄8� long. The long 

segment can be from 20 mm to 40 mm, or 3 ⁄4� to 11 ⁄2� long. 

For very long cylinders, the center line is drawn as a se-

ries of long and short segments.

Figure 7.51 on page 272 shows some applications and 

the associated conventions for placing center lines. Notice 

that center lines are used in both the circular and horizon-

tal views of a hole. When adding center lines to the circular 

view of a very small hole, a solid center line may be used 

rather than a dashed line, as shown in Part C. Part D shows 

how center lines are used to locate the centers of holes 

around a bolt circle. Part E shows how center lines, along 

with phantom lines, are used to show a path of motion.

Sketching Ellipses for Multiview Drawings
Lines, arcs, circles, and ellipses are common features 

sketched in multiview drawings. Sketching lines, arcs, and 

circles was explained earlier in this chapter. Occasionally 

it is necessary to sketch an ellipse on a multiview draw-

ing. Smaller ellipses can be sketched inside a rectangular 

bounding box whose dimensions equal the major and minor 

axes of the ellipse (Figure 7.52A on page 273). 

For larger ellipses, the trammel method, explained be-

low, may be needed (Figure 7.52B on page 273).

Step 1. Mark half the length of the major axis of the ellipse 

on a piece of scrap paper, and label the endpoints A and 

C, as shown in Figure 7.52B, Step 1. The scrap paper is 

the trammel.

Step 2. Mark half the length of the minor axis of the ellipse 

on the piece of scrap paper, starting from point A, and 

label the endpoint as B.

Step 3. Sketch the major and minor axes, and use the 

trammel to mark points along the ellipse. This is done by 

placing point C anywhere on the minor axis and point B 

on the major axis and then placing a mark at point A. Re-

peat the process by moving the trammel, until you have a 

series of points marked.

Step 4. Connect the points to complete the ellipse.

7.7 Multiview Sketches
Multiview drawings can have from one to three or more 

views of an object. However, multiview sketches rarely 

have more than three views.

Multiview sketches are important in that they provide 

more accurate geometric information than a pictorial 

sketch, without requiring the time that a formal multiv-

iew drawing would take. If dimensions are provided, they 

are usually only for a particular feature(s) and are often 

only approximations, since these sketches are used early 

in the design process before fi nal specifi cations have been 

made.

As is the goal with all sketches, multiview sketches 

should be done quickly and clearly. Straightedges, such as 

triangles and T-squares, should be avoided since they will 

only slow you down and will compel you toward a level 

of fi nish that is inappropriate in sketches. In addition, you 

should draw only as many views as are necessary to show 

the features accurately. An initial analysis of the features 

should tell you if one, two, or three views are needed to 

clearly show the elements of interest.

Cutting
plane line

Visible line

2

2

Extension line

Hidden line
Center line

Construction line

Dimension line

Figure 7.46

This engineering sketch has labels to identify some of the al-
phabet of lines.
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7.7.1 One-View Sketches

The simplest multiview sketch represents just the front 

view of an object. Though not truly a multiview, it is still 

meant to represent only two dimensions of the object, 

which is the basic concept of multiview drawings. This 

sketch can be produced using the techniques shown in 

Figure 7.18 on page 249.

7.7.2 Two-View Sketches

Occasionally, an object can be completely described us-

ing only two views. As an example, Figure 7.53 on page 

274 shows a symmetrical part that can be described using 

two views. If the front view is as shown in the pictorial, 

the top and side views would be the same. Nothing would 

be gained by drawing both the top and side views, so only 

one of these views is sketched.

H

B

C

G

A

D

E

F

CORRECT INCORRECT

No
space

Join
corners

Space

Join

Start arc
on center

line

Join

A

B

C

D

F

H

G

E

Do not
intersect
solid line

Do not
intersect

Figure 7.47

Drawing conventions for hidden lines

CENTER LINE does not have
precedence

HIDDEN LINE and CUTTING PLANE
LINE take precedence over center lines

VISIBLE LINE takes precedence over all
other lines

Figure 7.48

Precedence of lines
The precedence of lines governs which lines are drawn when 
more than one line occupies the same position on a drawing. 
For example, a visible line has precedence over all other types 
of lines, and a hidden line and a cutting plane line have prece-
dence over a center line.
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Creating a Two-View Sketch
Figure 7.53 on page 274 and the following steps describe 

how to create a two-view sketch.

Step 1. In the front view, block in the squares with sides 

equal to the diameters of the circles. Since both the front 

and right side views show the height dimension, con-

struction lines can be used to project the height of the 

squares onto the right side view. Block in the rectangles 

representing the details for the side view.

Step 2. Using the squares and center lines as guides, 

sketch the circles for each hole and the cylinder, in the 

front view. Using the construction lines as guides, sketch 

the hidden lines for the holes, in the side view.

Step 3. Darken all visible, center, and hidden lines. 

Scale and locate the views on the drawing so that there 

is approximately equal spacing between the two views and 

between each view and the edge of the paper (Figure 7.54 

on page 274). Normally, if the front and right side views 

are used, the paper is oriented so that the long dimension 

runs horizontally; if the front and top views are used, the 

long dimension of the paper runs vertically. There are 

 exceptions to this if the object has particularly extreme 

proportions. Remember that the top view is always aligned 

with and placed above the front view, and the right side 

view is always aligned with and placed to the right of the 

front view. Do not rearrange the views just to fi t them on 

the paper.

7.7.3 Three-View Sketches

When an object is more complex, three views are needed. 

The object used in Figure 7.55 on page 275 was chosen 

because it has many of the most common features you 

will be sketching, such as holes, arcs, lines, and planes.

Creating a Three-View Sketch
Figure 7.55 on page 275 and the following steps show how 

to create a three-view sketch.

Step 1. Begin by blocking in the front, top, and right side 

views of the object, using the overall width, height, and 

depth. Sketch the front view fi rst, then use construction 

lines to project the width dimension from the front view 

to the top view. Also, use construction lines to project 

(A)
Visible over

hidden

(D)
Space – then center line
extends past the edge

(B)
Hidden over center line

(C)
Visible over
center line

Figure 7.49

An engineering drawing showing how the precedence of 
lines is applied

Small dashes cross at
the center

Extends past edge of
object 8 mm or 3/8"

Figure 7.50

An engineering drawing of a cylinder, showing the 
application of center lines

ber28376_ch07.indd   271ber28376_ch07.indd   271 1/2/08   2:59:54 PM1/2/08   2:59:54 PM



272 PART 2  Fundamentals of Technical Graphics

the height dimension from the front view to the right side 

view. Leave room between the views so the sketch does 

not look crowded and there is room to add text for notes 

and dimensions. The spaces between each view should 

be approximately the same. Make sure the depth dimen-

sion is equal in the top and side views by measuring the 

distance using a scale or dividers.

Step 2. Lightly block in the major features seen in each 

view. For example, the drilled holes are blocked in on 

the views where they look round. The angled edge and 

the rounded corner are most clearly seen in the top view. 

Begin darkening these major features.

Step 3. Quite often, features will appear in two and some-

times all three of the views, and construction lines can 

Center line in
longitudinal view
for holes

Space

(A) (B)

Space

Too small to
break the
center line

(C)

No space

No space Bolt circle

Space

(D)

Path of
motion

(E)

Figure 7.51

Center line conventions
These engineering drawings show various applications for center lines. Study each example to learn how center lines are used.

ber28376_ch07.indd   272ber28376_ch07.indd   272 1/2/08   2:59:54 PM1/2/08   2:59:54 PM



  CHAPTER 7  Sketching and Text 273

be used to project the location or size of a feature from 

one view to another. Remember that each view always 

shares one dimension with an adjoining view. The depth 

dimension can be shared between the top and right side 

view with a special construction line called a miter line. 

The miter line is drawn at a 45-degree angle and is used 

as a point of intersection for lines coming to and from the 

right side and top views. For example, the width of a hole 

in the top view can be projected down to the front view. 

Then the location of the hole can be passed across the 

miter line to the right side view.

Step 4. Finish adding the rest of the fi nal lines. Be care-

ful to do all hidden lines and center lines for the holes. 

Darken all fi nal lines.

As with the two-view drawing, there are conventional 

practices that must be followed when arranging the three 

views on the paper (Figure 7.56 on page 276). Make sure 

that all three views stay aligned with their neighboring 

views (Figure 7.56B on page 276). If they do not, they 

will not be able to share dimensions via projection lines. 

As with the two-view drawing, there is a strict organiza-

tion for the views: the top view goes directly above and is 

aligned with the front view, and the right side view goes 

directly to the right of and is aligned with the front view. 

Do not rearrange the top, front, or right side views, or 

substitute other regular views in their places.

7.8 Perspective Projection
Perspective projection is the projection method that 

 represents three-dimensional objects on two- dimensional 

media in a manner closest to how we perceive the ob-

jects with our eyes. If you were to take a photograph, 

lay  tracing paper over it, and sketch the objects in it, the 

result would look like a perspective projection (Figure 

7.57 on page 276). Like the other pictorial sketches, all 

three dimensions of the object are presented in a single 

image.

If you were to stand in the middle of a straight, fl at road 

and look toward the horizon (Figure 7.58 on page 276), 

the road would appear to narrow to a single point, called 

Step 3

A

B
C

Step 4Step 1

1/2 Major Axis 1/2 Major Axis 

A B C

Step 2

A B C

(A)

(B)

Major Axis 

Minor Axis 

Figure 7.52

Sketching ellipses
An ellipse is created by sketching the major and minor axes, then sketching a rectangle whose sides are equal to the axes. A scrap 
of paper can be used to create an ellipse, using the trammel method.
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the vanishing point. Even though the road appears to go to 

a point, in reality it does not. You know that the edges of 

the road are parallel to each other and, as you travel down 

the road, the portion of the road that looked so small be-

fore will be full size. Objects, whether they are portions 

of a road, cars, or billboards, look smaller as they get far-

ther away. Also, parallel lines—such as the two edges of 

the road—will appear to converge (come together) as they 

recede from you. Through the use of construction lines in 

your perspective sketch, you can control the convergence 

of the parallel edges of an object, as well as the propor-

tional sizes of objects as they recede in the distance (Fig-

ure 7.59 on page 276). For more information on how the 

human mind perceives and interprets what the eyes see, 

refer to Chapter 5.

Figure 7.59 on page 276 shows the labels for the impor-

tant elements of a perspective sketch. Most important is 

the horizon line (HL), which is an imaginary line in the 

distance, where objects are infi nitely small and parallel 

lines converge. The point on the horizon line where par-

allel lines converge is called the vanishing point (VP). 
Where the portion of the object closest to the  observer 

Step 1 Step 2

Step 3

Front Right Side

Width Depth

Height

Front Right
Side

Top (not shown)

Figure 7.53

Creating a two-view sketch
A two-view sketch is created by blocking in the details, then adding center lines, circles, arcs, and hidden lines.

A1 A2 A3

B2

B1

A1 = A2 = A3

B1 = B2

Figure 7.54

Centering a two-view sketch
A two-view sketch is centered on a sheet of paper by equally 
dividing the areas between and around the views.
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Miter line

Step 1

Width

B1

B2

B3

A1 A2 A3

Depth

Depth

A1  =  A2  =  A3

B1  =  B2  =  B3

DEPTHWIDTH

HEIGHT

Step 4 Completed 3-view sketch

Top View

Front View
Right Side

View
Depth

Figure 7.55

Creating a three-view sketch
A three-view sketch is created by blocking in the overall width, height, and depth dimensions for each view, then blocking in the 
details, using a miter line to transfer depth dimensions between the top and side views, and then adding the fi nal details, such as 
circles, arcs, center lines, and hidden lines.

275
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(B) (C)

?

(D)

BOTTOM

FRONTR. SIDE

(A)

INCORRECT!INCORRECT!CORRECT!

Figure 7.56

View alignment
A three-view sketch must be laid out properly, following standard practices. The width dimensions on the front and top views are 
aligned vertically, and the height dimensions on the front and side views are aligned horizontally.

Figure 7.57

Convergence in photographs
This photograph shows an object in perspective, with major 
lines of convergence overdrawn.

Figure 7.58
Humans view their environment in perspective, where lines appear to converge to a single point. Even though it looks as though the 
edges of a road converge on the horizon, we know they don’t. 

(By permission of John L. Hart FLP and Creators Syndicate, Inc.)

Ground line

Horizon

Vanishing point

Figure 7.59

Principal elements in perspective sketches
Principal elements of a perspective sketch include the horizon, 
vanishing point, and ground line. All elements in a perspective 
sketch are drawn to a single vanishing point.
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rests on the ground plane is called the ground line (GL), 
as shown in Figures 7.59 and 7.60.

The horizon line shown in Figures 7.59 and 7.60 also 

represents the observer’s eye level. The relationship of the 

ground line to the horizon line refl ects the height of the 

observer relative to the object. Figure 7.61 on page 278 

shows the different types of views created by raising or 

lowering the ground line, and each view type has a spe-

cifi c use, as shown in Table 7.1.

The human’s eye view is the most commonly used for 

sketching everyday objects. The ground’s eye is useful for 

one- to three-story buildings, and the worm’s eye view is 

used for taller structures (Figure 7.62 on page 279).

Figures 7.58 through 7.61 show perspective projections 

with only one vanishing point. In Figures 7.60 and 7.61, 

the parallel edges of only one of the object’s three dimen-

sions converge to the vanishing point. If you want more 

of the dimensions to converge, more vanishing points are 

needed. Perspective views are classifi ed  according to the 

number of vanishing points used to create the drawing.

Figure 7.63 on page 279 shows one-, two-, and three-

point perspective sketches. Although three-point perspec-

tive is the most realistic, one- and two-point perspectives 

are usually adequate and are simpler to sketch. By vary-

ing the number and positions of the vanishing points, and 

the position of the ground line relative to the horizon line, 

it is possible to create virtually any perspective view of an 

object. Chapter 12 goes into more detail on perspective 

projection and perspective drawings.

Creating a rough perspective sketch is quick and does 

not require artistic skill. However, mechanically creating 

a very accurate perspective drawing can be involved and 

time consuming. 3-D modeling systems usually offer per-

spective projection as an option, making the generation of 

perspective pictorials almost automatic. 

7.8.1 One-Point Perspective Sketch

One-point perspective sketches are used to quickly create 

a pictorial representation of an object or structure.

Creating a One-Point Perspective Sketch
The following steps describe how to create a one-point per-

spective sketch of the guide block shown in Figure 7.64 on 

page 280.

Step 1. For a one-point perspective sketch, begin by deter-

mining the type of view you want (human’s eye, ground’s 

VP HL

GL

VP HL

GL

VP HL

GL

Figure 7.60

Moving the vanishing point right to left
The view of the object can be dramatically changed by moving 
the vanishing point along the horizon line. Points to the right 
of center will reveal details about the right side of the object; 
points to the left of center will reveal details about the left side 
of the object.

eye, etc.); then place the corresponding horizon and 

ground lines on the paper.

Step 2. Establish the relationship of the vanishing point to 

the object, such as to the right of the object. With the 

vanishing point marked, box in a front view of the object 

with construction lines, marking the height and width di-

mensions of the features of the object.

Step 3. From three corners of the bounding box (points 1, 

2, and 3), draw converging lines to the vanishing point. 

The fourth corner would be hidden, so it is not drawn. 

Based on the depth of the object, determine where the 

back of the object would be on the converging lines, and 
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draw a horizontal and a vertical line to mark the back of 

the object.

Step 4. A bounding box in all three dimensions is now 

established for the object. Continue refi ning the object 

by sketching more bounding boxes representing other 

features. Remember that bounding boxes drawn on the 

front and back faces of the object will be square, while 

those placed on the top and sides will not. On the right 

side, the vertical edges will all be parallel, while on the 

top the horizontal edges will be parallel. Those edges 

going back in depth on either face will converge at the 

vanishing point.

Step 5. Finally, sketch the dark lines representing the ob-

ject, paying close attention to those edges that converge.

Figure 7.65 on page 281 shows another one-point per-

spective view that has other features of interest. In Step 3, 

the depth dimension is only half of what it would normally 

be. This improves the visual proportion to the width and 

height dimensions. In addition, the back circle and arc are 

drawn slightly smaller than in the front plane. Also, some 

of the features on the left side are not projected back to the 

vanishing point because they are completely hidden by 

the front. However, there are other features that need to be 

projected back. One is a line drawn tangent to the front and 

back arcs (Figure 7.65, Step 4). Leaving this line out would 

give the object a hollow appearance, as shown in Figure 

7.66 on page 281. Remember to include part of the hole in 

the back plane if it can be seen, as shown in Figure 7.65, 

Step 7. All visible object lines are darkened to complete 

the sketch.

7.8.2 Two-Point Perspective Sketch

A two-point perspective sketch is used when more re-

alism is needed in a pictorial representation. With two-

point perspective, instead of having just one vanishing 

point, there are two. Now, instead of the parallel edges in 

only the depth dimension converging, the parallel edges 

VP HL

VP HL

VP HL

GL

GL

VP GL + HL

GL

Bird's Eye View—Ground Line Below Horizon Line

Human's Eye View—Ground Line 6' Below Horizon

Ground's Eye View—Ground Line on the Same Level as the Horizon
Line

Worm's Eye View—Ground Line Above the Horizon Line

6'– 0"

Figure 7.61

Ground line position
Changing the ground line relative to the horizon line changes 
the perspective view created.

View Name Relationship Effect

Bird’s eye view Ground line well below the horizon line. Observer is much taller than the object.

Human’s eye view Ground line six feet below the horizon line. Observer is somewhat taller than the object.

Ground’s eye view Ground line at the same level as the horizon line. Observer is the same height as the object.

Worm’s eye view Ground line well above the horizon line. Observer is much shorter than the object.

Relationship between the Ground Line and Horizon LineTable 7.1
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in the width dimension also converge. Only the vertical 

edges—those in the height dimension—remain parallel.

Creating a Two-Point Perspective Sketch
The following steps describe how to create a two-point per-

spective sketch of a seating block. Refer to Figure 7.67.

Step 1. A two-point perspective sketch starts the same as 

a one-point sketch: Establish a ground line and a horizon 

line, then place two vanishing points near the right and 

left ends of the horizon line, respectively.

Step 2. In one-point perspective, you were able to draw 

the entire front face in its “true size,” that is, without any 

converging lines to distort it. With two-point perspective, 

only vertical lines are in true size. Draw a single vertical 

line at a location between one-quarter and one-third the 

distance from the left vanishing point. This line will rep-

resent the closest edge of the object. Mark the height 

of the object on the vertical line, measuring upward 

from the ground line, and draw converging lines from 

the top and bottom of the vertical line to both vanishing 

points.

Step 3. Continue by creating the bounding box and rough-

ing in the features. Remember that only the vertical lines 

will not converge.

Step 4. Finish the sketch by darkening in all of the fi nal 

lines.

Figure 7.62

A worm’s eye perspective view of a building, created with 
CAD
This view simulates what the building would look like when 
viewed looking up from the ground. 

(Courtesy of Michael Sechman and Associates, Oakland, California.)

VP

VP HL

GLOne-point perspective

VP HL

GLTwo-point perspective

VP HL

GLThree-point perspective

VP

VP

Figure 7.63

One-, two-, and three-point perspective sketches of the 
same object
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7.8.3 Perspective Circles

Both Figures 7.65 and 7.67 have complete or partial circles 

as a feature. In Figure 7.65, the circle is in the front view, 

which is not distorted by the converging depth dimension. 

In Figure 7.67 on page 282, the arc has a converging di-

mension, but it is small enough not to require calculating 

its convergence. When you have an arc or circle that is 

much larger, the following technique should be used to 

estimate how it will be distorted by convergence.

Before sketching a circle in perspective, determine the 

dimensions of the circle when viewed full size. Refer back 

to page 245 and Figure 7.13 to see how a full-size circle 

is sketched using diagonals. The circle drawn inside the 

square in Figure 7.13 touches the square at points 1, 2, 3, 

and 4. The circle crosses the diagonals of the square at 

two-thirds the distance from the center. Knowing this will 

be helpful when making a perspective sketch of a circle.

Sketching Perspective Circles
Figure 7.68 and the following steps show how to draw a cir-

cle in perspective.

Step 1. Draw the ground line and the horizon line. From 

the ground line, sketch a vertical line equal in length to 

the diameter of the circle. Locate the left vanishing point 

on the horizon line. Project the base and top of the ver-

tical line to the left vanishing point. Estimate the depth 

and mark it along the depth lines.

Step 2.  Sketch the diagonals of the square to locate the 

center of the circle, and then sketch the center lines.

Step 3. Locate points 1, 2, 3, and 4, and then mark the 

two-thirds distances along the diagonals. The perspec-

tive circle is then sketched using each mark.

Practice Exercise 7.3 
Using the same idea as in an earlier demonstration, clip im-

ages from magazines, or take photographs, showing ob-

jects that are clearly 3-D in nature. Place tracing paper over 

each image and begin laying out construction lines. How 

large does the object have to be before you can clearly see 

edges converging? Does it make a difference how close or 

far you are from the object? Try to defi ne a horizon line and 

project lines back to vanishing points. The vanishing points 

may be of the image itself, so start with a large piece of trac-

ing paper. Where is the horizon line relative to the object? 

What type of view is it (i.e., ground’s eye, bird’s eye, etc.)?

GL

Step 1

VP

GL

HL

H

W Step 2

GL

HLVP

Depth

Step 3

GL

HLVP

Step 4

GL

HLVP

Note: Some of this
feature is hidden

Step 5

HL

Figure 7.64

Constructing a one-point perspective sketch, using fi ve 
steps
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7.9 Sketching Using a Constraint-Based 
Modeling Software Program
A fundamental technique within most constraint-based 

modeling programs is to sketch 2-D features then use a 

3-D construction operation, such as extrude, revolve, 

or sweep, to create a 3-D model. Most constraint-based 

modeling CAD software programs provide a number of 

tools to fully defi ne a sketch and capture design intent. 

When sketching, it is important to make sure that the in-

tent of the design is met through the defi nition of the fea-

ture. Feature tools used to capture design intent include:

■ Dimensions—the primary tool for capturing the intent 

of a design through the description of the size and lo-

cation of entities.
■ Constraints—used to defi ne the relationship of 

sketched entities to other entities, such as defi ning two 

lines as being parallel to each other or two lines of 

equal length.

HL

GL

VP

Step 2

VP

Step 1

HL

GL

VPVP

Step 3 Step 4

These
corners are

not projected
because they

are hidden

Project
Center

Project Tangent
Point

New
Center

1/2 Depth

Tangent
line

Hole in back plane

Figure 7.65

Sketching a one-point perspective of an object with circles and arcs

Hollow
look

No!

Figure 7.66

Line tangent to arcs
A line tangent to the arcs must be constructed to represent the 
object accurately. Leaving out the tangent line between the 
front and back arcs leaves the sketch with a hollow look.
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Figure 7.67

Constructing a two-point perspective sketch

282
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■ References—when constructing a feature, a sketch en-

tity can reference existing features of a part or assem-

bly, such as datums, edges, or axes.
■ Relations—relationships can be established between 

two dimensions, such as using algebraic or trigono-

metric equations to create mathematical relationships 

between entities.

When using 2-D CAD programs, it is common to enter 

precise values for geometric elements. For example, if 

you are drawing a line that is one inch long, it must be 

drawn precisely one inch. Most constraint-based model-

ing programs do not require precise sketches of geometric 

entities. Instead of creating geometry with precise dimen-

sions, geometry is sketched much like you would if you 

were creating a pencil sketch. The following guidelines 

are important when making a sketch with a parametric 

modeling program:

■ The shape and proportions of the sketch are important, 

not the size.
■ The dimensions used to describe the features should 

match the design intent.
■ Geometric constraints of the features should match the 

design intent.

Some constraint-based software programs have an auto-

matic constraint feature that will assign constraints to en-

tities as they are being sketched. For example, if you are 

sketching a square, as you sketch the opposite sides of the 

square, the software will automatically assume that op-

posite sides are parallel. 

See Chapter 9, Three-Dimensional Modeling, for a 

more complete discussion of sketching features. 

7.10 Lettering
All engineering and technical drawings, including 

sketches, contain some notes or dimensions. All 

text on a drawing must be neat and legible, so it can be 

easily read on both the original drawing and a reproduc-

tion, such as a blueprint or photocopy. Although precise 

lettering is not required, legibility is very important.

Until the invention of printing by Johann Gutenberg in 

the 15th century, all text was hand lettered, using a very 

personalized style. With the invention of printing, text 

styles became more standardized. Although some early 

technical drawings were embellished with personalized 

text, current ANSI standards suggest the use of single-

stroke Gothic characters, for maximum readability (Fig-

ure 7.69 on the next page).

The tools used to add text to engineering and techni-

cal drawings have evolved over the years from quill pens 

to the computer. Pencils are still a common tool, but their 

use is declining as more drawings are being produced with 

CAD software. Mechanical lettering guides, such as the 

lettering template in Figure 7.70 on the next page, the let-

tering machine, and press-on type, were developed in the 

years before CAD.

In a modern engineering or technical graphics offi ce, 

it is more important to have good typing skills than it is to 

GL

HL VP

GL

HL VP

GL

HL VP

2
3 Distance

Diameter

Step 1

Step 2

Step 3

Depth

Figure 7.68

Constructing a perspective sketch of a circle
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have or practice hand-lettering skills. The keyboard has 

all but eliminated the need to do hand lettering on fi nal 

drawings. One of the greatest productivity advantages of 

CAD over traditional tools is the speed with which text 

can be added to a drawing. The use of computers to cre-

ate engineering and technical drawings has resulted in 

the choice of many different text styles and placement op-

tions for engineering and technical drawings. 

7.10.1 Lettering Standards

ANSI has developed a set of standard practices for add-

ing text to a drawing. In this book, other techniques have 

been added to those standards to help you create legible 

text using hand lettering or computer tools. These stan-

dards and techniques include the following:

■ Use a Gothic text style, either inclined or vertical.
■ Use all capital letters.
■ Use 1⁄8� (3 mm) for most text height.
■ Use 1⁄4� (6 mm) for the height of fractions.
■ Determine the minimum space between lines of text 

by taking the text height and dividing it by 2.

Figure 7.71 shows examples of these standards.

7.10.2 Hand Lettering

Though hand lettering is used less and less, you must still 

be able to produce clear, legible, hand-lettered words and 

numbers that conform to a standard style. 

Whenever lettering by hand, you should use guide 

lines. Guide lines are very thin, very light construction 

lines used as a guide to create uniform letters on engi-

neering and technical drawings. Guide lines are con-

structed using a very sharp, hard pencil, such as a 4H, 

5H, or 6H. One method of creating guide lines is to mea-

sure the distances between them using a scale, or a piece 

of scrap paper with the distances marked on the edge. In 

addition to horizontal guide lines, beginners often fi nd 

vertical guide lines to be useful. Vertical guide lines are 

placed every fourth or fi fth letter to help keep the letters 

vertical and aligned.

Lettering guides can also be used to make guide lines, 

as shown in Figure 7.72. The lettering guides are a conve-

nient method for laying out various distances for text, as 

well as the angle used to create inclined text. These let-

tering guides are used against a straight edge, such as a 

T-square, and a pencil is inserted into a hole and used to 

drag the guide across the paper. As the guide is dragged 

across the paper, a line is drawn. More lines are added 

by placing the pencil in different holes and dragging the 

guide across the paper again. Lettering guides can be used 

to create horizontal, vertical, or inclined guide lines.

Within these guide lines, the individual letters are 

drawn. There is a particular style to each letter. Figure 7.73 

shows examples of each letter in its vertical format. Notice 

that all of the letters are in capitals. In general, lowercase 

letters are never used. In Figure 7.73, a recommended 

Figure 7.69

An example of hand-lettered gothic text style commonly 
used in engineering drawing

Figure 7.70

A mechanical lettering template used to assist in the 
drawing of text on engineering drawings
(Courtesy of Chartpak, Inc.)

1/4"

1/16"

1/4"

1/8"

1/8"

Space

(3mm)

(3mm)

(6mm)

(6mm)

(2mm)

Figure 7.71

Recommended text heights
The recommended heights for text on technical drawings are 
1⁄8� or 3 mm high for letters and 1⁄4� or 6 mm for fractions.
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An adjustable lettering guide used for hand lettering on drawings
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Figure 7.73

Vertical Gothic letter and numeral design, with suggested sequence of strokes that can be used as a guide for hand lettering 
a technical drawing
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stroke sequence is given. Each straight segment of a letter 

is drawn as a separate single stroke. Curved strokes that 

are particularly long are broken up into multiple strokes. 

Even though there is the temptation to draw an “O” in a 

single stroke, you will create a better shape if you do it in 

two halves. Figure 7.74 shows the Gothic design in the in-

clined format.

There are many pitfalls in hand lettering. Most of them 

are correctable with a little bit of practice and attention to 

your work. Whenever lettering a drawing by hand, follow 

the format illustrated in the top line in Figure 7.75. Take 

particular note of the uniformity of spacing between let-

ters. Do not have equal spacing between each letter. In-

stead, look at the volume of background area in and around 

each letter. This volume is what should be uniform.

7.10.3 Alternate Text Styles

Until CAD became popular for creating engineering and 

technical drawings, the text style was standardized by 

ANSI as single-stroke Gothic. Although Gothic is still 

the standard set by ANSI, the user of a CAD system has 

many other choices.

CAD text is classifi ed and grouped by its character-

istics. The size and style of a type defi ne its font. Most 

CAD systems can make use of the same fonts available 
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Figure 7.74

Inclined Gothic letter and numeral design, with suggested sequence of strokes that can be used as a guide for hand lettering 
a technical drawing
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in word processing systems. However, it is usually best to 

use as few different fonts as possible. Use fonts that are 

standard to the industry generating the drawings. 

Text can also be varied by using bold or italic versions. 

Boldface is a heavyweight version of a typeface. An italic 

typeface is slanted and is generally lighter in weight.

Figure 7.76 is a guide to type characteristics. Type size 

is measured in points, and there are 72 points per verti-

cal inch. So 36-point type is about 1⁄2 inch high, where 

the height is measured from the top of the letter to a fi xed 

depth below the letter. The ascender is the portion of a low-

ercase character that extends above the letter height. The 

descender is the portion of a lowercase letter that extends 

below the baseline. A serif is a small fi nishing stroke per-

pendicular to the main character stroke. A sans serif type-

face is one without serifs. Gothic is a sans serif typeface.

7.10.4 Computer Lettering Technique

Text is added to a CAD drawing by selecting the appropri-

ate command, entering the letters and numerals with the 

keyboard, and then picking a point on the drawing where 

the text is to be placed. Before adding text to a drawing, 

many variables must be set. Some of the more common 

computer text variables are height, font, alignment, as-

pect ratio, slant, and rotation. Although some CAD soft-

ware makes it easy to use different fonts, technical draw-

ings that adhere to ANSI standards should always use the 

block Gothic style for maximum clarity when reproduc-

ing technical drawings.

Text Height  The height of the text is controlled by enter-

ing a numerical value. Think of this as setting your guide 

lines for the text. The advantage of CAD is that it is easy 

to create virtually any size text for a drawing. One impor-

tant consideration is the scale to be used for the drawing 

itself. For example, suppose you were a drafter/designer 

and had to create a drawing of a new section of interstate 

highway. The section of the road you are to draw is ap-

proximately 1000 feet long and the text height is set at 
1⁄8�. Obviously you cannot plot the drawing full scale, so 

a scale of 1� � 25�-0� is chosen to fi t the drawing on a D-

size sheet. This will plot the drawing at 1/300 scale. If the 
1⁄8� text is also plotted at 1/300 scale, it would be reduced 

to a series of dots, at best. Figure 7.77 on the next page 

provides text heights for some common plot scales.

Letters not uniform in
style.

Letters not uniform in
height.

Letters not uniformly
vertical or inclined.

Letters not uniform in
thickness of stroke.

Areas between letters
not uniform.

Areas between words
not uniform.

Figure 7.75

Examples of poor hand-lettering technique

Serif Counter Ascender

Descender BaselineSerif

x-height
Cap

height
Point
size

Figure 7.76

Important terms associated with text
This information is useful when using CAD for lettering.
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288 PART 2  Fundamentals of Technical Graphics

Text Alignment  Text alignment controls the justifi cation 

of a line of CAD text. Typical alignments are: center, left, 

and right.

Center justifi cation centers the text about a selected 

point, which is indicated by the X in Figure 7.78A. Left 

justifi cation places the text fl ush left with a margin and 

results in a ragged right margin (Figure 7.78B). Right jus-

tifi cation places the text fl ush right with a margin and re-

sults in a ragged left margin (Figure 7.78C). Some CAD 

systems provide even more precision in placing text, us-

ing the following: 

■ Top center ■ Middle right
■ Top left ■ Bottom center
■ Top right ■ Bottom left
■ Middle center ■ Bottom right
■ Middle left

Other CAD Text Variables  Depending on the type of CAD 

system, there are many other text variables that can be 

controlled. Text slant is used to create individual text 

characters at an angle away from vertical (Figure 7.79). 

Text rotation is the angle, measured from horizontal, used 
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Plotted Drawing Scale

Text Size and Plot Scale Reference Table

Desired Text
Size (On paper)

Scale 1/8" Text
Height

48
24
12
6
3
.5
.25
.125

.0625

.0416

.0312

.0250

.0125

.00125

.000125

1500
750
150
15

1/32" = 1'
1/16" = 1'
1/8" = 1'
1/4" = 1'
1/2" = 1'
1/4 size
1/2 size
Full size

2/1
3/1
4/1
5/1
10/1
100/1
1000/1

1" = 1000'
1" = 500'
1" = 100'
1" = 10'

Instructions:

1) Find the plotted text size you want in the column on the left of the large table.
2) Read across until you reach the correct plotting scale column.
3) The value shown is the size of text (in inches) you create in your CAD drawing.

Example:

Desired text size is 9/16", and drawing is plotted at 3/8" = 1' - 0". Make text 18" high in CAD.

Calculated as: 9/16 x 3/8
12

= 18

Figure 7.77

Recommended text height and plot scale settings for CAD drawings
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to create entire lines of text at an angle. Text aspect ratio 

is the numerical ratio of the width versus the height of in-

dividual characters. Text aspect ratio can be controlled to 

create letters that range from narrow to wide. For exam-

ple, a text ratio of 1 produces characters that are equally 

wide and high. A text ratio of 0.5 produces characters that 

are twice as high as they are wide. Ratios greater than 

one create extended letters; ratios less than one create 

compressed letters. Some CAD systems even allow text to 

be drawn upside down, backwards, and vertically.

Occasionally, special text characters not found on a 

standard computer keyboard must be added to techni-

cal drawings. Examples are the degree, plus–minus, and 

diameter symbols. By entering a special string of text (a 

code), it is possible to create such symbols. Using one par-

ticular CAD software product, entering %%D results in 

the degree symbol being created on the drawing. Another 

CAD software may have a different code for creating the 

degree symbol.

7.11 Text on Drawings
Without text it would be nearly impossible to describe 

engineering designs completely. Text on engineering and 

technical drawings is used:

■ To communicate nongraphic information.
■ As a substitute for graphic information in those in-

stances where text can communicate the needed infor-

mation more clearly and quickly. (Examples: the name 

of a part or assembly, the number of parts needed, the 

dimensions of a part.)

The use of text on drawings should be kept to a mini-

mum, and the text should be short and concise.

Although text can be placed anywhere on a drawing, 

there are a few areas where text is more commonly found. 

These areas are described in the following paragraphs 

(Figure 7.80 on the next page).

Title Block  Text is used in title blocks to identify the 

drawing name and its relationship to other drawings. 

Other important information also found in a title block 

includes the scale, date drawn, company, name of the 

person who made the drawing, name of the person who 

checked the drawing, etc.

Revision Block  A revision block is located adjacent to 

the title block and lists the revisions made to a drawing.

Bill of Materials  Text is used in a bill of materials to 

identify part numbers and names, part materials, quanti-

ties needed for the assembly, dimensional sizes, and other 

information.

General Notes  Text can be used to provide general in-

formation that cannot otherwise be effectively or quickly 

communicated. Part names and numbers are sometimes 

placed near the orthographic views when more than one 

part of an assembly is drawn on a single sheet. Special 

manufacturing information may also be noted.

Dimensions  Text is used on dimensions to identify the 

measurements necessary to make the product or struc-

ture. Most dimension text is numerals 1⁄8� or 3 mm high.

(C)

(B)

(A)

Figure 7.78

Justifying text
Most CAD systems allow text to be justifi ed about a given point.

Figure 7.79

Examples of CAD text slant, incline, and aspect ratios
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7.12 Summary
Sketching is an important tool for quickly and effi ciently 

communicating design ideas. It is a particularly useful tool 

early in the design process, when several ideas are being 

explored. One of the appealing characteristics of sketches 

is the minimal amount of equipment needed for their cre-

ation. A pencil, eraser, and paper are the only tools really 

necessary for creating a sketch. Increasingly, software be-

ing developed to run on low-cost computer systems has 

many of the same attributes as hand sketching. This new 

software has the potential of allowing a more direct trans-

lation of sketched designs into fi nal, refi ned models that 

can be used in manufacturing and construction.

Whether a sketch is created by hand or on the com-

puter, there is a basic set of techniques that should be used. 

Sketches are meant to be quickly created approximations 

of geometric forms. Therefore, exact measurements are 

usually not used in sketching. Instead, construction line 

techniques are used to preserve the proportions of differ-

ent features of the object.

The process of transferring the features of a 3-D object 

onto a 2-D sheet of paper is called projection. One way of 

defi ning the projection relates to whether the lines pro-

jecting the features of the object are all parallel to each 

other. The types of projection include isometric pictorial, 

oblique pictorial, and multiview. These projections con-

stitute the most popular methods used in engineering and 

technical graphics. Another type of projection, perspec-

tive, more closely matches how you perceive objects in 

the real world. This type of projection is less commonly 

used, in part because of the diffi culty in laying out the 

sketch, and also because of the distortions it creates in the 

features of the object drawn.

The graphical methods used in creating a sketch com-

municate considerable information. At times, however, 

words are more effective for providing information on a 

drawing. The use of a standard method of lettering en-

Bill of
Materials

Revision
Block

Title
Block

General Notes

Figure 7.80

Examples of a title block, general notes, a revision block, and bill of materials on a technical drawing
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sures that text in a drawing will be clear and legible. Com-

puters are used extensively for generating text. This is due 

in part to the fl exibility with which text can be generated 

and modifi ed to meet specialized needs. Later chapters 

in this book will go into more detail as to the proper 

use and placement of text in engineering and technical 

graphics.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne and describe the uses for technical 

sketching.

 2. Defi ne an ideation sketch, and explain how it differs 

from a document sketch.

 3. List the four types of sketches, grouped by projec-

tion methods. Sketch an example of each type.

 4. Describe the major differences between parallel and 

perspective projection.

 5. Defi ne multiview drawing, and make a sketch of one.

 6. Defi ne principal view.

 7. Describe the precedence of lines.

 8. Describe how sketching is used in constraint-based 

modelers.

 9. List the two important uses for text on a drawing.

 10. Defi ne font.

 11. Defi ne text alignment, and sketch an example.

 12. Defi ne text aspect ratio, and give examples.

Hints for Isometric Sketching
■ Identify the major features and overall dimensions of the 

object.

■ Use clean, crisp strokes.

■ Do not use straightedges or scales when sketching.

■ Start by drawing a bounding box, using construction 

lines.

■ Only measure dimensions along the primary axes.

■ Do not directly transfer angles from a multiview to a 

pictorial.

■ Use light construction lines to locate vertices and edges.

■ Sketch faces roughly in this order:

1. Normal faces on the perimeter of the bounding box.

2. Normal faces in the interior of the bounding box.

3. Inclined faces.

4. Oblique faces.

■ Darken all object lines.

Hints for Multiview Sketching
■ Identify the major features and overall dimensions of the 

object.

■ Use clean, crisp strokes.

■ Do not use straightedges or scales when sketching.

■ Start by drawing bounding boxes and a miter line, using 

construction lines.

■ Align the views.

■ Use light construction lines to locate vertices and edges.

■ Only measure dimensions along the primary axes.

■ Map inclined and oblique faces between all three views.

■ Follow the precedence of lines.

■ Doublecheck to make sure there are no missing hidden 

or center lines.

■ Darken all visible, hidden, and center lines.

Further Reading
Duff, J. M., and W. A. Ross. Freehand Sketching for Engineer-

ing Design. Boston, MA: PWS-Kent, 1995.

Edwards, B. The New Drawing on the Right Side of the Brain. 
New York: St. Martin’s Press, 1999.

Hanks, K., and L. Belliston. Draw! Los Altos, CA: William 

Kaufmann, 1977.

Hanks, K., L. Belliston, and D. Edwards. Design Yourself! Los 

Altos, CA: William Kaufmann, 1978.

Knowlton, K. W. Technical Freehand Drawing and Sketching. 
New York: McGraw-Hill, 1977.
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P r o b l e m s

 7.1 Using visible, center, and hidden line styles, prac-

tice sketching the following types of lines/features 

using size A or A4 plain or grid paper:

■ Straight lines
■ 90- and 180-degree arcs
■ Circles
■ Ellipses

 7.2 Refer to Figures 7.81A–G, multiview sketching 

problems. Sketch (freehand) the necessary views, 

using size A or A4 plain or grid paper. Divide the 

long dimension of the paper with a thick dark line. 

A multiview drawing can fi t on either half of the 

paper. Add a border line and title block like that 

shown in Figure 3.78.

 7.3 Refer to Figures 7.82A–C, pictorial sketching 

problems. Sketch (freehand) pictorials, using size 

A or A4 plain or grid paper. Pictorials can be per-

spective, isometric, or oblique. Divide the long 

dimension of the paper with a thick dark line. A 

pictorial drawing can fi t on either half of the paper. 

Add a border line and title block like that shown in 

Figure 6.67.

 7.4 Draw a pictorial sketch of one of the multiviews 

in Problem 7.3. Pass the pictorial sketch to an-

other student in the class, but do not specify which 

 multiview you used. Have that student draw a 

 multiview from your sketch. Compare that with the 

original multiview. Do they look the same?  Reverse 

the process by starting with one of the objects in 

Problem 7.2.

 7.5 Create 2-D CAD drawings or 3-D CAD models 

from the sketches drawn in Problems 7.2 and 7.3. 

Compare the time taken and the strategy used with 

that of sketching.

 7.6 Using one object from either Problem 7.2 or 7.3, 

sketch and compare the following pictorials on 

size A or A4 plain or grid paper:

a. One-, two-, and three-point perspective.

b. One-point perspective and oblique.

c. Two-point perspective and isometric.

 7.7 Using one object from either Problem 7.2 or 7.3, 

sketch isometric pictorials from three different 

viewpoints, on size A or A4 plain or grid paper.

 7.8 Using one object from Problem 7.2, sketch differ-

ent multiviews using three different front views 

as a starting point, on size A or A4 plain or grid 

paper.

 7.9 Using one object from Problem 7.2, sketch all six 

standard views (front, top, right side, left side, bot-

tom, back), on size A or A4 plain or grid paper. 

Which views are identical?

 7.10 Using one object from either Problem 7.2 or 7.3, 

sketch four one-point perspective pictorials on size 

A or A4 plain or grid paper. Use different com-

binations of vanishing point and horizon line, as 

follows:

Vanishing Point Horizon Line

To the Right of the Object Bird’s Eye View

Behind the Object Human’s Eye View

To the Left of the Object Ground’s Eye View

To the Right of the Object Worm’s Eye View

 7.11 Using sketches made from either Problem 7.2 or 

7.3, identify the following features, with color pen-

cils or markers: edges, faces, and voids (negative 

space).

 7.12 Gather real examples, computer images, or maga-

zine pictures of common objects. Have the objects 

vary in complexity of form. Some should have 

only simple, planar features, while others should 

be curved, sculpted surfaces. Some ideas are motor 

vehicles, farm equipment, household appliances, 

aircraft and nautical vessels, computer equipment, 

audio/visual equipment, furniture, lighting fi x-

tures, sports and exercise equipment, hand tools, 

and stationary and hand-held power tools.

 7.13 Choosing one of the objects from Problem 7.12, 

sketch isometric pictorials or multiview drawings, 

using either plain or grid paper. Identify the major 

features of the object and choose the best view-

point to begin the sketch.

 7.14 Choosing from one of the larger objects identi-

fi ed in Problem 7.12, sketch a multiview of it on 

grid paper using the “fi nger-on-pencil” method of 

judging proportions (see Section 7.3). Then create 

a pictorial sketch of the object on grid paper, but 

at twice the scale. Use the grid blocks to adjust the 

scale of the drawing.
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Figure 7.81A
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Figure 7.81B
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Figure 7.81C
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Figure 7.81D
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Figure 7.81E
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(61) (63)(62)

(70) (71) (72)
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Figure 7.81F
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 7.15 Using one photograph from those gathered in Prob-

lem 7.12, create 10 alternate designs of the object 

with tracing paper. With each sketch, trace most of 

the features as they are in the image, but change 

some to create a new design.

 7.16 Create 10 designs as you did in Problem 7.15, but 

instead of developing each new design from the 

original image, evolve the design from one sketch 

to the next.

 7.17 Evolve a design through three stages of refi nement. 

First, generate 10 rough, ideation sketches, show-

ing different design ideas. Use techniques outlined 

in Problems 7.15 and 7.16, and sketch on plain or 

grid paper. Spend about three minutes on each ide-

ation sketch. Pick the three best designs and refi ne 

them, spending about 10 minutes on each sketch. 

Finally, pick the best design and spend about 30 

minutes creating a detailed pictorial sketch. The fi -

nal sketch may combine ideas from all three of the 

previously sketched designs.

 7.18 Sketch one of the objects or photographs gathered 

in Problem 7.12, in two different ways: (a) as a pic-

torial and (b) as a functional diagram. The func-

tional diagram depicts the functions and actions of 

the object, and how they interrelate.

 7.19 Draw each letter of the alphabet and all nine nu-

merals four times, using guide lines, the proper 

style, and the proper stroke sequence (see Figures 

7.73 and 7.74). Do both vertical and inclined style 

lettering.

 7.20 Letter the name of the linetype under three exam-

ples of each type in Problem 7.1.

 7.21 Letter the names of each of the standard views in 

the sketch done in Problem 7.9.

 7.22 Label each of the views sketched in Problem 7.10 

by lettering the locations of the vanishing point 

and horizon line used.

 7.23 Letter the names of the major components of the 

fi nal design in Problem 7.17.

(74)(73) (75)

(76)

Figure 7.81G

Problem 7.2  Multiview sketching problems
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(14) (15)

(18)(17)(16)

(19) (20) (21)

(24)(23)(22)

(13)

Figure 7.82B
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(25) (26) (27)

(30)(29)(28)

(34)

(31) (32) (33)

Figure 7.82C
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 7.24 Sketch and letter title blocks for any of the exer-

cises in this chapter. See Problems 6.1 and 6.9 in 

Chapter 6 for examples of typical title blocks.

 7.25 Using a CAD system, create example sentences of 

text, using a mix of the following variables:
■ Height
■ Font
■ Alignment
■ Aspect ratio
■ Slant
■ Rotation

  Some example sentences:

ALL LETTERS SHOULD BE UPPERCASE.

SINGLE-STROKE GOTHIC IS THE ANSI 

STANDARD.

AVOID RAMBLING SENTENCES.

USE ANSI STANDARD ABBREVIATIONS.

EXPLAIN IN A NOTE WHAT CANNOT 

BE  DRAWN.

USE PROPER SPACING BETWEEN LINES.

 7.26 Use upside-down sketching to create the word 

sketch as shown in Figure 7.83.

 7.27 Use upside-down sketching to create the table 

shown in Figure 7.84.

 7.28 Use upside-down sketching to create the chair 

shown in Figure 7.85.

 7.29 Use contour sketching to create the series of cubes 

and cylinders shown in Figure 7.86.

SKETCH

Figure 7.83

Problem 7.26  Upside-down sketch of the word SKETCH

Figure 7.84

Problem 7.27  Upside-down sketch of a table

Figure 7.85

Problem 7.28  Upside-down sketch of a chair
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304 PART 2  Fundamentals of Technical Graphics

 7.30 Use contour sketching to create the overlapping 

shapes shown in Figure 7.87.

 7.31 Use contour sketching to create the optical illu-

sions shown in Figure 7.88.

 7.32 Create a negative space sketch of the paper clips 

shown in Figure 7.89.

Figure 7.86

Problem 7.29  Contour sketching of cubes and cylinders

Figure 7.87

Problem 7.30  Contour sketch of overlapping shapes

Figure 7.88  
Problem 7.31  Contour sketching of optical illusions

Figure 7.89

Problem 7.32  Negative space sketching
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Chapter 8

Engineering 
Geometry and 
Construction

Objectives
After completing this chapter, you will be 
able to:

 1. Describe the importance of engi-

neering geometry in the design 

process.

 2. Describe coordinate geometry and 

coordinate systems and apply them 

to CAD.

 3. Explain the right-hand rule.

 4. List the major categories of geometric 

entities.

 5. Explain and construct the geometric 

conditions that occur between 

lines.

 6. Construct points, lines, curves, 

polygons, and planes.

 7. Explain and construct tangent condi-

tions between lines and curves.

 8. Explain and construct conic sections, 

roulettes, double-curved lines, and 

freeform curves.

 9. List and describe surface geometric 

forms.

 10. Explain and construct 3-D surfaces.

 11. Describe engineering applications of 

geometry.

The senses delight in what is truly 

proportional.

—Thomas Aquinas

C
hapter E

ight
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Introduction
Graphics is used to represent complex objects and struc-

tures that are created from simple geometric elements, such 

as lines, circles, and planes. Current 3-D CAD programs 

use these simple geometric forms to create more complex 

ones, through such processes as extruding, sweeping, and 

Boolean solid modeling operations. To fully exploit the 

use of CAD, you must understand geometry and be able to 

construct 2-D and 3-D geometric forms.

This chapter introduces the geometric forms useful in 

engineering design, from the simple to the complex. The 

chapter defi nes four engineering geometry categories, 

from simple 2-D elements to complex 3-D forms. The geo-

metric elements and forms that are the basic components 

of engineering geometry are defi ned and illustrated, along 

with the application of these elements to engineering de-

sign. In addition, geometric conditions are defi ned and il-

lustrated, and geometric construction techniques that are 

useful for engineering design are described.

The chapter is divided into two major sections: geomet-

ric construction and engineering geometry. Many of the 

geometric construction techniques described apply only to 

hand tools, because many CAD systems have commands 

that perform some of the steps automatically. However, 

the construction techniques are still valuable because the 

terminology and the descriptions of the various geometric 

forms are applicable to CAD. CAD systems become even 

more powerful in the hands of someone who understands 

2-D and 3-D geometric forms.

8.1 Engineering Geometry
Geometry provides the building blocks for the engineer-

ing design process. Engineering geometry is the basic 

geometric elements and forms used in engineering design.

In this chapter, traditional and CAD-based geomet-

ric construction techniques are introduced, along with 

the primitive geometric forms that serve as the building 

blocks for more complicated geometric shapes commonly 

found in engineering design. Some of the more advanced 

surface geometry topics covered in this chapter introduce 

geometric forms that can be created by 3-D surface mod-

eling CAD programs.

8.2 Shape Description
Engineering and technical graphics are concerned with the 

descriptions of shape, size, and operation of engineered 

products. The shape description of an object relates to the 

positions of its component geometric elements in space. To 

be able to describe the shape of an object, you must under-

stand all of the geometric forms, as well as how they are 

graphically produced.

Shape description is based on the primitive forms, 

points, lines, and planes, which are combined to create 

more complex forms, such as that shown in Figure 8.1. A 

shape description is developed through orthographic, pic-

torial, or other projection techniques.

8.3 Coordinate Space
In order to locate points, lines, planes, or other geomet-

ric forms, their positions must fi rst be referenced to some 

known position, called a reference point or origin of mea-

surement. The Cartesian coordinate system, commonly 

used in mathematics and graphics, locates the positions of 

geometric forms in 2-D and 3-D space. This system was 

fi rst introduced in 1637 by the French mathematician Renè 

Descartes (1596–1650). The coordinate geometry based 

on this system theorizes that, for every point in space, a set 

of real numbers can be assigned, and for each set of real 

numbers, there is a unique point in space.

A 2-D coordinate system establishes an origin at the 

intersection of two mutually perpendicular axes, labeled 

X (horizontal) and Y (vertical) (Figure 8.2). The origin 

is assigned the coordinate values of 0,0. Values to the 

right of the origin are considered positive, and those to 

Figure 8.1

Application for engineering geometry
Complex engineering geometry is found in many engineered 
products, structures, and systems.

(© Ron Sherman: Tony Stone Images.)
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the left are negative. Similarly, values above the origin are 

positive, and those below are negative. Using this conven-

tion, you can locate any point in 2-D space by assigning 

a unique set of numbers to that point. The numbers as-

signed to each point are called coordinates, where the 

fi rst  number is the X coordinate and the second number is 

the Y coordinate. For example, the coordinates 3,5 would 

locate a point in the upper right quadrant of the 2-D co-

ordinate system, as shown in Figure 8.2. Coordinates of 

–3,5 would locate a point in the upper left quadrant; co-

ordinates of –3,–5 would locate a point in the lower left 

quadrant; and coordinates of 3,–5 would locate a point in 

the lower right quadrant. By connecting these points with 

lines, you create a rectangle in fi xed coordinate space 

(Figure 8.3).

In a 3-D coordinate system, the origin is established at 

the point where three mutually perpendicular axes (X, Y, 

and Z) meet (Figure 8.4). The origin is assigned the coor-

dinate values of 0,0,0. By convention, values to the right 

of the origin are positive, and those to the left are nega-

tive; values above the origin are positive, and those below 

are negative; and values in front of the origin are positive, 

and those behind are negative.

Using this convention, you can assign a unique triplet 

of ordered numbers to any point in 3-D space. The fi rst 

number represents the X distance, the second  number 

1

2

3

4

5

+Y

–1–2–3–4–5
–X

1 2 3 4 5
+X

–1

–2

–3

–4

–5

–Y

(3, 5)

(3, –5)(–3, –5)

(–3, 5)

Origin (0, 0)

90°

Figure 8.2

2-D Cartesian coordinate system
The 2-D Cartesian coordinate system was developed by René 
Descartes to locate the positions of geometric forms in space.

90°
1

2

3

4

5

+Y

–1–2–3–4–5
–X

1 2 3 4 5
+X

–1

–2

–3

–4

–5

–Y

(3, 5)

(3, –5)(–3, –5)

(–3, 5)

Origin (0, 0)

Figure 8.3

Locating points
A rectangle is created by using coordinate values for each 
corner and then drawing the connecting lines.

1
2

3
4

5+Z

–1
–2

–3
–4

–5

–Z

–1

–2

–3

–4

–5

–X

1
2

3
4

5 +X

1

2

3

4

5

–1

–2

–3

–4

–5

Origin(0, 0, 0)

90°

90°

+Y

–Y

(0, 4, 0)

(4, 0, 0)

(0, 0, –4)

Figure 8.4

3-D coordinate system
The 3-D coordinate axes consist of three mutually perpendicu-
lar axes. The red numbers in parentheses are example coordi-
nate values at the marked locations.
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the Y distance, and the third number the Z distance. 

Figure 8.5 shows a rectangular prism located in 3-D coor-

dinate space, with the following values for the corners:

0,0,0

0,0,2

0,3,2

0,3,0

4,0,0

4,3,0

4,3,2

4,0,2

This coordinate system is used in multiview drawings 

and 3-D modeling, using both traditional tools and CAD. 

Figure 8.6 is a multiview drawing of an object, with coor-

dinate axes displayed in each viewport. The front viewport 

shows the X and Y axes, with Z as a point; the top viewport 

shows the X and Z axes, with Y as a point; and the pro-

fi le viewport shows the Y and Z axes, with X as a point. 

By “placing” the lower left-front corner of the block on the 

1
2

3
4

5+Z

–1
–2

–3
–4

–5

–Z

–1

–2

–3

–4

–5

–X

1
2

3
4

5 +X

1

2

3

4

5

–1

–2

–3

–4

–5

+Y

–Y

(0, 3, 0)

(4, 0, 0)

(4, 3, 2)

(0, 3, 2)

(0, 0, 2)

(4, 0, 2)

(4, 3, 0)
2

Figure 8.5

Locating points
A rectangular prism is created using the 3-D coordinate 
system by establishing coordinate values for each corner.

0,0,0

0,0,0

A = 3,3,–1 A

X=3

Z= –1

Z

X
Y

Z= –1

A

0,0,0

(3,3,–1)

0,0,0

Y=3 Y=3

RIGHT SIDE VIEWPORTFRONT VIEWPORT

TOP VIEWPORT

X=3
Z

X

Y

Z
X

Y

Z X

Y
A

Figure 8.6

Display of coordinate axes in a multiview CAD drawing
Only two of the three coordinates can be seen in each view.
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origin, you can then locate all other points on the block by 

their coordinates. For example, point A in the fi gure is lo-

cated at coordinates 3,3,–1.

CAD systems provide a method for displaying the cur-

sor’s current position in coordinate space. Normally, there 

is some type of toggle switch or command that turns on 

the coordinate tracking, which is then displayed at the 

top or bottom of the screen (Figure 8.7). To create 3-D 

models, most CAD systems use 2-D input devices, such 

as mice and digitizers, and then require keyboard entry to 

defi ne the third dimension.

Practice Exercise 8.1
Take three sheets of square grid paper and lay out X–Y, Y–Z, 

and X–Z axes on each one. Label the axes. Using the coordi-

nates given in Figure 8.5, map the points on the grid paper, 

minus the coordinate not represented. Photocopy all three 

sheets. Using the photocopy, cut out and glue together the 

three rectangles defi ned by the points, in their appropriate 

orientations. For the missing sides of the solid, make a sec-

ond photocopy of your sheets, cut them out and glue them in 

place. They represent exact duplicates of the opposite faces 

in terms of size and shape. What is different about them? Do 

the coordinates on the photocopies correctly refl ect where 

the second set of faces is in space?

8.3.1 Right-Hand Rule

The right-hand rule is used to determine the positive di-

rection of the axes. To visualize the right-hand rule, make 

a fi st with your right hand, with your thumb pointing out-

ward (Figure 8.8A on the next page). The direction your 

thumb is pointing indicates the positive direction on the 

X axis. Straighten your index fi nger so that it is pointing 

straight up, at 90 degrees to your thumb (Figure 8.8B on 

the next page). The direction your index fi nger is pointing 

indicates the positive direction on the Y axis. Straighten 

your middle fi nger so that it is pointing forward, at 90 de-

grees to your index fi nger (Figure 8.8C on the next page). 

The direction your middle fi nger is pointing indicates the 

positive direction of the Z axis.

The right-hand rule is also used to specify the direc-

tion of positive rotation about each axis. Imagine that 

the fi ngers of your right hand are made into a fi st and are 

wrapped around one of the axes, with the thumb pointing 

Figure 8.7

Display of coordinate position of cursor on a CAD screen
The coordinate position of the cursor is located in the bottom left corner of the screen display.
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310 PART 2  Fundamentals of Technical Graphics

in the positive direction of that axis. The direction that 

your fi ngers curl to make the fi st identifi es the direction of 

positive rotation for the axis (Figure 8.8D). This technique 

applies to all three axes.

The right-hand rule is used in both traditional drawing 

and CAD.

8.3.2 Polar Coordinates

Polar coordinates are used to locate points in any plane. 

Polar coordinates specify a distance and an angle from 

the origin (0,0). Figure 8.9 shows a line in the X–Y plane, 

4.5 units long and at an angle of 30 degrees from the 

+ Z

+ X

+ Y

(C)

+ X

+ Y

(B)

+ X

(A)

(D)

Z X

Y

Figure 8.8

Right-hand rule for axes directions
The right-hand rule defi nes the X, Y, and Z axes, as well as the positive and negative directions of rotation on each axis.
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X axis. Polar coordinates are commonly used by CAD 

systems to locate points.

8.3.3 Cylindrical Coordinates

Cylindrical coordinates involve one angle and two dis-

tances. Cylindrical coordinates specify a distance from 

the origin, an angle from the X axis in the X–Y plane, and 

a distance in the Z direction. To illustrate, in Figure 8.10, 

point A is 7 units in the Z direction, and is 4.5 units from 

the origin as measured on a line that is at 60 degrees from 

the X axis in the X–Y plane. Because of the way it is lo-

cated, point A is on the surface of a cylinder that has a ra-

dius of 4.5 units and a length of 7 units; hence the name 

cylindrical coordinates.
Cylindrical coordinates are used in designing circular 

shapes and in geographic applications. To change cylin-

drical coordinates to Cartesian coordinates, use the fol-

lowing equations:

 x � r cos �

 y � r sin �

 z � z

For example, the Cartesian coordinates for point A in 

Figure 8.10 are 2.25, 3.90, 7, determined as follows: use 

the equations shown above and substitute the values r � 

4.5 and angle theta � 60 degrees:

Angle = 30°

Distance = 4.5

Y

Z X

X-Y Plane

Figure 8.9

Polar coordinates
Polar coordinates use a distance in the X–Y plane and an angle 
from the X axis to locate a point.

 x � 4.5 cos 60 � 2.25

 y � 4.5 sin 60 � 3.90

 z � 7

8.3.4 Spherical Coordinates

Spherical coordinates are used to locate points on a 

spherical surface by specifying two angles and one dis-

tance (Figure 8.11 on the next page). Spherical coordinates 

specify a distance from the origin on a line that is at an 

angle from the X axis in the X–Y plane and then an angle 

away from the X–Y plane. In Figure 8.11 the distance in 

the X–Y plane is 3 (which defi nes the radius of the sphere), 

the angle in the X–Y plane is 20 degrees, locating a point 

from which an angle of 60 degrees is drawn away from the 

X–Y plane along the surface of the sphere.

8.3.5 Absolute and Relative Coordinates

Absolute coordinates are always referenced to the origin 

(0,0,0). In Figure 8.12 on the next page, the rectangle is de-

fi ned by corners that have absolute coordinate values of:

0,0,0

4,0,0

4,2,0

0,2,0

4.57.0
A 60°

Y

XZ

Figure 8.10

Cylindrical coordinates
Cylindrical coordinates locate a point on the surface of a cyl-
inder by specifying a distance and an angle in the X–Y plane, 
and a distance in the Z direction.
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312 PART 2  Fundamentals of Technical Graphics

Relative coordinates are always referenced to a previ-

ously defi ned location and are sometimes referred to as 

delta coordinates, meaning changed coordinates. Fig-

ure 8.13 shows the same rectangle as in Figure 8.12, 

but constructed using relative coordinates starting with 

point A, then locating points B, C, and D. Point A has 

values 4,0,0 relative to the origin, B is referenced from A 

and has relative values 0,2,0, C is referenced from B and 

3

20°
60°

Y

Z X

Figure 8.11

Spherical coordinates
Spherical coordinates locate a point on the surface of a sphere 
by specifying an angle in one plane, an angle in another plane, 
and one length.

0, 2, 0

4, 2, 0

4, 0, 0

0, 0, 0

Y

Z X

Figure 8.12

Absolute coordinates
Absolute coordinate values are referenced to the fi xed origin.

has relative values �4,0,0, and D is referenced from C 

and has relative values 0,–2,0.

Practice Exercise 8.2
Using the coordinates given in the text, build a wireframe 

model out of wire. Create three coordinate planes (X–Y, Y–Z, 

and X–Z) on square grid paper. Glue them onto a cardboard 

backing and tape them together to form a grid box with the 

grid facing inward. Place the wireframe in the box so that 

the corners correspond to the correct absolute coordinates. 

Count off the number of grids to get from one corner of the 

object to another. Use a corner other than 0,0,0 as a ref-

erence point and move the wireframe model to a different 

location in the grid box. Do the absolute coordinates of the 

corners change? Count the number of grids from one cor-

ner to another. Do the delta coordinates change?

Do the same exercise with 3-D models on the computer. 

Use either coordinate readouts in the status area or 3-D grid 

planes to help visualize the results.

8.3.6 World and Local Coordinate Systems

CAD systems normally use two types of coordinate sys-

tems: world and user or local systems. Both of these are 

based on Cartesian coordinates. The world coordinate 
system is the stationary or reference system where the ge-

ometry is defi ned and stored. The world coordinate sys-

tem uses a set of three numbers (x,y,z) located on three 

Y

Z X

–4, 0, 0

0, 2, 0

4, 0, 0

0, –2, 0

C

D
B

A

Figure 8.13

Relative coordinates
Relative coordinate values are referenced to the previous 
specifi ed point.
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mutually perpendicular axes and measured from the ori-

gin (0,0,0) (Figure 8.14). The local coordinate system is 

a moving system that can be positioned anywhere in 3-D 

space by the user, to assist in the construction of geom-

etry. In Figure 8.14, axes X and Y of the local coordinate 

system are aligned with the inclined plane, resulting in lo-

cal coordinate values that are different from the world co-

ordinate values. Locating a point on the inclined surface 

will be easier using the local coordinate system, because 

the X–Y plane of the local coordinate system is parallel to 

the inclined surface. For example, the point A has world 

coordinates of 1,4,�3 and local coordinates of 3,3.5,0.

Practice Exercise 8.3
Create a workplane of either stiffened grid paper or clear 

plastic with two axes on it. The third axis can be represented 

sticking out of the plane, if desired. Place the plane on vari-

ous surfaces of objects (including inclined and oblique sur-

faces). Calculate the local coordinate locations of various 

features on the object. Compare them with the world coor-

dinates of the features, using the grid box from the previous 

exercise as the world coordinate reference.

Do the same exercise using 3-D models on a computer. 

Use locally defi ned workplanes, and compare the local co-

ordinate readouts with world coordinate values. The exer-

cise can be done with 2-D CAD systems and locally (user) 

defi ned coordinate systems.

8.4 Geometric Elements
Different systems can be used to categorize geometric ele-

ments. In this text, geometric elements are categorized as 

points, lines, surfaces, or solids. Lines, surfaces, and sol-

ids also have many subcategories. Figure 8.15 lists each 

category and many of the geometric elements in each cat-

egory. The remainder of this chapter will defi ne, illustrate, 

construct, and apply many of the geometric elements listed 

in Figure 8.15 on the next page.

8.5 Points, Lines, Circles, and Arcs
Points, lines, circles, and arcs are the basic 2-D geometric 

primitives, or generators, from which other, more com-

plex geometric forms can be derived or mathematically 

0, 0, 0

A

LOCAL
COORDINATE

SYSTEM

0, 0, 0

Y

X

Z

1, 4, –3  World Coordinates
3, 3.5, 0  Local Coordinates

WORLD
COORDINATE

SYSTEM

Y

Z
X

Figure 8.14

World and local coordinates
This object in 3-D coordinate space shows the difference between the world coordinate system and a local coordinate system. 
World and local coordinate systems are commonly used with CAD to construct 3-D objects. Point A has different coordinate 
values, depending on whether the local or world coordinate system is used.
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  CHAPTER 8  Engineering Geometry and Construction 315

produced. For example, by taking a straight line and mov-

ing it in a certain way through a circular path, you can 

create a cylinder. This section defi nes, illustrates, and de-

scribes how to create points, lines, circles, and arcs.

8.5.1 Points

A point is a theoretical location that has neither width, 

height, nor depth. Points describe an exact location in 

space. Normally, a point is represented in technical draw-

ings as a small cross made of dashes that are approximately 
1⁄8� long (Figure 8.16A). With CAD, it is possible to extrude 

(i.e., string out) a point to create a line, or to extrude several 

points to create more complicated forms (Figure 8.16B). A 

point is found at the intersection of two lines or at the end 

of a fi nite line. In computer graphics, it is common to use 

the word node to mean a point (Figures 8.16C, D, E, F, and 

G). For example, the intersections of geometric entities 

and specifi c locations along arcs, circles, and splines are 

called nodes.

Analysis of a problem may indicate that a certain un-

known point must be located at a fi xed distance from some 

given point, line, or arc. The location of this unknown 

point is called a locus. A locus represents all possible 

 positions of a point that satisfy the condition. The locus 

of a point may be drawn as a line, circle, or arc. For ex-

ample, the center of each circle shown in Figure 8.16H 

forms a locus of centers all equidistant from point A (the 

condition).

Nodes are very important when constructing geometric 

forms with CAD. CAD systems normally allow the user to 

exactly locate important geometric elements as endpoints, 

centers, and intersections. These nodes can be used to con-

struct geometric forms more accurately. For example, a 

line can be accurately drawn from the midpoint of an ex-

isting line because the CAD system stores the exact loca-

tion as a node.

8.5.2 Lines

A line is a geometric primitive that has length and direc-

tion but not thickness. A line may be straight, curved, or 

a combination of these. As with points, it is possible to 

create more complex geometric forms from lines by us-

ing CAD extrusion or sweeping operations, as shown in 

Figure 8.17A on the next page. Lines also have important 

relationships or conditions, such as parallel, intersecting, 

and tangent.

(A)  Point

Approximately
1/8" long

(B)  Extruded to
      form a line

(C)  Point node at the
              tangency of 2 curves

C

Point node at the
intersection of 2 lines

(G)

G

E

F

E

1

2

Point node at the
midpoint of a line

(F)

Point nodes at the
end of a line

(E)

D

(D) Point at the
                center of a circle 

Locus of
centers

(H) Locus of the centers
of the circles

A

Figure 8.16

Examples and representation of points
A point is used to mark the locations of centers and loci, and the intersections, ends, and midpoints of entities.
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316 PART 2  Fundamentals of Technical Graphics

Straight Lines  A straight line is generated by a point 

moving in a constant direction (Figure 8.17B). Straight 

lines can be either fi nite or infi nite in length. A straight 

fi nite line (line segment) is a line of specifi c length (Fig-

ure 8.17C). A straight infi nite line is a line of nonspecifi c 
length (Figure 8.17D).

A ray is a straight infi nite line that extends into infi n-

ity from a specifi ed point (Figure 8.17E). Ray is a common 

term used in computer graphics to describe the path of a 

light ray and is important when a scene is being rendered.

The relationship of one line to another results in a con-

dition, such as parallel or perpendicular. A parallel line 

condition occurs when two or more lines are a constant 

distance apart (Figure 8.18). A nonparallel line condition 

occurs when two or more lines on one or more planes are 

Infinite line(D) Ray(E)

(B) Point moving in a
constant direction

Results in a
straight line

Start

End

(A)

Path of sweep

Line

Result = Ruled

(C) Finite line

Figure 8.17

Examples and representation of lines
Lines can be used to construct other geometric forms, such as a 
ruled sureface. Lines are either fi nite or infi nite and are called 
rays in computer graphics.

spaced unevenly apart (Figure 8.19). A perpendicular line 
condition, sometimes called a normal, occurs when two or 

more lines on a plane intersect each other at right angles 

(90 degrees) (Figure 8.20). An intersecting line condition 

occurs when two or more lines cross each other at a com-

mon point (Figure 8.21). A tangent condition exists when 

a straight line is in contact with a curve at a single point 

(Figure 8.22).

In technical drawing, lines are used to represent the 

intersections of nonparallel planes, and the intersections 

are called edges (Figure 8.23).

Figure 8.18

Parallel line condition

Figure 8.19

Nonparallel line condition

Figure 8.20

Perpendicular line condition

Figure 8.21

Intersecting lines
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Straight lines are drawn using triangles and a straight-

edge, or the LINE command in a CAD system. The 

straightedge can be a triangle, T-square, parallel bar, or 

drafting machine. Although the illustrations in this section 

primarily use triangles for the straightedge, the same basic 

procedures can be used with the other types of straight-

edges, except where otherwise noted.

Practice Exercise 8.4
Create a line in 3-D space, either with a wire or on a com-

puter. Hold the line fi xed along any primary axis and view it 

from the directions of the three primary axes. In which views 

does it look like a line? In which views does it look its full 

length? In which views does it look like a point? Move the 

Figure 8.22

Tangent condition

Figure 8.23

Line at the intersection of two planes (edge)

line so that it does not align with any of the primary axes. 

Repeat the viewing/analyzing process and make multiview 

sketches of the line.

To construct horizontal, vertical, inclined, parallel, and 

perpendicular lines, refer to Section 6.5 in Chapter 6.

A Line Parallel to a Given Line at a Given Distance  To draw a 

line parallel to a given line AB and at a distance XY from 

the given line, use the following procedure (Figure 8.24).

Drawing a Line Parallel to a Given Line at a Given 
Distance
Step 1. Set the compass to distance XY. Draw two arcs 

from any two points on the given line. (Points E and F are 

shown in the fi gure.) The farther apart the two points, the 

greater the accuracy of the fi nal line. From the two points 

E and F, draw lines perpendicular to the given line and 

intersecting the two arcs.

Step 2. Mark the places where the perpendicular lines in-

tersect the arcs (points G and H). Then draw a line through 

those two points. This line will be parallel to the given line 

at the desired distance from that line.

An alternate method that is the most inaccurate, using 

only one arc, is shown in Figure 8.25 on the next page.

Drawing a Line Parallel to a Given Line at a Given 
Distance, Alternate Method
Step 1. Set the compass to distance XY. Draw one arc from 

any point on the given line. (Point E is shown in the fi gure.) 

From point E, draw a line perpendicular to the given line 

and intersecting the arc. Mark the point of intersection.

Given Step 2Step 1

X

Y

A B

Distance
Line

BA

R = XY

E F

R = XY Tangent

BA

G H

Locus of points

G H

Figure 8.24

Drawing a line parallel to a given line at a given distance
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318 PART 2  Fundamentals of Technical Graphics

Step 2. Align a right triangle with the perpendicular line. 

Position the right-angle corner at the point of intersec-

tion. Draw a line along the base of the triangle. This line 

will be parallel to the given line and at a distance XY from 

the given line. (In the fi gure, a second triangle is shown. 

This second triangle is being used as a straightedge to 

stabilize the other triangle.)

Dividing a Line into Equal Parts  If you have a line that is 

diffi cult to measure accurately, use the following proce-

dure to divide that line into equal parts (Figure 8.26). (For 

our example, the line is divided into three equal parts.)

Dividing a Line into Equal Parts
Step 1. Draw a line at any angle and distance from point M, 

creating line MO.

Step 2. Place the zero mark of a scale onto point M and 

parallel to line MO. Mark three points equally spaced 

along the line.

Step 3. Draw a line from points N and O.

Step 4. Draw lines parallel to line NO through the two re-

maining points on line MO. The intersection of these lines 

with line MN will divide the line into three equal parts.

CAD software has a special command that will auto-

matically divide a selected line into the number of parts 

specifi ed by the user.

Dividing a Line into Proportional Parts  If you have a given 

line that is diffi cult to measure accurately and you wish to 

divide that line into proportional parts, such as 1:2:3, use 

the same procedure as described for dividing a line into 

equal parts, except that the scale measurement in Step 2 

should be easily divisible into the proportions desired 

(Figure 8.27).

Bisecting a Line  To bisect means to divide in half. The 

intersection of a bisector and a line locates the midpoint 

of the line. Bisect a line using one of the following con-

struction techniques (Figure 8.28).

Given Step 1 Step 2

X

Y

A B

Distance

Line BA

R = XY

E A B

Tangent
G G

Figure 8.25

Drawing a line parallel to a given line at a given distance from that line, alternate method

Given

M N

Step 1

M N

O

Step 2

M N

O

Step 3

M N

O

Step 4

Parallel lines

M N

O

Figure 8.26

Dividing a line into equal parts
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Bisecting a Line: Compass Method
Step 1. To bisect a line using a compass, set the compass 

to a distance that is greater than half the length of the 

given line.

Step 2. Set the point of the compass at one end of the line 

and draw an arc across the line.

Step 3. Set the point of the compass at the other end of 

the line, and draw another arc across the line.

Step 4. Use a straightedge, and draw a line connect-

ing the intersection points of the two arcs. The new line 

is the perpendicular bisector and locates the midpoint of 

the line.

1
2

3
4

5
6

7

A B

C

Step 2Step 1

A B

C

Given

A B A B
1 unit

2 units
3 units

(1+2+3=6)
Step 3

1
2

3
4

5
6

7C

Figure 8.27

Dividing a line into proportional parts

A B

Given

A B

Step 1

Result

A BA B

Step 4

Bisector

Midpoint

Step 3

A B

A

Step 2

B

Figure 8.28

Bisecting a line, using a compass and triangle (perpendicular bisector)

ber28376_ch08.indd   319ber28376_ch08.indd   319 1/2/08   3:02:09 PM1/2/08   3:02:09 PM



320 PART 2  Fundamentals of Technical Graphics

The following steps describe how to construct the bi-

sector of a line using triangles (Figure 8.29).

Bisecting a Line: Triangle Method
Step 1. To bisect a line using a right triangle, align one leg 

of the triangle on the given line, and set the corner be-

tween the leg and the hypotenuse at the endpoint of the 

line. From the endpoint, draw a line along the hypotenuse. 

If necessary, use a straightedge to extend that line. Then, 

turn the triangle over (or use a second, equal triangle), po-

sition it at the other endpoint of the line, and draw a line 

along the hypotenuse.

Step 2. Use a right triangle to draw a line that is perpen-

dicular to the given line and through the intersection of 

the two construction lines. The perpendicular line will in-

tersect the given line at the midpoint.

To bisect a line using dividers, open the dividers to a 

distance estimated to be half the length of the given line. 

Step off the distance along the line. If the dividers are 

set correctly, the pointer will exactly meet the endpoint 

of the line on the second step. If the dividers are not set 

correctly, adjust them (i.e., make the setting smaller if the 

second step went beyond the endpoint of the line; larger if 

the second step did not reach the endpoint of the line), and 

repeat the step off procedure. Continue this process until 

the dividers are as close as you can make them. Mark the 

midpoint of the line after the fi rst step off. Since this pro-

C D

Given

C D

Step 1 Step 2

C D
Midpoint

Figure 8.29

Bisecting a line, using two triangles

Center
point

Radius

CircleArc

Center
point

Radius

Curved line formed at the
intersection between the
cylinder and the plane 

Figure 8.30

Curved lines
Regular curves are bent lines of constant radius. Regular curves include arcs, circles, and curved lines of intersection on cylinders.
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cess is less accurate and more time consuming, it is not 

recommended unless you do not have access to triangles.

Curved Lines  A curved line is the path generated by a 

point moving in a constantly changing direction or is the 

line of intersection between a 3-D curved surface and a 

plane (Figure 8.30). Curved lines are classed as single-

curved or double-curved. On a single-curved line, all 

points of the line are in a plane. Examples of single-curved 

lines are a circle, ellipse, parabola, hyperbola, spiral, 

spline, involute, and cycloid. On a double-curved line, no 

four consecutive points are in the same plane. Examples of 

double-curved lines are the cylindrical helix, the conical 

helix, and the general form created at the line of intersec-

tion between two curved surfaces.

Practice Exercise 8.5
Create a single-curved line in 3-D space, either with a wire 

or on a computer. Align the line along a primary axis, and 

view it along the three primary axes. In which views does it 

look like a straight line? A curved line? In which views does 

it look its full length? Move the line so that it does not align 

with any of the primary axes. Repeat the viewing/analyzing 

process. Can you lay a plane up against the curved line? 

Try it.

Repeat this exercise with a double-curved line.

A regular curve is a constant-radius arc or circle gen-

erated around a single center point. The line of intersection 

between a circular cylinder or sphere and a plane perpen-

dicular to the axis is also a regular curve. Regular curves 

are drawn using a compass or circle template, or with the 

CIRCLE and ARC commands in CAD. To use a compass 

or circle template to draw a regular curve, fi rst determine 

the location of the center and the length of the radius. CAD 

systems provide the user with many CIRCLE and ARC 

command options to construct regular curves.

Irregular curves, such as parabolas, hyperbolas, and 

splines, are defi ned and methods for their construction are 

described later in this chapter.

8.5.3 Tangencies

In planar geometry, a tangent condition exists when a 

straight line is in contact with a curve at a single point; 

that is, a line is tangent to a circle if it touches the circle 
at one and only one point. At the exact point of tangency, 

a radius makes a right angle to the tangent line. In Fig-

ure 8.31A, the tangent point between the line and the cir-

cle is point C.

Two curves are tangent to each other if they touch in 
one and only one place. When two arcs or circles are tan-

gent, a line drawn to connect the centers of the two arcs or 

circles locates the point of tangency. In Figure 8.31B, the 

tangent point between the two circles is located at point F.

In 3-D geometry, a tangent condition exists when a 

plane touches but does not intersect another surface at 

one or more consecutive points (Figure 8.32). Another 

(A)

A

C

B

D

(B)

E

F

G

Figure 8.31

Planar tangents
Planar tangent conditions exist when two geometric forms 
meet at a single point and do not intersect.

V

TR

S

Figure 8.32

Tangent plane
Plane RVS is tangent to the cone at line VT.
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Tangent

No line drawn at  tangency Line drawn at the intersection

(A) (B)

Not
tangent

Figure 8.33

Tangent and nontangent conditions in 3-D geometry

tangent condition exists where there is a smooth transi-

tion between two geometric entities (Figure 8.33A). How-

ever, a corner between two geometric entities indicates a 

nontangent condition (Figure 8.33B). A line is tangent to 

a surface if the line touches the surface at a single point 

(Figure 8.34).

Practice Exercise 8.6
Using physical models of spheres, cylinders, cones, and 

planes, create points/lines of tangencies.

Using 2-D and 3-D computer models, use transformation 

commands (MOVE, ROTATE and OBJECT SNAP) to position 

objects so that they make contact. Will all conditions of two 

objects touching at a single point/line result in a tangency? 

What if there is overlap and they touch at more than one 

point/line? Use 2-D/3-D Boolean intersect commands to 

evaluate both tangent and nontangent relationships.

Tangent construction is an important part of technical 

drawing. With traditional tools, tangencies are constructed 

using triangles and a compass. With CAD, tangent con-

struction is performed automatically, using TANGENT 

point snap commands.

Locating the Point of Tangency between a Circle or Arc and a 

Line  The point of tangency between a circle or arc and 

Tangent
Line

Tangent
Line

Tangent
Line

Tangent
Line

Tangent
Line

Figure 8.34

Tangent lines
The lines of intersection between each plane and each solid are tangent conditions, as are lines that touch a surface at a single 
point.
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a line is determined by drawing a line through the center 

of the circle or arc and perpendicular to the tangent line 

(Figure 8.35A on page 324). A CAD system automatically 

determines points of tangency, which are represented as 

nodes in the database.

Locating the Point of Tangency between Two Circles  The 

point of tangency between two circles or arcs is located 

by drawing a line between the two centers of the circles or 

arcs; where the line intersects the circles is the point of tan-

gency (Figure 8.35B on page 324). With CAD, the point of 

tangency is found by using the INTERSECTION option to 

snap onto the tangent point.

Drawing an Arc Tangent to a Line at a Given Point on That 

Line  An arc can be drawn tangent to a given line at 

a point on that line by constructing a perpendicular to 

the line through the point, marking the radius of the arc 

on the  perpendicular line (i.e., locating the center of the 

arc), and using a compass to draw the arc (Figure 8.36 on 

page 324).

Constructing an Arc Tangent to a Line at a Given 
Point on That Line
Step 1. Given line AB and tangent point T, construct a line 

perpendicular to line AB and through point T.

Step 2. Locate the center of the arc by marking the radius 

on the perpendicular line. Put the point of a compass at 

the center of the arc, set the compass for the radius of 

the arc, and draw the arc, which will be tangent to the 

line through the point T.

Drawing an Arc Tangent to Two Lines  To draw an arc tan-

gent to two lines that form a right angle, use the following 

steps (Figure 8.37A on page 325).

Historical Highlight
Early Technical Drawings Become More Refi ned

The fi gure shows further development of 

technical drawings compared to the drawing 

shown in the Historical Perspective in Chap-

ter 5. This is a drawing of a trébuchet, which 

was a stone-throwing machine used in war-

fare. The date of the drawing is about 1450 and 

shows recognition of a very important devel-

opment in technical drawing; the recognition 

that objects farther away appear to be smaller 

than the nearer objects. The drawing almost 

looks like a perspective drawing but it is not. A 

trébuchet was a very large machine, often up 

to 30 feet high, so the view is not a natural one. 

This might very well be an important stage that 

paved the way for perspective drawings.

The drawing shows quite distinctly vari-

ous parts laid out horizontally and vertically 

to show lengths and heights. Other parts are 

drawn smaller and raised up to depict depth. 

This drawing represents the last stage in de-

velopment from simply drawing obvious attri-

butes. True shapes have been progressively 

replaced by apparent shapes until the draw-

ing is almost like the view of a real object as 

seen through a window.
Excerpted from The History of Engineering Drawing, by 

Jeffrey Booker, Chatto & Windus, London, England, 1963.

A line drawing based on a painting in the University of Göttingen Library of about 1405. It 

shows a trébuchet, a military stone-throwing machine of the Middle Ages. The proportions 

are only approximately correct.

323
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(B)

(A)

Tangent point

Tangent point

Figure 8.35

Locating tangent points on circles and arcs

Constructing an Arc Tangent to Two Lines 
at a Right Angle
Step 1. Set the compass to the desired radius, place the 

compass point at the intersection of the two given lines, 

and draw an arc. The intersections of the arc with the 

lines are labeled A and B.

Step 2. Using the same radius, set the compass point at A 

and draw an arc, and do the same at point B. The intersec-

tion of these two arcs is the center C of the tangent arc.

Step 3. Again using the same radius, set the compass 

point at C, and draw an arc tangent to each line at points 

A and B.

To draw an arc tangent to two lines that form an ob-

tuse or acute angle, use the following steps (Figure 8.37B 

and C).

Constructing an Arc Tangent to Two Lines 
Forming an Obtuse or Acute Angle
Step 1. Draw lines parallel to the two given lines at a dis-

tance equal to the radius of the arc. Where the two paral-

lel lines intersect locates the center C of the arc.

Step 2. Draw lines from the center C perpendicular to the 

given lines. This locates the points of tangency A and B.

Step 3. With C as the center and the compass set at the 

given radius, draw an arc tangent to each line, at points 

A and B.

Most CAD systems have a method that automatically 

locates the tangent points when creating an arc tangent to 

two given lines.

Drawing an Arc Tangent to a Line and an Arc  If you have 

a given line and a given arc that cannot intersect, you 

can draw a defi ned-radius arc tangent to both the given 

line and given arc, using the following procedure (Figure 

8.38A).

Constructing an Arc Tangent to a Line and an Arc
Step 1. Draw a line parallel to the given line at a distance 

equal to the defi ned radius of the tangent arc. For our ex-

ample, the defi ned radius of the tangent arc is 0.75�, the 

given line is AB, and the given arc has its center at C.

Step 2. Draw a construction arc from center C. The radius 

of the construction arc is equal to the sum of the defi ned 

radius of the tangent arc plus the radius of the given arc.

A

T

BStep 1

A

Rad
ius

T

BStep 2

Figure 8.36

Drawing an arc tangent to a line at a given point on the line
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C
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Step 1

C

B

A

Step 2

C
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(A)

(B)
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Figure 8.37

Constructing arcs tangent to two lines

(B)

(A)

Step 1

M N
O

Step 2

M N
O

R = .50

Given R = 1.00

M N

O
R = 1.00

Step 3

M N

O
R = .50

P
T2

T1
Application

Application

R = .75

Step 3

A B

C

N
T2

T1Step 2
A B

R = 1.75

C

.75

Step 1
A B

Given R = 1.00
A B

R = 1.00

C

Given R' = 0.75

C

Figure 8.38

Constructing an arc tangent to a line and another arc
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Step 3. The intersection point between the construction 

arc and the parallel line is the center N for the tangent arc. 

Draw the tangent arc with the defi ned radius and the cen-

ter N. To locate the point of tangency between the given 

arc and the tangent arc, draw a line connecting the cen-

ters of the two arcs; the intersection of this line with the 

two arcs is the point of tangency T2. To locate the point 

of tangency between the given line and the tangent arc, 

draw a line perpendicular to line AB and through the cen-

ter N of the tangent arc; the intersection of this perpen-

dicular line with the given line is the point of tangency T1.

If you have a given line and a given arc that can inter-

sect, you can draw a defi ned-radius arc tangent to both, 

using the following procedure. Note: The defi ned radius 

of the tangent arc must be less than the radius of the given 

arc (Figure 8.38B).

Constructing an Arc Tangent to a Line and 
an Arc That Intersect
Step 1. Draw a line parallel to the given line at a distance 

equal to the defi ned radius of the tangent arc. For our 

example, the given line is MN, the center of the given arc 

is O, its radius is R, and the defi ned radius of the tangent 

arc is 0.5�.

Step 2. Draw a construction arc from center O. The radius 

of the construction arc is equal to the radius R of the 

given arc minus the radius 0.5� of the tangent arc.

Step 3. The intersection point between the construction 

arc and the parallel line is the center point P of the tan-

gent arc. Draw an arc using center point P and radius 

0.5� between the given arc and line. To locate the tangent 

point between the given arc and the tangent arc, draw 

a line connecting their centers O and P; the point where 

this connecting line intersects the two arcs is the point 

of tangency T2. To locate the tangent point between the 

given line and the tangent arc, draw a line perpendicular 

to the given line and through the center P of the tangent 

arc; the point where this perpendicular line intersects the 

given line is the point of tangency.

Drawing an Arc Tangent to Two Arcs  If you have two given 

arcs that cannot intersect, you can draw a defi ned-radius 

arc tangent to both given arcs, using the following proce-

dure (Figure 8.39). For our example, one given arc has a 

radius of R1 and a center B, the second given arc has a ra-

dius R2 and a center A, and the tangent arc has a defi ned 

radius of 2�.

Drawing an Arc Tangent to Two Arcs 
that Cannot Intersect
Step 1. Using a radius equal to 2� plus R1, draw a construc-

tion arc from center A. Using a radius equal to 2� plus R2, 

draw a second construction arc from center B.

Step 2. The intersection point of the two construction arcs 

is the center P of the tangent arc. Using the defi ned ra-

dius of 2�, draw the tangent arc from center P. Draw a 

Given Step 1 Step 2

B

AA

B B

A

P

R 1
+ 2.00

R 2
+ 2.00

R 2

R 1

T2

T1

Application

R = 2"

Figure 8.39

Construct an arc tangent to two given arcs or circles by locating the center of the tangent arc, then drawing the tangent arc
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line from center B to P and from center A to P to locate 

the points of tangency with the two given arcs.

If you have two given arcs that can intersect, you can 

draw a defi ned-radius arc tangent to both given arcs, us-

ing the following procedure (Figure 8.40). For our exam-

ple, one given arc has a radius of R1 and a center M, the 

other given arc has a radius R2 and a center N, and the 

tangent arc has a defi ned radius of 0.5�.

Drawing an Arc Tangent to Two Arcs That Can Intersect
Step 1. Using a radius equal to R1 minus 0.5�, draw a con-

struction arc from center M. Using a radius equal to 0.5� 

plus R2, draw a construction arc from center N. The in-

tersection point of the two construction arcs is the cen-

ter P of the tangent arc.

Step 2. Using the defi ned radius of 0.5� draw the tan-

gent arc from center P. Draw lines from center M to P 

and from center N to P to locate the tangent points T1 

and T2.

Figure 8.41 shows two other examples of arcs con-

structed tangent to given arcs. In Figure 8.41A on the 

next page, the radius AB of the tangent arc to be drawn 

is subtracted from the radius of given arc M. Using the 

center of arc M, construct an arc opposite the side of the 

tangent arc. The second construction arc is drawn by us-

ing the center of given arc N and a radius equal to AB 

minus the radius of arc N. Draw the tangent arc using ra-

dius AB with the center O located at the intersection of 

the construction arcs. To construct tangent points T1 and 

T2, draw a line from center O through the centers of the 

given arcs.

Step 2

N

T1

T2

M

P

Step 1

M

P

N

R1 – .50

R2 + .50

Given

R 2

M

N

R1

Roadway Application

Figure 8.40

Construct an arc tangent to two given arcs by locating the centers of the given arcs, then drawing the tangent arc
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Figure 8.41B shows the construction necessary for a 

special case. The steps are nearly identical to those in 

Figure 8.41A, except the radius of the smaller arc C is 

added to the radius of the tangent arc EF to fi nd the center 

point P.

Drawing Lines Tangent to Two Circles  To draw lines tangent 

to two circles that do not intersect, use the following pro-

cedure (Figure 8.42). Note that the tangent lines can cross 

each other. Note also that this is partially a trial and error 

method.

M

T1

T2

(A)

O

AB-M

AB

N

AB-N

C T1

T2

(B)

P
EF+C

D

EF-DEF

Figure 8.41

Construction of an arc tangent to a given arc

Step 1

T1

T2

T4

T3

Step 2

Step 1 Step 2

T1

T2

T4

T3

Application

Figure 8.42

Constructing lines tangent to two circles or arcs, using a straightedge
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Using isometric grid paper, construct the X, Y, and Z 

axes, (See Figure 8.4 on page 307.) Using the right-hand 

rule, place points at the following locations:

 1. 0,0,0

 2. 4,0,0

 3. 4,2,0

 4. 0,2,0

 5. 0,0,2

 6. 4,0,2

 7. 4,2,2

 8. 0,2,2

Connect points 1–2, 2–3, 3–4, 4–1.

Connect points 5–6, 6–7, 7–8, 8–5.

Connect points 4–8, 3–7, 1–5, 2–6.

What geometric solid is produced?

Pract ice Problem 8.1
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Drawing Lines Tangent to Two Circles
Step 1. Construct lines tangent to the circles using a T-

square and triangle or two triangles. The tangent lines 

are created by aligning one side of the triangle between 

the two circles so that it is tangent to both circles. Slide 

the triangle so that the other edge passes through the 

center of one of the circles, and mark the point of tan-

gency on the circumference of the circle. Then slide the 

triangle until the side aligns with the center of the other 

circle, and mark the point of tangency along the circum-

ference of the circle. Slide the triangle so that it aligns 

with the points of tangency and draw the line. Draw the 

second line using the same steps.

Step 2. After the tangent line is drawn, the tangent points 

are labeled by drawing a line from the centers of the cir-

cles perpendicular to the tangent lines, as shown in Fig-

ure 8.42.

CAD systems draw lines tangent to two circles using 

the LINE command and a TANGENT snap feature that 

automatically determines the points of tangency when the 

circles are selected.

8.5.4 Circles

A circle is a single-curved-surface primitive, all points of 

which are equidistant from one point, the center. A circle 

is also created when a plane passes through a right cir-

cular cone or cylinder and is perpendicular to the axis of 

the cone.

The elements of a circle are as follows (Figure 8.43).

TANGENT

R
AD

IU
S

90°

SECANT

CENTER

(C)

DIAMETER

RADIUS

CHORD

C
IR

CUMFERENCE = DIA x 3.14159

ARC

AREA = r 2

(A)

SEGMENT

QUADRANT

SECTOR90°

ANGLE

SEMICIRCLE

(B)

ECCENTRIC CIRCLES

CONCENTRIC CIRCLES

(D)

CENTRAL
ANGLE

INSCRIBED CIRCLE

CIRCUMSCRIBED CIRCLE

(E)

Figure 8.43

Circle defi nitions
A circle is a single-curved plane with all points at an equal distance from a point called the center. The important features of a 
circle are shown.
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Center. The midpoint of the circle.

Circumference. The distance all the way around the circle.

Radius. A line joining the center to any point on the 

circumference.

Chord. A straight line joining any two points on the 

circumference.

Diameter. A chord that passes through the center. The di-

ameter is equal to twice the radius.

Secant. A straight line that goes through a circle but not 

through the center.

Arc. A continuous segment of the circle.

Semicircle. An arc measuring one-half the circumference 

of the circle.

Minor arc. An arc that is less than a semicircle.

Major arc. An arc that is greater than a semicircle.

Central angle. An angle formed by two radii.

Sector. An area bounded by two radii and an arc, usually 

a minor arc.

Quadrant. A sector equal to one-fourth the area of the cir-

cle. The radii bounding a quadrant are at a right angle 

to each other.

Segment. An area bounded by a chord and a minor arc. 

The chord does not go through the center.

Tangent. A line that touches the circle at one and only one 

point.

Concentric circles. Circles of unequal radii that have the 

same center point.

Eccentric circles. Circles of unequal radii that have dif-

ferent centers, and one circle is inside the other.

Circumscribed circle. A circle drawn outside of a poly-

gon such that each vertex of the polygon is a point on 

the circle.

Inscribed circle. A circle drawn inside a polygon such that 

all sides of the polygon are tangent to the circle.

To construct a circle using a compass, refer to Section 

6.7.1 in Chapter 6.

Drawing a Circle Using a Template  Templates are often used 

to construct circles for technical drawings. The template is 

made of plastic with multiple holes of various diameters. 

Each hole is of a specifi c diameter that is marked on the 

template, along with guidelines to align the hole with the 

center lines for the circle to be drawn (Figure 8.44 on the 

next page). The following steps describe how to use a cir-

cle template to draw a 1� diameter circle.

Constructing a Circle Using a Template
Step 1. Locate the center of the circle by drawing center 

lines (Figure 8.44).

Step 2. Place the circle template over the drawing and align 

the template so that the 1� circle is over the center lines. 

Adjust the template so that the center lines align with the 

marks on the template.

Step 3. Using a pencil, draw the circle by tracing around 

the hole in the template.

Drawing a Circle through Three Points  To draw a circle 

through three points A, B, and C (Figure 8.45 on page 

333), use the following procedure.

Drawing a Circle through Three Points
Step 1. Draw lines AB and BC.

Step 2. Draw perpendicular bisectors through lines AB 

and BC.

Step 3. The center of the circle is the point D where the per-

pendicular bisectors intersect. Set the compass point at 

the center D and set the radius to AD; then draw the circle. 

The circle will pass through the three points A, B, and C.

Locating the Center of a Circle  The center of a circle can 

be located using either of the following procedures.

Locating the Center of a Circle: Right Triangle Method
Step 1. Draw a chord of any length AB (Figure 8.46 on 

page 333).

Step 2. Construct perpendiculars AC and BD from the ends 

of the chord.

Step 3. Construct diagonals from CB and DA. The inter-

section of the diagonals locates the center of the circle.

Locating the Center of a Circle: Chord Method
Step 1. Draw two chords AB and CD anywhere inside the 

circle (Figure 8.47 on page 333).

Step 2. Bisect the two chords, and draw the perpendicu-

lar bisectors so that they intersect inside the circle. The 

intersection point between the two perpendicular bisec-

tors is the center of the circle.

CAD systems provide a CENTER snap option that will 

automatically locate the center of a circle.
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8.5.5 Ogee Curves

An ogee curve is an “S” curve that connects two lines with 

two arcs to form a smooth curve. If the lines are parallel, 
construct an ogee curve using two equal arcs, as follows 

(Figure 8.48 on page 334).

Constructing an Ogee Curve between Two 
Parallel Lines
Step 1. Given parallel lines AB and CD, offset from each 

other, draw line BC and bisect it to fi nd the midpoint P.

Step 2. Bisect line segments BP and CP. Construct a line 

perpendicular to line AB through point B, and another 

line perpendicular to line CD through point C. Make the 

perpendicular lines long enough to intersect the bisec-

tors of BP and CP; label these intersection points M and 

N. These are the centers of the two arcs.

Step 3. Draw arcs from centers M and N using radius BM 

or CN. (They’re the same!)

To construct an ogee curve using two arcs of different 

radii, divide line BC proportionally instead of in half, and 

use the same procedure as described here.

To draw an ogee curve between two nonparallel lines, 

use the following procedure (Figure 8.49 on page 335).

Step 1

1

Step 2

1

Step 3

Circle Template

1 1-1/8
1-1/4

1-3/8

15 /16 7/8 13/16 3/4 23/32 11/16

21/32 5/8 19/32 9/16 17/32 1/2 15/32 7/16 13/32

Figure 8.44

Constructing a circle using a template
A circle template can be used instead of a compass to draw circles. The template comes in a series of standard sizes. This one 
ranges from 13/32� to 13⁄8� in diameter. To construct a circle using a template, align the marks on the template with the center 
lines for the circle.
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Drawing a circle through three points
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A C
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Figure 8.46

Locating the center of a circle: right triangle method 

Step 1

A

BChord

Chord

C

D

Step 2

A

B

C

D

C

Center of
circle

Figure 8.47

Locating the center of a circle: chord method
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Constructing an Ogee Curve between 
Two Nonparallel Lines
Step 1. Draw a line perpendicular to line AB through point 

B. Defi ne the center of one of the arcs as being point 

H on the perpendicular line. Draw the arc. Draw a line 

GR perpendicular to line CD through point C. Make CG 

equal to radius BH. Draw line HG.

Step 2. Construct a perpendicular bisector to line HG.

Step 3.  Extend this perpendicular bisector to intersect line 

GR. Mark the intersection point O. The radius of the sec-

ond arc will be equal to line CO, with O being the center 

of the arc. Draw the second arc, which will be tangent to 

the fi rst arc. This completes the ogee curve.

8.5.6 Irregular Curves of Arcs

An irregular curve can be constructed by drawing a se-

ries of tangent arcs. Begin by sketching a series of arcs 

through the points. By trial and error, draw an arc of ra-

dius R1 and center at M that will closely match the desired 

curve. The successive centers of the arcs will be on lines 

through the points of tangency (Figure 8.50).

8.5.7 Rectifi ed Arcs

Rectifying an arc determines its approximate length along 

a straight line (Figure 8.51 on page 337). Divide the arc 

into a number of equal parts, using triangles or a protrac-

tor. This creates a number of equal chordal distances. Since 

the arcs’ curves and the chords are not exactly equal in 

length, each chord is only an approximation of the length 

of that segment of the arc. Construct a tangent to the arc at 

one end of the arc. Lay out the chordal distances along the 

tangent line to approximate the length of the arc.

The mathematical approach would be to fi nd the cir-

cumference (c) of the circle from its diameter (d) (c � �d), 

determine what part of the circle is the arc, then fi nd the 

length. For example, an arc of 60 degrees is one-sixth of 

Given

A B

C D

Step 1

DC

BA

P

Step 2

A B

C D

M N

Step 3

A B

C D

M N

Application of ogee curves
in road design

P
P

Figure 8.48

Constructing an ogee curve between two parallel lines
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Figure 8.49

Constructing an ogee curve between two nonparallel lines

Tangent point

Tangent
point

Tangent point

R1
R2

R3

R4

M

Figure 8.50

Constructing irregular curves of arcs by drawing a series of tangent arcs
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This case study describes the design of footwear for 

professional runners using CAD. In this case study you 

will see example of how geometry is used and the im-

portance of geometric modeling in the design process to 

create this new product.

Computer-Aided Design in the Footwear Industry

When the product management team at the PUMA foot-

wear corporation analyzed the needs of its consumers 

and its roster of endorsed professional runners, it rec-

ognized a demand for a shoe that track and fi eld sprint-

ers could train and race in. Taking cues from the lateral 

side-wall spike placement on a traditional track and 

fi eld performance shoe, lead designer Mark Eggert pro-

duced some quick sketches for his blueprint of The Fass. 

Eggert’s preliminary drawings incorporated a lateral 

wrap onto the outsole for more lateral stability and an 

additional strap across the forefoot area to provide run-

ners with extra support. “The idea was that more support 

would be necessary in the forefoot, given that a sprinter 

runs exclusively on his forefoot and toes, and is where 

the shoe would endure the most stress,” said Eggert. By 

using his initial design sketches for reference, Eggert 

quickly generated 2-D line art and technical illustrations 

on Adobe Illustrator® to develop a prototype.

After constructing the Adobe prototype, Eggert took 

his concept to the product development team for review 

and feedback. “One aspect of the shoe that proved to 

be controversial was the forefoot strap,” stated Eggert. 

“Many who saw the shoe in internal reviews felt that the 

strap was too directional and would scare consumers.” 

A second prototype without the forefoot strap was cre-

ated for comparison, but in the end the original design 

prevailed. “It was decided by all that the unique look of 

the shoe would be better received by the marketplace. 

The chief discussions then moved to colors, and the team 

created several color schemes to provide greater sale op-

portunities at various retail environments.”

PUMA Footwear’s The Fass

velcro

velcro
embroidery

lteral medial

metal eyelet

synthetic strap stitiched to lateral side, runs thru eyelet on medial side.
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1 2 3 4

1

2

3

4

1 Chord

Figure 8.51

Rectifying an arc by laying out chordal distances along a 
tangent line

Construction of Parabolas  A number of different tech-

niques can be used to construct parabolas. Each technique 

involves locating points along the parabolic path and con-

necting those points using an irregular curve. In this sec-

tion, the three methods described for constructing parabo-

las are mathematical, tangent, and parallelogram.

Constructing a Parabola: Mathematical Method
The method described here is based on the mathematical 

defi nition of a parabola, which states that each point along 

the parabola is equidistant from the directrix and the focal 

point (Figure 8.53 on page 339).

Step 1. Given the directrix AB and focus F, draw a line CD 

parallel to the directrix at any distance.

Step 2. Set the compass to radius GE, use the focus F as 

the center point, and draw an arc to intersect line CD. 

The points of intersection are points along the parabola.

Step 3. Add points on the parabola by repeating Steps 1 

and 2. Use an irregular or French curve to connect the 

points and draw the parabola.

Constructing a Parabola: Tangent Method
Step 1. Draw two equal lines at any angle to each other. 

Divide them into an equal number of parts. Number the 

parts (Figure 8.54 on page 339).

Step 2. Connect the points with a series of lines.

Step 3. Using an irregular curve, draw a curve that is tan-

gent to the lines.

Constructing a Parabola: Parallelogram Method
Step 1. Draw a rectangle or parallelogram to contain the 

parabola. Locate its axis parallel to the sides and at 

the midpoint of the base. Label this midpoint as O (Fig-

ure 8.55 on page 340).

Step 2. Divide the sides into equal parts, divide the base 

into twice that number of parts, and number the parts. 

Connect the points on the vertical sides with point O.

Step 3. Through the parts marked on the base, construct 

lines that intersect the lines drawn in Step 2 and are par-

allel to the sides.

Step 4. Using an irregular curve, construct a curve through 

the points of intersection. Repeat Steps 1 through 4 to 

complete the other side of the parabola.

the full circle (360 degrees divided by 60 degrees). If the 

circumference of the circle is 6, then the arc length is 1.

8.6 Conic Curves
Conic curves, or conics, are special-case single-curved 

lines that can be described in several ways: as sections of 

a cone, as algebraic equations, and as the loci of points. 

For our purposes, conics are the curves formed by the in-

tersection of a plane with a right circular cone, and they 

include the ellipse, parabola, and hyperbola. (The circle is 

a special-case ellipse.) A right circular cone is a cone that 

has a circular base and an axis that passes at 90 degrees 

through the center of the circular base.

Conics are often used in engineering design and in sci-

ence to describe physical phenomena. No other curves 

have as many useful properties and practical applica-

tions. Refer to Appendix 6, “Properties of Geometric El-

ements,” for equations to determine various properties of 

conics.

8.6.1 Parabolas

A parabola is the curve created when a plane intersects 

a right circular cone parallel to the side (elements) of 

the cone (Figure 8.52 on the next page). A parabola is a 

 single-curved-surface primitive. Mathematically, a pa-

rabola is defi ned as the set of points in a plane that are 

equidistant from a given fi xed point, called a focus, and a 

fi xed line, called a directrix (Figure 8.52).
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Some CAD systems can automatically produce a pa-

rabola once the directrix is defi ned, the focus is located, 

and the endpoints of the parabola are located. If the pa-

rabola cannot be generated given the conditions defi ned by 

the user, an error message will be displayed. If the CAD 

system does not have a PARABOLA command, the con-

struction techniques described in this section can be used 

to create points that can then be connected using a SPLINE 

command.

Engineering Applications of Parabolas  Parabolas have 

a unique refl ective property, as shown in Figure 8.56 

on page 341. Rays originating at a parabola’s focus are 

 refl ected out of the parabola parallel to the axis, and rays 

coming into the parabola parallel to the axis are refl ected 

to the focus. Parabolas are used in the design of mirrors for 

telescopes, refl ective mirrors for lights (such as automobile 

headlights), cams for uniform acceleration, weightless 

fl ight trajectories, antennae for radar systems, arches for 

bridges, and fi eld microphones commonly seen on the 

sidelines of football games (Figure 8.57 on page 341).

A parabola revolved about its axis generates a 3-D ruled 

surface called a paraboloid. An auditorium ceiling in the 

shape of a paraboloid reduces reverberations if the speaker 

is standing near the focus. Paraboloids are covered in more 

detail in Section 8.12.

Plane makes same
angle as do the

elements

Cutting plane parallel to
the side or element l

P

P'
FV

Directrix

Axis

Focus

Parabola

TRUE SIZE VIEW

Figure 8.52

Parabola
A parabolic curve is created by passing a plane through a cone, with the plane parallel to the side (elements) of the cone. 
A parabolic curve is defi ned mathematically as a set of points that are equidistant from a focus point and a directrix.
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8.6.2 Hyperbolas

A hyperbola is the curve of intersection created when a 

plane intersects a right circular cone and makes a smaller 

angle with the axis than do the elements (Figure 8.58 on 

page 342). A hyperbola is a single-curved-surface primi-

tive. Mathematically, a hyperbola is defi ned as the set of 

points in a plane whose distances from two fi xed points, 

called the foci, in the plane have a constant difference 

(Figure 8.59 on page 342).

Construction of Hyperbolas  A hyperbola is constructed by 

locating points along its path, then connecting those points 

using an irregular curve. Two methods of constructing hy-

perbolas are the mathematical method and the equilateral 

hyperbola method.

Constructing a Hyperbola: Mathematical Method
One way of constructing a hyperbola is to use the mathe-

matical defi nition (Figure 8.60 on page 343).

Step 1. Draw the axis, called the axis of symmetry, and 

construct a perpendicular through the axis. Locate focal 

points F equidistant from the perpendicular and on either 

side of it. Locate points A and B on the axis equidistant 

from the perpendicular. These points will be on the curve.

Step 2. Select radius R1, use the focal points as the centers, 

and draw the arcs. Then add R1 and AB, use the result as 

the radius, and draw a second set of arcs, using the fo-

cal points as centers. The intersections of the two arcs on 

each side of the perpendicular are points along the path 

of the hyperbola.

Focus
F

E
A B

DC

G

Directrix

Step 1

C
G

D

E
A B

Step 2

F

C
G

D

BA
E

Step 3

F

Figure 8.53

Mathematical method of drawing a parabola
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0
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Parabola

Step 3

Figure 8.54

Tangent method of drawing a parabola
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Step 3. Select a new radius R2 and repeat Step 2. Continue 

this process until several points on the hyperbola are 

marked.

Step 4. Using an irregular curve, draw a smooth curve 

through the points to create the hyperbola.

Constructing an Equilateral Hyperbola
To construct an equilateral hyperbola, use the following pro-

cedure (Figure 8.61 on page 344).

Step 1. Draw lines OA and OB at right angles to each 

other. (These lines are called asymptotes, meaning that 

the curve of the hyperbola can approach but never quite 

reach them, no matter how far the hyperbola and the 

lines are extended.) Defi ne any point M as being on the 

curve of the hyperbola.

4 3 2 1
0

Step 1

1

2

3

4

0 4 3 2 1
0

Step 2

1

2

3

4

0

4 Equal
Divisions

4 Equal
Divisions

Step 3

4 3 2 1
0

1

2

3

4

0 4 3 2 1
0

Step 4

1

2

3

4

0

Symmetrical
Parabola

Figure 8.55

Parallelogram method of drawing a parabola

Step 2. Through point M, draw a line that is at 45 degrees 

to OB, and extend that line to cross both asymptotes. 

Mark point 1 where the line crosses OB and point 2 where 

the line crosses OA. (Triangle 1-O-2 is an equilateral tri-

angle.) Measure the distance M1; then mark off that same 

distance on the line from point 2. Label the new point on 

the line as N. The line that goes through MN is a chord of 

the hyperbola.

Step 3. Using either point M or point N, follow the proce-

dure described in Step 2, except that all remaining chords 

are at angles different from 45 degrees. As shown in the 

fi gure, P4 is equal to N3, M5 is equal to Q6, etc. Continue 

this process until a number of points on the hyperbola 

are marked.

Step 4. Using an irregular curve, draw a smooth curve 

through the points, to construct the hyperbola.
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Load

Figure 8.56

Engineering applications for a parabola

Figure 8.57

Parabola application
Radiotelescopes use a parabolic dish to focus radio signals. Many bridge designs use parabolic supports.

(left: © Terry Vine; right: © Terry Vine/Getty Images.)
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Plane makes smaller angle with
axis than do the elements

Orthographic view

Hyperbola

Figure 8.58

Hyperbola
A hyperbola is created by passing a plane through a cone at a smaller angle with the axis than that made by the elements.

y

Directrix: y = p (0,p)

Vertex
O

Focus F(0, -p)

Q(x,p)

P(x,y)

x

Focus

Axis of Symmetry

Figure 8.59

Mathematical defi nition of a hyperbola
The set of points in a plane whose distances from two fi xed 
points, called the foci, in the plane have a constant difference.

Some CAD systems have a command that will auto-

matically construct a hyperbola after the given parameters 

are entered. If there is not such a command, the construc-

tion techniques described here can be used. Locate points 

and use a SPLINE command to connect the points.

Engineering and Science Applications of Hyperbolas  

Hyperbolic paths form the basis for the Long Range 

Navigation (LORAN) radio navigation system. Hyperbo-

las are also important in physics, as Einstein discovered in 

his theory of relativity. Ernest Rutherford discovered that 

when alpha particles are shot toward the nucleus of an 

atom, they are repulsed away from the nucleus along hy-

perbolic paths. In astronomy, a comet that does not return 

to the sun follows a hyperbolic path. Hyperbolas are also 

used in refl ecting telescopes (Figure 8.62 on page 344).

Refl ecting telescopes use elliptical, hyperbolic, and 

parabolic mirrors, as shown in Figure 8.63 on page 345. 

Light from a celestial body refl ects off a primary para-

bolic mirror at the base of the telescope and heads to the 

focus of the parabola. A hyperbolic mirror is positioned 

such that the focus of the parabola and one focus of the 

hyperbola are in the same place. The light refl ecting from 

the  parabolic mirror refl ects off the hyperbolic mirror and 
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goes through the second focus of the hyperbola. This focus 

is shared with the focus of a partial elliptical mirror. The 

light is then refl ected through the other focus of the ellipse, 

which is where the eyepiece of the telescope is located.

8.6.3 Ellipses

An ellipse is a single-curved-surface primitive and is cre-

ated when a plane passes through a right circular cone at 

an angle to the axis that is greater than the angle between 

the axis and the sides (Figure 8.64 on page 345). Also, a 

circle, when viewed at an angle, appears as an ellipse (Fig-

ure 8.65 on page 345). Mathematically, an ellipse is the set 

of all points in a plane for which the sum of the distances 

from two fi xed points (the foci) in the plane is constant 

(Figure 8.66 on page 346). The major diameter (major 

axis) of an ellipse is the longest straight-line distance be-

tween the sides and is through both foci. The minor di-
ameter (minor axis) is the shortest straight-line distance 

between the sides and is the perpendicular bisector of the 

major axis. The foci are the two points used to construct 

the perimeter and are on the major axis.

Construction of Ellipses  A number of techniques can be 

used to construct ellipses. Some are more accurate than 

others. The construction techniques described here in-

clude the mathematical, foci, trammel, concentric circle, 

approximate, and template methods.

An ellipse can be constructed using the mathemati-

cal defi nition by placing a looped string around the two 

foci and using a pencil to draw the ellipse (Figure 8.67 on 

page 346).

Constructing a Foci Ellipse
Defi ne AB as the major diameter and CD as the minor diam-

eter of an ellipse (Figure 8.68 on page 347).

Step 1. To locate the foci, set a compass to half the major 

diameter, position the compass point at one end of the 

minor diameter (C or D), and draw an arc that intersects 

FBF A

R 1
+AB

R1

Step 1 Step 2

Step 3 Step 4

R1

R 1
+AB

FBF A

R 2
 +

AB

R2

R2 +AB

FBF A

R2

Perpendicular

Axis of
Symmetry

Figure 8.60

Mathematical method of constructing a hyperbola
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the major diameter. Repeat for the other end of the minor 

diameter. The foci X and Y are located where the con-

structed arcs intersect the major diameter.

Step 2. Mark a number of points along line segment XY. 

A greater number of points will increase the accuracy of 

the constructed ellipse. (The points do not have to be 

equidistant from each other.)

Step 3. Set the compass to radius B1; then draw two arcs 

using Y as the center. Set the compass to radius A1; then 

draw two warcs using X as the center. The two arcs will 

intersect in the upper-left and lower-left quadrants, and 

the intersections are points on the ellipse. Repeat this 

step for all the remaining points.

Step 4. Use an irregular curve to connect the points, thus 

drawing the ellipse.

Section 7.6.3 in Chapter 7 describes how to sketch an 

ellipse using a trammel. To draw, rather than just sketch, 

the ellipse, use an irregular curve to connect the points 

identifi ed by the trammel (Figure 8.69 on page 348).

Constructing a Concentric Circle Ellipse
Step 1. From center C, draw two circles with diameters 

equal to the major and minor diameters of the ellipse. Draw 

the major and minor diameters (Figure 8.70 on page 348).
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Figure 8.61

Constructing an equilateral hyperbola

Figure 8.62

Hyperbola application
A hyperbolic mirror is used in telescopes.

(Photo courtesy of Celestron International.)
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Step 2. Construct a line AB at any angle through the cen-

ter C of the two circles. Mark the points D and E where 

the line intersects the smaller circle.

Step 3. From points A and B, draw lines parallel to the mi-

nor diameter.

Step 4. From points D and E, draw lines parallel to the ma-

jor diameter. The intersection of the lines from A and D is 

point F and from B and E is point G. Points F and G are 

points along the curve of the ellipse.

Step 5. Extend lines DF and BG and lines AF and EG to 

create two more points in the other quadrants.

Step 6. Repeat Steps 2 through 6 to create more points 

in each quadrant. Notice that more points are needed 

where the curve is sharpest.

Step 7. Using an irregular curve, connect the points to draw 

the ellipse.

Constructing an Approximate Ellipse
Step 1. Defi ne axes AB and CD and draw line AC (Fig-

ure 8.71 on page 349).

Parabola

Ellipse

Hyperbola

Focus

Focus

Focus and
eyepiece

Figure 8.63

Telescope
Schematic representation of a telescope that uses hyperbolic, 
parabolic, and elliptical mirrors.

Ellipse

Figure 8.64

Ellipse
An ellipse is formed by the line of intersection between an 
inclined plane and a cone. The plane makes a larger angle with 
the axis than with the elements and does not intersect the base.

Line of sight

Edge view of
circle

What you see

Figure 8.65

Line of sight to create ellipses
A line of sight other than 90 degrees changes the appearance 
of a circle to an ellipse.
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Step 2. Use point P as the center and AP as the radius, 

and draw an arc AX with a compass.

Step 3. Use point C as the center and CX as the radius, 

and draw the arc XY with a compass.

Step 4. Construct the perpendicular bisector of line AY, 

and extend the bisector until it intersects the major di-

ameter at M and the minor diameter (extended) at N.

Step 5. Locate K on the major diameter by setting distance 

MP equal to KP. Locate L on the minor diameter (extended) 

by setting NP equal to LP. Points M, N, K, and L are cen-

ters of arcs used to create the approximate ellipse.

Step 6. From point M, draw an arc with a radius of MA; from 

point K, draw an arc with a radius of KB (which is the same 

as MA); from point N, draw an arc with a radius of NC; from 

Focus Focus

A

B

C

D

AB+BC = AD+CD

Figure 8.66

Mathematical defi nition of an ellipse
An ellipse is mathematically defi ned as the set of points for which the sum of the distances to two focus points is constant.

Focus
Focus

A C

D

Minor diameter

1/2 Major diameter
1/2 Major diameter

B

Major diameter

Figure 8.67

Ellipse construction
An ellipse can be constructed using a pencil and a string fi xed at the focus points.
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point L, draw an arc with a radius of NC. Draw construc-

tion lines from the centers M, N, K, and L through the arcs 

drawn from those centers to locate points of tangency.

Ellipse templates come in intervals of 5 degrees, such 

as 20, 25, and 30 (Figure 8.72 on page 349). The viewing 

angle relative to the circle determines the ellipse template 

to be used (Figure 8.73 on page 349). Each ellipse has a 

set of center lines marked on the plastic to align with the 

major and minor diameters drawn on the paper.

Constructing an Ellipse Using a Template
Step 1. To draw an ellipse using a template, draw the ma-

jor and minor diameters for the ellipse (Figure 8.74 on 

page 350). Determine the angle, and fi nd the applicable 

ellipse template. Determine which ellipse on the template 

most closely matches the major and minor diameters.

Step 2. Line the template ellipse marks along the major and 

minor diameters, and draw the ellipse, using the template 

as a guide.

A CAD system will automatically create an ellipse 

once the major and minor diameters are specifi ed and the 

location of the center point (the intersection of the major 

and minor diameters) is picked. Most CAD systems will 

provide more than one type of ellipse, such as isometric 

ellipses.

Engineering and Science Applications of Ellipses  The 

ellipse has a refl ective property similar to that of a 

parabola. Light or sound emanating through one focus is 
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Constructing a foci ellipse
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Constructing an ellipse using the trammel method

Figure 8.70

Constructing a concentric circle ellipse
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refl ected to the other, and this is useful in the design of 

some types of optical equipment. Whispering galleries, 
such as the Rotunda in the Capitol Building in Washing-

ton, D.C. (Figure 8.75 on the next page) and the Mormon 

Tabernacle in Salt Lake City, Utah, are designed using el-

liptical ceilings. In a whispering gallery, sound emanating 

from one focus is easily heard at the other focus.

Ellipses are also useful in astronomy. Kepler’s fi rst law 

states that the orbit of each planet in the solar system is an 

ellipse, with the sun at one focus. In addition, satellites sent 

into Earth orbit travel in elliptical orbits about the Earth.
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Constructing an approximate ellipse
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An ellipse template

Line of sight

Ellipse angle

Right side
view

Front view

Figure 8.73

Viewing angle determines ellipse angle
The viewing angle relative to the circle determines the ellipse 
template to be used. The circle is seen as an inclined edge in 
the right side view and foreshortened (as an ellipse) in the front 
view. The major diameter is equal to the diameter of the circle.
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8.7 Roulettes
Roulettes are curves generated by the rolling contact of 

one curve or line on another curve or line. Any point at-

tached to the rolling curve or line will describe the roulette 

curve. The moving point is called the generating point. 
The roulette is constructed by moving the rolling curve 

or line to a number of new positions, marking the corre-

sponding positions of the generating point, and drawing 

a curve connecting those points. There are an infi nite va-

riety of roulettes, some of which are more important than 

others in engineering design, such as in the design of ma-

chine elements, instruments, and mechanical devices. The 

most common types of roulettes used in engineering are 

spirals, cycloids, and involutes.

8.7.1 Spirals

A spiral is a single-curved surface that begins at a point 

called a pole and becomes larger as it travels in a plane 

around the origin. A spiral is sometimes referred to as a 

spiral of Archimedes, which is the curve on a heart cam 
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Figure 8.74

Drawing an ellipse using a template

Figure 8.75

Ellipse application
The Rotunda in the Capitol Building in Washington, D.C., has 
an elliptical ceiling.

(© Photri, Inc.)
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that converts uniform rotary motion into uniform recipro-

cal motion. To draw a spiral of Archimedes, use the fol-

lowing procedure (Figure 8.76).

Drawing a Spiral of Archimedes
Step 1. Draw a circle and divide it into a number of equal 

segments, such as six. Label the intersections between 

each radius and the circle as points 1 through 6. Divide 

radius 0–6 into the same number of equal parts (i.e., six). 

Mark the points on the radius as 1�, 2�, etc.

Step 2. Draw an arc of radius 0-1�, with 0 as the center 

and the arc going from radius 0-6 to radius 0–1. Mark 

the point of intersection of the arc with radius 0–1. Then 

draw an arc of radius 0–2�, with 0 as the center and the 

arc going from radius 0–6 to radius 0–2. Mark the point 

of intersection of the arc with radius 0–2. Repeat this 

process until arcs have been drawn from all the points on 

radius 0–6. (Notice that the last “arc,” if drawn from point 

6�, would be the circle itself.)

Step 3. Using an irregular curve, connect the intersection 

points in the order that they were marked; that is, the 

point on the 0–1 radius with the point on the 0–2 radius, 

then the point on the 0–2 radius with the point on the 

0–3 radius, and so forth. To complete the spiral, con-

nect the center 0 with the intersection point on the 0–1 

radius.

8.7.2 Cycloids

A cycloid is the curve generated by the motion of a point 

on the circumference of a circle as the circle is rolled 

along a straight line in a plane (Figure 8.77). The length 

1 2

45
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1 2

45

3
6 5' 4' 3' 2' 1'
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45

3
6 5' 4' 3' 2' 1' 6 5' 4' 3' 2' 1'
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0 0 0

Figure 8.76

A spiral of Archimedes
A single-curved surface that begins at a point called a pole and becomes larger as it travels in a plane around the origin.

A B

D
C

Figure 8.77

Generation of a cycloid
A cycloid is generated by the motion of a point on the circumference of a circle that is rolled along a straight line.
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of the cycloid curve is defi ned as exactly equal to four 

diameters of the rolling circle, and the area between the 

cycloid and the baseline AB equals three times the area 

of the rolling circle.

An epicycloid is formed when the circle is rolled on the 

outside of another circle. A hypocycloid is formed when 

the circle is rolled on the inside of another circle. A tro-
choid is the curve formed by a point on the radial spoke of 

a circle as the circle rolls along tangent to a straight line.

Practice Exercise 8.7
Make a circular cardboard disk with a hole punched near 

its perimeter. With a pencil in the hole, run the circle along 

a straightedge to create a cycloid. Do the same but run the 

circle along the internal (epicycloid) and external (hypocy-

cloid) perimeter of another circle. (Similar effects can be 

created using a Spirograph™.)

Constructing a Cycloid
The generating circle has its center at point O and has a ra-

dius of O-C. Straight line AB is equal in length to the circum-

ference of the circle and is tangent to the circle at C, which 

is also the midpoint of the line (Figure 8.78).

Step 1. Divide the circle into a number of equal segments, 

such as 12. Number the intersections of the radii and the 

circle, as shown in the fi gure. Divide the line into the same 

number of equal parts, and number them as shown in the 

fi gure. Draw vertical lines from each point to intersect the 

extended horizontal center line of the circle. Label each 

point as D, E, F, G, and H.

Step 2. From each point of intersection on the circle, draw 

a construction line parallel to line AB, and extending 

about the length of line AB.

Step 3. Using point D as the center and the radius of the 

circle (O–C), draw an arc that intersects the horizontal 

line extended from point 7. Set the compass point at E; 

then draw an arc that intersects the horizontal line ex-

tended from point 8. Repeat this process using points 

F, G, and H to locate points along the horizontal line ex-

tended from points 9, 10, and 11.

Step 4. With an irregular curve, connect the intersection 

points M, N, P, Q, R, S, and A to form the cycloid. A simi-

lar technique can be used to construct epicycloids, hy-

pocycloids, and trochoids (Figure 8.79).

Cycloid curves are commonly used in kinematics (mo-

tion studies) and in mechanisms that work with rolling 

contact. Epicycloids and hypocycloids are often used in 

rotary pumps, blowers, and superchargers (Figure 8.80 on 

page 354).

8.7.3 Involutes

An involute is the spiral path of a point on a string un-

winding from a line, circle, or polygon (Figure 8.81 on 

page 354). Involutes are constructed as follows.
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Figure 8.78

Constructing a cycloid
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the center, draw a semicircle with a radius equal to AC. 

Draw the semicircle from C to the intersection D with the 

extension of the line. With B again as the center, draw a 

semicircle with a radius equal to DB. Draw the semicircle 

from D to the intersection E with the extension of the line. 

The involute is now complete.

Constructing the Involute of a Line
Step 1. Extend the line AB in both directions, as shown in 

Figure 8.81A.

Step 2. With B as the center, draw a semicircle with a ra-

dius equal to AB. Draw the semicircle from point A to the 

intersection C with the extension of the line. With A as 
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Constructing epicycloids, hypocycloids, and trochoids
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Constructing the Involute of a Polygon
Step 1. Extend the sides of the polygon. For our example, 

use the triangle A-B-C shown in Figure 8.81B.

Step 2. With point C as the center, draw an arc with a radius 

equal to the length of the side AB. Draw the arc from point 

A to the intersection D with the extension of line BC. With 

point B as the center, draw an arc with a radius equal to 

BD from point D to the intersection E with the extension 

of line AB. With point A as the center, draw an arc with a 

radius equal to AE from point E to the intersection F with 

the extension of line CA. The involute is now complete.

Figure 8.81C shows the same process using a square as the 

polygon.
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Epicycloids and hypocycloids are used in rotary pumps
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Constructing the involute of a line and polygons
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Involutes of circles are used in the design of spur gears 

(Figure 8.82). The contact surfaces between gear teeth are 

designed as involutes. The involutes permit motion to be 

transmitted smoothly and at a constant velocity, which is 

important in mechanisms using gears. Figure 8.83 is an in-

volute gear tooth profi le constructed by the method shown in 

Figure 8.82. The curve on the profi le of the gear tooth is the 

involute. Figure 8.84 is a reducer that uses involute gears.

Constructing the Involute of a Circle
Step 1. Divide the circle into a number of equal segments, 

and label the intersection points between the radii and 

the circle, as shown in Figure 8.82. Draw a tangent line at 

each point of intersection.

Step 2. With point 1 as the center, draw an arc equal in ra-

dius to the chord 1–12 and intersecting the tangent drawn 

from point 1. With point 2 as the center, draw an arc equal 

in radius to the chord 2–12 and intersecting the tangent 

drawn from point 2. Continue this process until intersec-

tion arcs have been drawn for all of the tangent lines.

Practice Exercise 8.8
Wrap a string around a coffee can. Attach a pencil to the 

free end of the string. Place the can on a piece of paper and, 

holding the string tight, draw while unwrapping the string. 

Change diameters of the can to create different involutes.

8.8 Double-Curved Lines, Including Helixes
A double-curved line is a curve generated by a point mov-

ing uniformly at both an angular and a linear rate around 

a cylinder or cone. The line of intersection between two 

curved solids forms a double-curved line. Cylindrical and 

conical helixes are examples of double-curved lines.

A helix is the curve formed by a point moving uni-

formly at both an angular and a linear rate around a cyl-

inder or cone. Because of the uniform angular rate, a he-

lix is a curve of constant slope, called the helix angle. A 

cylindrical helix is the curve formed by a point moving 

uniformly at both an angular and a linear rate around a 

cylinder. The distance that the point moves parallel to 

the axis during one revolution is called the lead or pitch. 
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Constructing the involute of a circle
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Figure 8.83

Part of the gear tooth profi le is an involute

Figure 8.84

Involute application
In this cutaway section of a gear reducer, the profi les of the 
gear teeth are involutes.
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A screw thread is a common application of a cylindrical 

helix, as are spiral staircases, worm gears, drill bits, spi-

ral milling cutters, springs, and conveyors (Figure 8.85). 

To construct a cylindrical helix, use the following proce-

dure (Figure 8.86).

Constructing a Cylindrical Helix
Step 1. The profi le and end views of the cylinder are given 

as shown in the fi gure. Divide the end view of the cylinder 

into a number of equal segments, such as 12. Draw a line 

AB equal to the circumference of the cylinder and divide 

it into the same number of equal parts.

Step 2. At point 12, draw a line BC perpendicular to line AB 

and equal in length to the height of the cylinder. Line BC 

is called the lead. Draw line AC to form the helix angle. At 

each point on line AB, construct a perpendicular line that 

intersects line AC (called the lead angle line).

Step 3. Project lines from each point on the circumference 

of the end view of the cylinder to the profi le view of the 

cylinder. Project lines from the intersections on the lead 

angle line into the profi le view of the cylinder. The projec-

tion line from point 1 on the circle should intersect the 

projection line from point 1 on line AC, etc. With a smooth 

curve, connect the points of intersection in the profi le 

view of the cylinder to form the helix.

A conical helix is the curve formed by a point moving 

uniformly at both an angular and a linear rate around a 

Figure 8.85

Helix application
The screw thread found on nuts and bolts is a common 
application of a cylindrical helix.

(© Fotopic: MGA/Photri.)

cone. A conical helix is developed using techniques simi-

lar to those described for the cylindrical helix (Figure 8.87 

on page 358).

Some CAD systems can automatically generate a helix 

with a HELIX command when the diameter, axis, num-

ber of turns, and direction of rotation are specifi ed.

8.9 Freeform Curves
Simple curves are circles, arcs, and ellipses. More complex 

curves used in engineering design are called freeform 
curves. The automobile shown in Figure 8.88 on page 358 

uses many freeform curves in the body design. In Section 

6.5.6 in Chapter 6, the construction of an irregular curve is 

demonstrated.

Freeform curves are constructed with a traditional tool 

called a spline. A spline is a fl exible strip of plastic or other 

material that can change shape easily to pass through a se-

ries of key design points (control points or nodes) marked 

on the drawing.

The spline curve is one of the most important curves 

used in the aircraft and shipbuilding industries. The cross 

section of an airplane wing or a ship’s hull is a spline curve 

(Figure 8.89 on page 358). Also, spline curves are com-

monly used to defi ne the path of motion for a computer 

animation (Figure 8.90 on page 359).

For CAD systems, three types of freeform curves were 

developed: splines, Bezier curves, and B-spline curves. 

These curves can be described by parametric equations, 
in which the X and Y coordinates of the control points 

are computed as a function of a third variable called a pa-
rameter. If the curves are created by smoothly connect-

ing the control points, the process is called interpolation 

(Figure 8.91A on page 359). If the curves are created by 

drawing a smooth curve that goes through most, but not 

all, of the control points, the process is called approxima-
tion (Figure 8.91B on page 359).

8.9.1 Spline Curves

A spline curve is a smooth, freeform curve that connects 

a series of control points (Figure 8.92A on page 359). 

Changing any single control point will result in a change 

in the curve, so that the curve can pass through the new 

point (Figure 8.93A on page 359).

8.9.2 Bezier and B-Spline Curves

In computer graphics, it is possible to create an easily 

modifi ed smooth curve that passes close to but not through 

the control points. These curves, called approximations, 
include the Bezier and B-spline curves.
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Constructing a cylindrical helix
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P. E. Bezier, of the French automobile company Re-

nault, developed an approximation curve to give design-

ers greater fl exibility than was available with interpola-

tion techniques. This mathematical curve, which became 

known as the Bezier curve, uses a set of control points that 

only approximate the curve (Figure 8.92B). The Bezier 

curve is popular in design because the fi rst and last control 

points are on the curve. However, changing the position of 

any control point causes a reshaping of the entire curve, so 

modifi cations are not localized; that is, there is no local 
control (Figure 8.93B).

Further developments led to the B-spline curve, which 

approximates a curve to a set of control points and does 
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Figure 8.87

Constructing a conical helix

Figure 8.88

Freeform surfaces
An automobile body refl ects many freeform curves.

(Courtesy of Chevrolet Division, General Motors Corporation.) Figure 8.89

A ship’s hull is designed using freeform curves
(Courtesy of Matthew Keller, Valparaiso University, Irwin drawing contest 

winner.)
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Figure 8.90

The path of an animation is defi ned using a spline curve 
fi t through a series of points

(A)

(B)

Figure 8.91

Two different curves are created, depending on whether 
interpolation (A) or approximation (B) is used

(A)  Spline

(B)  Bezier

(C)  B-Spline

Figure 8.92

Freeform curves
Spline, Bezier, and B-spline curves create different results 
from the same set of control points.

(A)  Changed Spline

(B)  Changed Bezier

(C)  Changed B-Spline

New Point

Old Point

New Point

Old Point

New Point

Old Point

Figure 8.93

Result of changing control points
Changing a control point on a curve produces different results, 
depending on the type of curve used.

provide for local control (Figure 8.92C). The B-spline 

uses a special set of blending functions that have only lo-

cal infl uence and depend on only a few neighboring con-

trol points. This means that a local change does not result 

in a global change to the entire curve (Figure 8.93C).
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8.10 Angles
Angles are formed by the apex of two intersecting lines or 

planes. Angles are categorized by their degree measure-

ment (Figure 8.94).

Straight angle. An angle of 180 degrees.

Right angle. An angle of 90 degrees.

Acute angle. An angle of less than 90 degrees.

Obtuse angle. An angle of more than 90 degrees and less 

than 180 degrees.

Complementary angles. Two adjacent angles whose sum 

equals 90 degrees.

Supplementary angles. Adjacent angles whose sum equals 

180 degrees.
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Bisecting an angle using a compass
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8.10.1 Bisecting an Angle

Angles are drawn with the following traditional tools: tri-

angles, straightedges and a protractor, adjustable triangles, 

and drafting machines. CAD systems can draw lines at 

specifi ed angles using a LINE command and specifying 

the angle to be drawn and either the locations of the end-

points of the line or a line length.

Bisecting an Angle
Step 1. Given angle ABC, set the compass to any distance, 

use B as the center, and draw an arc that intersects both 

sides of the angle (Figure 8.95).

Step 2. Set the compass point at the intersection of this 

fi rst arc and one of the sides of the angle, and draw a 

second arc. Then, set the compass point at the intersec-

tion of the fi rst arc and the other side of the angle, and 

draw a third arc such that it intersects the second arc.

Step 3. Draw a line from point B through the intersections 

of the second and third arcs constructed in Step 2. This 

line bisects the angle and is called the bisector.

8.10.2 Transferring an Angle

At times, it is necessary to transfer an existing angle to a 

new location, without measuring the angle. One method 

of doing so involves the use of a compass, as described in 

the following procedure (Figure 8.96).

Transferring an Angle Using a Compass
Step 1. Given the angle BAC and the new location A�B� for 

one of the sides, open the compass to any convenient 

radius, set the compass point at the apex A, and draw an 

arc across the given angle. The arc should intersect the 

sides at E and F.

Step 2. Use the same radius, set the compass point at the 

new apex A�, and draw an arc. This arc should intersect 

A�B� at E�. 

Step 3. Set the compass equal to the chord measured from 

E to F on the given angle. Move the compass to the new 

location, place the compass point at E�, and draw another 

arc. This arc will intersect the other arc drawn from A�, at 

point F�. Draw a line from the intersection (F�) of the two 

construction arcs to the new apex A�, to form an angle 

equal to the given angle.

8.11 Planes
A plane is a two-dimensional surface that wholly con-

tains every straight line joining any two points lying on 

that surface. Although many drawings are created from 

simple geometric primitives, such as lines and curves, 
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Transferring an angle using a compass
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many real-world designs are made of planar surfaces. 
Theoretically, a plane has width and length but no thick-

ness. In practice, planar surfaces have some thickness 

such as sheet steel or plastic.

An infi nite plane is an unbounded two-dimensional 

surface that extends without a perimeter in all directions. 

A fi nite plane is a bounded two-dimensional surface that 

extends to a perimeter in all directions. A plane can be 

defi ned by three points not in a straight line, two parallel 

3 Points

1

2

3

PLANE

2 Parallel
Lines

PLANE

Line and a Point

PLANE

2 Intersecting Lines

PLANE

Figure 8.97

Planes
Planes are formed by three points, two parallel lines, a line and 
a point, or two intersecting lines.

lines, a line plus a point that is not on the line or its exten-

sion, or two intersecting lines (Figure 8.97).

8.12 Surfaces
A surface is a fi nite portion of a plane, or the outer face of 

an object bounded by an identifi able perimeter. The fender 

of an automobile and the airplane wing are examples of 

complex 3-D surfaces (Figure 8.98). Just as a line repre-

sents the path of a moving point, a surface represents the 

path of a moving line, called a generatrix. A generatrix 

can be a straight or curved line. The path that the gener-

atrix travels is called the directrix. A directrix can be a 

point, a straight line, or a curved line (Figure 8.99F).

The shape of a surface is determined by the constraints 

placed on the moving line used to generate the surface. 

Surfaces are generally classed as planar, single-curved, 

double-curved, warped, and freeform.

A planar surface is a fl at, two-dimensional bounded 

surface (Figure 8.99A). A planar surface can be de-

fi ned as the motion of a straight-line generatrix that 

Figure 8.98

3-D surface
An airplane wing is a good example of a complex 3-D surface.

(© Michael Philip Manheim: MGA/Photri.)
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is always in contact with either two parallel straight 

lines, two intersecting lines, or a line and a point not on 

the line.

A single-curved surface is the simple-curved bounded 

face of an object produced by a straight-line generatrix 

revolved around an axis directrix (yielding a cylinder) 

or a vertex directrix (yielding a cone) (Figure 8.99B).

A double-curved surface contains no straight lines and 

is the compound-curved bounded face of an object 

produced by an open or closed curved-line generatrix 

(H)
Undevelopable Surface

(G)
Developable Surface

Sphere

Cylinder Development

(C)
Double-Curved Surface

Generatrix

Directrix

(F)
Ruled Surface

Directrix

Line (Generatrix)

(B)
Single-Curved Surface

Directrix

Generatrix

(A)
Planar Surface

(D)
Warped Surface

(E)
Freeform Surface

Figure 8.99

Examples of surfaces commonly used in engineering design
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revolved around an axis directrix (yielding a sphere or 

ellipsoid), a center directrix (yielding a torus), or a ver-

tex directrix (yielding a paraboloid or a hyperboloid) 

(Figure 8.99C).

A warped surface is a single- and double-curved transi-

tional surface (cylindroid, conoid, helicoid, hyperbolic 

paraboloid), often approximated by triangulated sur-

face sections that may join other surfaces or entities 

together (Figure 8.99D).

A freeform surface follows no set pattern and requires 

more sophisticated underlying mathematics (Fig-

ure 8.99E).

Surfaces can also be classifi ed as ruled, developable, or 

undevelopable, as follows:

A ruled surface is produced by the movement of a straight-

line generatrix controlled by a directrix to form a pla-

nar, single-curved, or warped surface (Figure 8.99F).

A developable surface can be unfolded or unrolled onto a 

plane without distortion. Single-curved surfaces, such 

as cylinders and cones, are developable (Figure 8.99G).

An undevelopable surface cannot be unfolded or unrolled 

onto a plane without distortion. Warped and double-

curved surfaces, such as a sphere or an ellipsoid, cannot 

be developed except by approximation (Figure 8.99H). 

For example, the Earth is nearly a sphere, and methods 

that represent its land forms on fl at paper have taken 

cartographers centuries to develop. On some types of 

maps, the land forms near the poles are drawn much 

larger than they really are, to compensate for the curva-

ture that can’t be shown. See Chapter 15 for more about 

developments.

The advancement of computer graphics has resulted in 

the development of special types of surfaces that are math-

ematically generated to approximate complex freeform 

surfaces. These complex surfaces are created by a series 

of patches, where a patch is a collection of points bounded 

by curves and is the simplest mathematical element that 

can be used to model the surface. Some of the more com-

mon computer generated freeform surfaces are as follows:

Fractal

B-spline

Coons’

Bezier

Nonuniform Rational B-spline (NURBS)

These names refl ect the underlying geometry used to 

generate the curves. For example, B-spline curves are used 

to generate a B-spline surface patch. Section 8.12.4 goes 

into more detail about these surfaces.

Traditionally, orthographic views are used to represent 

surfaces. With CAD, it is possible to create mathematical 

models of very complex surfaces that would be impossible 

to represent using traditional tools. The computer model 

can be used to determine surface characteristics such as 

area. One such surface, called a surface of revolution, is 

created by revolving a curve (generatrix) in a circular path 

(directrix) about an axis (Figure 8.100). These types of 

surfaces are used on any part that requires surfaces with 

arc or circular cross sections. Another method of creating 

surfaces with CAD is to sweep generator entities, such as 

circles, arcs, and lines, along director entities, as shown 

in Figure 8.101 on page 366. This method of creating sur-

faces is called swept surfaces. Swept surfaces are often 

used for product and tooling design.

8.12.1 Two-Dimensional Surfaces

Two-dimensional surfaces are simple ruled surfaces and 

include closed curves, quadrilaterals, triangles, and reg-

ular polygons (see Figure 8.15 on page 314). These geo-

metric primitives are the building blocks for more com-

plex surfaces and solids. For example, CAD creates more 

complicated 3-D forms through extrusion and sweeping 

operations, such as creating a rectangular prism by ex-

truding a rectangular surface.

Quadrilaterals  Quadrilaterals are four-sided plane fi gures 

of any shape. The sum of the angles inside a quadrilateral 

will always equal 360 degrees. If opposite sides of the quad-

rilaterals are parallel to each other, the shape is called a 

parallelogram. The square, rectangle, rhombus, and rhom-

boid are parallelograms. Quadrilaterals are classifi ed by 

the characteristics of their sides (Figure 8.102 on page 366).

Square. Opposite sides parallel, all four sides equal in 

length, all angles equal.

Rectangle. Opposite sides parallel and equal in length, all 

angles equal.

Rhombus. Opposite sides parallel, four sides equal in 

length, opposite angles equal.

Rhomboid. Opposite sides parallel and equal in length, 

opposite angles equal.

Regular trapezoid. Two sides parallel and unequal in 

length, two sides nonparallel but equal in length, base 

angles equal, vertex angles equal.
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Given Results Industry Example—A mold
for making plastic parts

Directrix

Generatrix
360° Rotation

Directrix

Generatrix
360° Rotation

Directrix

Generatrix
180° Rotation

Figure 8.100

Generating surfaces of revolution by revolving a curved generatrix in a circular directrix path

Irregular trapezoid. Two sides parallel, no sides equal in 

length, no angles equal.

Trapezium. No sides parallel or equal in length, no angles 

equal.

Quadrilaterals are constructed using straightedges, tri-

angles, and a compass to create parallel lines and to mea-

sure equal angles. As an example, several techniques for 

constructing a square are as follows (Figure 8.103).

Constructing a Square
Step 1. Given side AB, use a triangle with a 45-degree an-

gle. Position the triangle so that the 45-degree angle is at 

A, and draw a line. Do the same at B. The lines will cross 

at the center of the square.

Step 2. Draw lines perpendicular to the endpoints of line 

AB until they intersect the 45-degree construction lines 

at points C and D.

Step 3. Draw a line from C to D to complete the square.

To construct a square inside a circle (i.e., an inscribed 

square), use the following procedure (Figure 8.104).

Constructing an Inscribed Square
Step 1. Construct a circle equal in diameter to the side of 

the square.

Step 2. Draw two diameters of the circle, at right angles to 

each other.
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Directrix
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Directrix
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Figure 8.101

Generating swept surfaces by sweeping generator entities 
along director entities

(D)

Trapezoid

(E)

Rhombus

(C)
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(A)

Rectangle

(B)

Rhomboid

Trapezium

(F)

Figure 8.102

Classifi cation of quadrilaterals

BA

 Step 1

45° 45°
BA

45° 45°

Given

BA

C D

 Step 3

BA

C D

 Step 2

Figure 8.103

Constructing a square by drawing the diagonals

Step 1

BA

C D

Step 2

BA

C D

Step 3

Figure 8.104

Constructing an inscribed square
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Step 3. The intersections of these diameters with the cir-

cumference of the circle are the vertices of the inscribed 

square.

To draw a square whose sides are tangent to a circle 

(i.e., a circumscribed square), use the following procedure 

(Figure 8.105).

BA

C D

BA

C D

Step 1

Step 2 Step 3

Figure 8.105

Constructing a circumscribed square

Constructing a Circumscribed Square
Step 1. Construct a circle equal in diameter to the side of 

the square.

Step 2. Draw two diameters of the circle, at right angles to 

each other.

Step 3. The intersections of these diameters are used as 

the points of tangency. Construct lines perpendicular to 

the diagonals. These lines are tangent to the circle and 

are the sides of the square.

Regular Polygons  A polygon is a multisided plane of any 

number of sides. If the sides of the polygon are equal in 

length, the polygon is called a regular polygon. Regular 

polygons can be inscribed in circles. To determine the an-

gle inside a polygon, use the equation S � (n � 2) � 180 

degrees, where n equals the number of sides. Regular poly-

gons are grouped by the number of sides (Figure 8.106).

Triangle (equilateral). Three equal sides and angles.

Square. Four equal sides and angles.

Pentagon. Five equal sides and angles.

Hexagon. Six equal sides and angles.

Heptagon. Seven equal sides and angles.

Octagon. Eight equal sides and angles.

Nonagon. Nine equal sides and angles.

Decagon. Ten equal sides and angles.

Dodecagon. Twelve equal sides and angles.

Icosagon. Twenty equal sides and angles.

Triangle Square Pentagon Hexagon Heptagon

Octagon Nonagon Decagon Dodecagon Icosagon

Figure 8.106

Classifi cation of regular polygons
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Equilateral triangle
All sides equal;
all angles equal.

(A)

Vertex

S
id

e S
ide

Isosceles triangle
2 sides equal;

2 angles equal.

(B)

A
lti

tu
de

Scalene triangle
No sides or

angles equal.

(C)

Right triangle
One 90° angle.

(D)

(AB)2 = (AC)2 + (CB)2

A

C B

9

16

25

Theorem of
Pythagoras

(E)

Obtuse
angle

Obtuse
triangle

(F)

Acute
angle

Acute
triangle

(G)

Base
90°

Figure 8.107

Classifi cation of triangles

Triangles  A triangle is a polygon with three sides. The 

sum of the interior angles equals 180 degrees. The vertex 

is the point at which two of the sides meet. Triangles are 

named according to their angles (right, obtuse, acute) or 

the number of equal sides (Figure 8.107).

Equilateral triangle. Three equal sides and three equal 

interior angles of 60 degrees.

Isosceles triangle. At least two equal sides.

Scalene triangle. No equal sides or angles.

Right triangle. Two sides that form a right angle (90 de-

grees), and the square of the hypotenuse is equal to 

the sum of the squares of the two sides (Pythagoras 

Theorem).

Obtuse triangle. One obtuse angle (greater than 

90 degrees).

Acute triangle. No angle larger than 90 degrees.

Right triangles are acute triangles. A right triangle can 

be either an isosceles triangle, where the other two angles 

are 45 degrees, or a 30/60 triangle, where one angle is 

30 degrees and the other is 60 degrees.

To construct a triangle with traditional tools, use the 

following procedure (Figure 8.108).

Constructing a Triangle
Step 1. If you are given the length of the sides, A, B, and 

C, but not the internal angles, draw one of the sides, 

such as A. 

Step 2. Draw an arc with a radius equal to the length of B, 

using one end of line A as the center.

Step 3. From the other end of line A, draw another arc with 

a radius equal to the length of C.

Step 4. Draw sides B and C from the endpoints of line A to 

the point of intersection of the two arcs.

To construct an equilateral triangle, use the following 

procedure (Figure 8.109A).
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Constructing a triangle, given the length of its sides
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Figure 8.109

Constructing an equilateral triangle
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Constructing an Equilateral Triangle
Step 1. If you are given the length of the sides D, set the 

compass equal to the length of D.

Step 2. Draw an arc from one endpoint of one side D.

Step 3. Draw another arc from the other endpoint of 

side D.

Step 4. Draw lines from the ends of side D to the intersec-

tion of the two arcs. 

The alternate method of constructing an equilateral 

triangle would be to use the 60-degree angle of a 30/60-

degree triangle to construct lines as shown in Fig-

ure 8.109B.

With CAD, triangles can be created by using the ARC 

or CIRCLE commands to create the construction arcs, 

then using OBJECT snap commands to draw the lines by 

grabbing the endpoints of the lines and the intersection of 

the arcs. Equilateral triangles are created more easily by 

using the POLYGON command, specifying the number of 

sides and the length of the sides, and locating the vertices.

Pentagons  A pentagon has fi ve equal sides and angles. 

A pentagon is constructed by dividing a circle into fi ve 

equal parts, using a compass or dividers, as shown in Fig-

ure 8.110. An alternate method is described in the follow-

ing procedure.

Constructing a Pentagon
Step 1. Draw a circle. Construct two diameters of the cir-

cle at right angles to each other. Bisect one of the radii to 

locate point O (Figure 8.111).

Step 2. With the compass point located at O and the com-

pass set to radius OA, draw an arc that crosses the same 

diameter at X.

Step 3. With the compass point at A and the compass set 

to radius AX, draw an arc that intersects the circumfer-

ence of the circle at Y.

Step 4. Using distance AX, step off the distances around 

the circumference of the circle, as shown in the fi gure.

Step 5. Connect these points with lines to create an in-

scribed pentagon.

Hexagons  A hexagon has six equal sides and angles. 

Hexagons are constructed by using a 30/60-degree trian-

gle and a straightedge to construct either circumscribed or 

inscribed hexagons around or in a given circle.

1

2

3 4

5

Figure 8.110

Constructing a pentagon by stepping off fi ve equal 
distances on the circumference of the circle

The construction techniques described are useful for 

drawing the heads of hexagonal nuts and bolts. Nuts and 

bolts are designated by the distance across the fl ats. For 

example, for a 1� hexagonal bolt head, draw a 1� diameter 

circle; then circumscribe a hexagon around the circle. For 

more detailed information on drawing such fasteners, see 

Chapter 19.

Constructing a Circumscribed Hexagon
Step 1. To construct a circumscribed hexagon in a given 

circle that has a center at point A, draw horizontal and 

vertical center lines at 90 degrees to each other. Using 

a 30/60-degree triangle, draw diagonal lines through the 

center point and at 30 degrees to the horizontal center 

line (Figure 8.112 on page 372).

Step 2. Construct tangent lines at the two points where 

the horizontal center line intersects the circle. These tan-

gent lines are parallel to the vertical center line, and they 

intersect the two diagonal lines at points C, D, F, and G. 

Using a 30/60-degree triangle, draw lines from the four 
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points at 30 degrees to the horizontal. These 30-degree 

lines are tangent to the circle and intersect the vertical 

center line at points B and E.

Step 3. Connect points B through G to form the circum-

scribed hexagon.

A circumscribed hexagon can also be constructed with 

60-degree diagonals, using the same procedure as above, 

but measuring from the vertical center line instead of the 

horizontal center line. Normally, a circumscribed hexagon 

is used when the distance across the fl ats of the hexagon is 

A

O

Step 1

A

OX

Step 2

A

R = AX

R = AO

OX

Y

Step 3

Step 5

A

OX

Y

Step 4

Figure 8.111

Constructing a pentagon, using an alternate method
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given, and the inscribed method is used when the distance 

across the corners is given.

Constructing an Inscribed Hexagon
Step 1. To construct a hexagon inscribed in a given circle 

that has a center point at A, draw a horizontal center line. 

Mark the points where the horizontal center line intersects 

the circle as points B and C (Figure 8.113).

Step 2. Draw two diagonals through the center point, at 

60 degrees to the horizontal. Mark the points where the 

diagonals intersect the circle as points D, E, F, and G.

Step 3. Connect the intersection points to form the in-

scribed hexagon.

An inscribed hexagon can also be constructed with 

30-degree diagonals, using the same procedure as de-

scribed above, but measuring from a vertical center line.

Most CAD systems have a special polygon command 

for drawing regular polygons, such as a hexagon. If no 

such command exists, the preceding steps can be used 

with a CAD system.

Octagons  An octagon has eight equal sides and angles. 

Circumscribed and inscribed octagons are constructed 

using a 45-degree triangle and the same processes as de-

scribed for circumscribed and inscribed hexagons.

Constructing a Circumscribed Octagon
Step 1. Given a circle with center A, construct horizontal, 

vertical, and 45-degree center lines (Figure 8.114).

Step 2. Using a 45-degree triangle, construct tangent lines 

at the points where the center lines intersect the circle. 

The tangent lines intersect each other at points B, C, D, 

E, F, G, H, and I.

Step 3. Darken the tangent lines to form the circumscribed 

octagon.

A 30°

Step 1

Application:
Hex head nut
and bolt

G

F

E

A

B

C

D

30°

Step 2

G

F

E

B

C

D

Step 3

Figure 8.112

Constructing a circumscribed hexagon, given the distance across the fl ats
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AB C
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A

E

B C

D

FG

Step 3

A

E

B C

D

FG

60°

Step 2

Figure 8.113

Constructing an inscribed hexagon, given the distance across the corners

Constructing an Inscribed Octagon
Step 1. Given a circle with center A, construct horizontal 

and vertical center lines. Where the center lines intersect 

the circle, label the points C, B, H, and E (Figure 8.115 on 

the next page).

Step 2. Using a 45-degree triangle, construct two more 

center lines that are 45 degrees from the horizontal. 

Where the center lines intersect the circle, label the points 

D, G, F, and I.

Step 3. Connect each point on the circumference of the 

circle to form the inscribed octagon.

8.12.2 Ruled Surfaces

Polyhedra, single-curved surfaces, and warped surfaces 

are classifi ed as ruled surfaces (Figure 8.116 on the 

next page). Ruled surfaces can be created by moving a 

straight-line generatrix along a straight or curved path 

directrix. All ruled surfaces, except for warped surfaces, 

are developable.

With traditional tools, simple plane surfaces are drawn 

using triangles and straightedges. More complicated 

single-curved surfaces and other developable surfaces are 

constructed in a series of steps described in Chapter 15.

Some CAD systems have surface modeling programs 

that can be used to create simple plane surfaces and more 

complicated ruled surfaces.

Single-Curved Surfaces  Single-curved surfaces are gen-

erated by moving a straight line along a curved path such 

that any two consecutive positions of the generatrix are 

either parallel (cylinder), intersecting (cone), or tangent 

to a double-curved line (convolute). (These surfaces can 

also be generated by sweeping a curved generatrix along 

a straight-line directrix.) The cone, cylinder, and convo-

lute are the only types of surfaces in this class, and they all 

A 45°

Step 1

H

G

C

D

A

I B

EF

Step 2

H

G

C

D

A

I B

EF

Step 3

Figure 8.114

Constructing a circumscribed octagon, given the distance across the fl ats
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Figure 8.115

Constructing an inscribed octagon, given the distance across corners
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Generatrix

Directrix

Generatrix

Directrix

Generatrix

Figure 8.116

Generating ruled surfaces by moving a straight-line generatrix along a straight or curved path directrix
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are developable. Most CAD systems will display a single-

curved surface with a series of elements, facets, or tessel-
lations, and some can automatically develop the surface 

(Figure 8.117).

Cones  There are three basic classifi cations of cones (Fig-

ure 8.118 on the next page). If the axis is perpendicular to 

the base, the axis is called the altitude and the cone is called 

a right cone. If the axis is not perpendicular to the base, 

the cone is called an oblique cone. If the tip of the cone 

is cut off, it is called a truncated cone or a frustum of a cone.

There are many applications for cones in engineer-

ing design, including the nose cone of rockets; transition 

pieces for heating, ventilating, and air-conditioning sys-

tems; conical roof sections; and construction cones used 

to alert people to construction areas. Cones are represented 

in multiview drawings by drawing the base curve, vertex, 

axis, and limiting elements in each view (Figure 8.119 on 

the next page).

The directrix for a cone may be either a single or double 

curve. The directrix may also assume any irregular shape 

but is normally circular or elliptical. Cones are therefore 

further classifi ed by the path of the generatrix: circular, 

elliptical, nephroidal, deltoidal, astroidal, cardioidal, and 

free curve.

Figure 8.117

Faceted representation of a cone
The computer display of a single curved surface, such as a 
cone, will often show the surface as elements or tessellation 
lines.

Most 3-D CAD systems can easily produce many of the 

cones described in this section. One approach with CAD 

uses the 3-D primitive geometry commands. For example, 

to create a circular cone, the primitive command CONE is 

used to defi ne the location and circumference of the base 

and the location of the vertex. A noncircular cone is cre-

ated by constructing the noncircular base, then extruding 

that form along a defi ned axis to a vertex point.

Cylinders  A cylinder is a single-curved ruled surface 

formed by a vertical, fi nite, straight-line element (genera-

trix) revolved parallel to a vertical or oblique axis directrix 

and tangent to a horizontal circular or elliptical directrix. 

The line that connects the center of the base and the top 

of a cylinder is called the axis. If the axis is perpendicu-

lar to the base, the cylinder is a right cylinder. If the axis 

is not perpendicular to the base, the cylinder is an oblique 
cylinder. A multiview drawing of a right circular cylinder 

shows the base curve (a circle), the extreme elements, and 

the axis (Figure 8.120 on page 377).

If the base curve is a circle, the cylinder is circular. If 

the base curve is an ellipse, the cylinder is elliptical.

Practice Exercise 8.9
Take four clay or foam right-angle cones and cut them at 

angles appropriate to make circular, elliptical, parabolic, and 

hyperbolic sections. Look at the cut sections from a perpen-

dicular viewpoint and along the major axis of the cone. View-

ing along the major axis of the cone, which sections look cir-

cular? Which look like a line? Which have other shapes?

Take four clay, foam, or paper cylinders of the same alti-

tude and base diameter as the cones, and cut them at iden-

tical angles. Compare the resulting sections (side-by-side 

and face-to-face). Are any the same size? Are any the same 

shape? View these new sections along a normal axis and 

along the major axis.

Repeat the above exercise with 3-D computer mod-

els. Use Boolean subtraction operations or a SECTION 

command.

Convolutes  A convolute is a single-curved surface gen-

erated by a straight line moving such that it is always tan-

gent to a double-curved line. Figure 8.121 on page 377 

shows the generation of a convolute using a helix curve 

(the double-curved line) as the directrix, which results 

in a helical convolute. A second method of creating a 
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Classifi cation of cones
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Multiview drawing of a cone
The multiview representation of a right circular cone is a circle in the top view and a triangle in the front view.
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 convolute involves placing a plane such that it is tangent to 

two curved lines. The straight line connecting the points 

of tangency is one element of a convolute surface joining 

the two curves (Figure 8.122).

Polyhedra  A polyhedron is a symmetrical or asymmet-

rical 3-D geometric surface or solid object with multiple 

polygonal sides. The sides are plane ruled surfaces (Fig-

ure 8.123 on page 379) and are called faces, and the lines 

of intersection of the faces are called the edges. Regular 
polyhedra have regular polygons for faces. There are 

fi ve regular polyhedrons: tetrahedron, hexahedron, octa-

hedron, dodecahedron, and icosahedron. As solids, these 

are known as the fi ve platonic solids. Some polyhedra, 

such as the tetrahedron, pyramid, and hexahedron, are 

easily produced with 3-D CAD programs by using extru-

sion techniques.

Regular polyhedra are classifi ed by the shape and num-

ber of faces, as follows:

Tetrahedron. A symmetrical or asymmetrical 3-D surface 

or solid object with four equilateral triangular sides.

Hexahedron. A symmetrical or asymmetrical 3-D surface 

or solid object with six quadrilateral sides.

Octahedron. A symmetrical or asymmetrical 3-D surface 

or solid object with eight equilateral triangular sides.

Dodecahedron. A symmetrical or asymmetrical 3-D sur-

face or solid object with twelve pentagonal sides.

Icosahedron. A symmetrical or asymmetrical 3-D surface 

or solid object with twenty equilateral triangular sides.

Oblique cone

Vertex

Right cone

Axis

Truncated cone Frustum cone

Parallel to
the base

Altitude

Axis

Figure 8.120

Cylinder classifi cations

Convolute
surface

Helical, double-curved
line directrix

T

Involute arc

angent line
generatrix

Figure 8.121

Helical convolute
A convolute surface is formed by the sweep of a straight line 
tangent to a double-curved line. A helical convolute is a 
special case formed by the sweep of a line tangent to a helix 
curve.

Convolute
surface

Curved-axis
directrix

Tangent plane
Tangent
element

Figure 8.122

Tangent plane convolute
A tangent plane generation convolute is formed by the path 
taken by a plane tangent to two curved lines.
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Create a cone by copying the pattern and then cutting 

it out using scissors. Fold the pattern along the dotted 

line and glue or tape to create the real model.

Pract ice Problem 8.2
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Practice Exercise 8.10
Create real models of polyhedra using the developments 

found at the end of the book. Make real models of Cube, 

Prism, and Tetrahedron. Sketch the multiviews and pictorials 

of each real model created from the developments.

Using a CAD solid modeler with primitive commands, 

create solid models of regular polyhedra. View the polyhe-

dra from various viewpoints, with hidden lines shown and 

then removed.

Polygonal Prisms  A polygonal prism is a polyhedron that 

has two equal parallel faces, called its bases, and lateral 

faces that are parallelograms (Figure 8.124 on the next 

page). The parallel bases may be of any shape and are 

connected by parallelogram sides. A line connecting the 

centers of the two bases is called the axis. If the axis is per-

pendicular to the bases, the axis is called the altitude, and 

the prism is a right prism. If the axis is not perpendicular 

to the bases, the prism is an oblique prism. A truncated 
prism is one that has been cut off at one end, forming a 

base that is not parallel to the other base. A parallelepi-
ped is a prism with a rectangle or parallelogram as a base. 

Polygonal prisms are easily produced with 3-D CAD pro-

grams by using extrusion techniques.

Pyramids  A pyramid is a polyhedron that has a polygon 

for a base and lateral faces that have a common intersec-

tion point, called a vertex. The axis of a pyramid is the 

straight line connecting the center of the base to the ver-

tex. If the axis is perpendicular to the base, the pyramid 

is a right pyramid; otherwise, it is an oblique pyramid 

(Figure 8.125 on the next page). A truncated, or frustum, 

pyramid is formed when a plane cuts off the vertex. The 

altitude of a pyramid is the perpendicular distance from 

the vertex to the center of the base plane.

Dodecahedron Icosahedron

Tetrahedron Hexahedron (cube) Octahedron

Figure 8.123

Regular polyhedra
Regular polyhedra are solids formed by plane surfaces that are regular polygonal shapes.
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Right pentagonal prism

Truncated prism

Truncated oblique
triangular prism

Right prism

Oblique
parallelepiped

Right hexagonal
prism

Right rectangular
prism

Cube

Oblique pentagonal
prism

A
lti
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de

Upper Base

Lateral Edge

Right Section

Lateral
Surface

Figure 8.124

Classifi cation of prisms

Oblique pentagonal pyramidRight square pyramid Truncated oblique octagonal
pyramid

Figure 8.125

Classifi cation of pyramids
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Warped Surfaces  A warped surface is a double-curved 

ruled 3-D surface generated by a straight line moving such 

that any two consecutive positions of the line are skewed 

(not in the same plane). Warped surfaces are not devel-

opable. Figure 8.126 illustrates an example of a warped 

surface. Lines MN and OP are neither parallel nor inter-

secting. To connect them with a smooth surface, to form a 

sheetmetal panel for an automobile, for example, a warped 

surface must be used.

Single-ruled warped surfaces (Figure 8.127 on the next 

page) include the following:

Cylindroid. The transitional surface between two unequal 

curves, formed by a fi nite straight-line generatrix re-

volved around a tangent to a horizontal directrix plane 

and two unequal directrix curves. Cylindroids are use-

ful for forming the connection between openings made 

of nonparallel planes.

Conoid. The transitional surface between a line and a cir-

cle, formed by a fi nite straight-line generatrix revolved 

around and tangent to a closed curved-line directrix on 

a horizontal directrix plane and a straight-line directrix 

M

O

N
P

O

P

M

N

Figure 8.126

Generating a warped surface by moving a straight line so 
that any two consecutive positions are skewed

parallel to the horizontal directrix plane. The conoid 

is useful in forming the soffi t of arched passageways 

connecting openings of dissimilar shape. The conoid is 

commonly used to connect a curved or vaulted ceiling 

to a fl at one.

Helicoid. The transitional surface between two helixes, 

formed by a fi nite straight-line generatrix revolved 

around a tangent to two helix directrixes. Engineering 

applications of a helicoid include screw threads, tur-

bine and propeller blades, gear surfaces, augers, con-

veyors, and air fans.

Cow’s horn. The transitional surface between two offset 

but parallel curved lines, formed by rotating a straight-

line generatrix from both ends of a straight-line direc-

trix, while remaining tangent to the two offset curved-

line directrixes. The cow’s horn is sometimes used to 

form the soffi t or underside of skew arches.

Warped cone. The surface generated by one straight-line 

and two curved-line directrixes. This surface is com-

monly used to connect two dissimilar or nonparallel 

openings.

Double-ruled warped surfaces (Figure 8.128 on the 

next page) include:

Hyperboloid of revolution (one sheet). The transitional 

surface between a cylinder and a hyperbola, formed 

either by a hyperbolic generatrix revolved around a 

vertical axial directrix or by a fi nite straight-line gen-

eratrix revolved at a constant angle to and offset from 

a vertical axial directrix and tangent to two parallel 

circular directrixes. Hyperboloids of revolution are 

light, rigid structures used for towers and masts. They 

are also used in skew gearing, where power must be 

transmitted between two nonparallel, nonintersecting 

shafts.

Hyperbolic paraboloid. The transitional surface between 

parallel parabolas and a revolved hyperbola, formed by 

a straight-line generatrix revolved around two skewed 

lines.

8.12.3 Double-Curved Surfaces

A double-curved surface can only be generated by moving 

a curved-line generatrix about an axis of revolution (Fig-

ure 8.129 on page 383). To represent double-curved forms 

in multiview drawings, show the axis as a point in one view 

and in its true length in an adjacent view. Applications of 

double-curved surfaces include an airplane fuselage, auto-

mobile bodies, and ships’ hulls.
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Enclosed double-curved forms are as follows:

Sphere. The double-curved form created by rotating a 

circular generatrix 360 degrees about one of its own 

diameters.

Ellipsoid. The double-curved form created by rotating an 

elliptical generatrix about its major axis (prolate spher-
oid) or minor axis (oblate spheroid).

Torus. The double-curved form created by rotating a dis-

placed geometrically shaped generatrix about a central 

axis directrix.

Paraboloid of revolution. The double-curved form cre-

ated by rotating a closed parabolic generatrix about its 

central axis directrix.

Hyperboloid of revolution. The double-curved form cre-

ated by rotating a closed hyperbolic generatrix about 

its central axis directrix.

Cylindroid Conoid

Helicoids Cow's horn

Right Oblique

Figure 8.127

Single-curved warped surfaces

Hyperboloid of Revolution
(one sheet)

Hyperbolic Paraboloid

Figure 8.128

Double-ruled surfaces
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Forms of revolution. The compound forms created by ro-

tating various curved and polygonal generatrix profi les 

about a central axis.

8.12.4 Freeform Surfaces

Freeform surfaces are sophisticated mathematical sur-

faces that are becoming more widely used because of the 

development of CAD systems capable of creating them. 

Freeform surfaces follow no set pattern and are classifi ed 

by their use as either constrained or unconstrained.

Constrained surfaces are restricted by existing data 

sets and are used most often in manufacturing processes 

where the data sets are provided by the product de-

signer. The data sets are created from the scans of clay 

models, wireframe designs, or other such constraints. A 

Coons’ surface is an example of a constrained freeform 

surface.

Sphere

Paraboloid of RevolutionTorus Hyperboloid of Revolution

Forms of Revolution

Prolate EllipsoidOblate Ellipsoid

Figure 8.129

Double-curved surfaces
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Unconstrained surfaces are not restricted to pre-

existing data sets and are primarily used in conceptual 

design. Bezier, B-spline, and NURBS surfaces are exam-

ples of unconstrained surfaces.

Practice Exercise 8.11
Attach four stiff 1-foot wires to the edges of a 1-foot square 

of fl exible fabric. Have one student hold each wire, to keep 

tension. With the wires straight, create a planar surface. 

With the wires still straight, create a curved surface (a hy-

perbolic paraboloid). What is the relationship of the wire 

edges to each other? Curve one pair of opposite wires to 

the same curve. What shapes can you create? Curve the 

other pair of wires to the same curve and then to a different 

curve. Curve all four wires to different curves.

Repeat this exercise with 3-D surface modeling soft-

ware that allows edge defi nition of surface patches. Use the 

shading and hidden line removal options to help visualiza-

tion of the freeform surfaces created.

Using the wire/fabric, curve the wires and wrap the fabric 

around a large cylinder. Can you do so without puckering 

the fabric and forming only single curves or straight lines 

with the wire? Try doing this with a sphere. Explain the dif-

ferent results.

Coons’ Surface  A Coons’ surface is constructed from 

a mesh of input curves (Figure 8.130). The surface was 

named after Steven A. Coons, who developed the math-

ematical method for defi ning complex shapes, such as 

those used in the design of aircraft, automobiles, and 

ships’ hulls. The simplest form of Coons’ surface is a sin-

gle patch, which is very limiting. Of more practical value 

Figure 8.130

A Coons’ patch showing lines as input curves

is a smooth surface made up of a composite blend of mul-

tiple patches. The advantage of using a Coons’ surface is 

its ability to fi t a smooth surface exactly throughout digi-

tized or wireframe data. The weakness is that, to change 

the shape of the surface, the input curves must be changed. 

A single Coons’ surface patch is constructed by blending 

four boundary curves (Figure 8.131).

Bezier Surface  The strength of the Bezier surface is that 

the surface can be shaped by manipulation of the control 

point, which can be pulled to alter the shape of the sur-

face. This means the surface is easy to modify, making it 

ideal for design changes (Figure 8.132). However, pulling 

a single control point will alter the entire surface; there-

fore, the editing of control points on Bezier surfaces has 

global effects similar to that of a Bezier curve.

B-Spline Surface  A B-spline surface has the strong points 

of both the Coons’ and Bezier surfaces. It can be mapped 

to a mesh of existing data points, which can be pulled to 

edit the shape of the surface. However, pulling the control 

points does not affect the border curves. A major advan-

tage of B-spline surfaces over Bezier surfaces is that, when 

a control point is pulled, it only affects the immediate area; 

Figure 8.131

Construction of a Coons’ surface by blending four boundary 
curves
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that is, you have local control over the surface shape, simi-

lar to the local effects on a B-spline curve (Figure 8.133). 

These characteristics make the B-spline surface useful in 

an interactive modeling environment.

Nonuniform Rational B-Spline (NURBS) Surface  NURBS is 

the most advanced form of surface mathematics. As the 

name implies, NURBS includes all the characteristics of 

B-spline surfaces, with additional capabilities. The dif-

ference between NURBS and B-spline surfaces is that 

NURBS is rational; that is, for every point described on 

the surface, there is an associated weight. Dividing the 

surface point function by the weight function creates new 

surfaces that are not possible with nonrational surfaces. 

Note that if the weight factor is one for all the points, the 

surface is a B-spline. The greatest application for NURBS 

Figure 8.132

A Bezier surface before and after modifi cation

is for nonregular free-form surfaces that cannot be de-

fi ned using traditional methods (Figure 8.134). Surfaces 

based on arcs or conics can be represented exactly by a 

NURBS surface. B-spline surfaces and others can only 

approximate these shapes, using numerous small patches.

8.12.5 Fractal Curves and Surfaces

Benoit Mandlebrot of the IBM Research Center pioneered 

an investigation into the nature of self-similarity, which is 

the condition where a fi gure is repeated or mimicked by 

Figure 8.133

A B-spline surface is useful in an interactive modeling 
environment

Figure 8.134

NURBS surface
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smaller versions of itself. Well-known occurrences of self-

similarity are coastlines, mountain ranges, landscapes, 

clouds, galaxy structures, radio noise, and stock market 

fl uctuations. For example, a coastline viewed from orbit 

will have a certain level of ruggedness caused by bays, 

peninsulas, and inlets. The same coastline viewed from an 

aircraft will show further detail, and the detail will mimic 

the ruggedness, with smaller bays, peninsulas, and inlets.

Mandlebrot developed the geometry of fractals, which 

is short for fractional dimensionals, to defi ne such repeti-

tion mathematically. Fractal geometry has led to the de-

velopment of computer-based fractal design tools that can 

produce very complex random patterns. The term fractal 
is used to describe graphics of randomly generated curves 

and surfaces that exhibit a degree of self-similarity. These 

fractal curves and surfaces emerge in the form of images 

that are much more visually realistic than can be produced 

with conventional geometric forms (Figure 8.135). In ad-

dition, fractal image compression techniques can be used 

to solve storage problems associated with large graphical 

image fi les on computers.

8.13 Summary
This chapter introduces you to the geometry commonly 

used in engineering design graphics. Since surface mod-

eling is an important part of modern engineering design, 

modern techniques and geometric forms used with CAD 

systems are described. In addition, geometric construction 

techniques useful in creating some types of 2-D engineer-

ing geometry are included. Because geometry provides the 

building blocks for creating and representing more com-

plex products and structures, the information presented in 

this chapter will be used throughout the remaining chap-

ters in this text.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

Figure 8.135

Fractal surface
Mountain terrain based on fractal surfaces.

(Courtesy of Ken Musgrave (www.pandromeda.com).)
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■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem
■ Visualization Exercises

Questions for Review
 1. Defi ne engineering geometry and describe its impor-

tance to engineering design.

 2. Describe how coordinate space relates to engineer-

ing design.

 3. Explain the right-hand rule, using sketches.

 4. How is a curved line different from a straight line?

 5. Describe an engineering application for a parabola 

and for a hyperbola.

 6. What is the difference between a plane and a 

surface?

 7. List six quadrilaterals.

 8. Defi ne concentric circles.

 9. Defi ne a tangent.

 10. Describe an engineering application for an ellipse.

 11. List and sketch four conic sections.

 12. List and sketch four regular polyhedrons.

 13. List and sketch four polygonal prisms.

 14. Defi ne a warped surface.

 15. List the major categories of geometric forms.

 16. Sketch and label the various conditions that can oc-

cur between two lines.

 17. Sketch and label the various tangent conditions that 

can occur between lines and curves and between 

two curves.

 18. Sketch a circle and label the important parts.

 19. List and defi ne freeform curves.

 20. Describe fractals.

Further Reading
Anand, V. B. Computer Graphics and Geometric Modeling for 

Engineers. New York: Wiley, 1993.

Farin, G. Curves and Surfaces for CAGD: A Practical Guide. 
5th ed. New York: Academic Press, 2001.

Gailler, J. H. Curves and Surfaces in Geometric Modeling: The-
ory and Algorithms. San Francisco, CA: Morgan Kaufman, 

1999.

Lu, W. Fractal Imaging. New York: Academic Press, 1997.

Whitt, L. “The Standup Conic Presents: The Parabola and Ap-

plications.” The UMAP Journal 3, no. 3 (1982), pp. 285–313.

Whitt, L. “The Standup Conic Presents: The Hyperbola and 

Applications.” The UMAP Journal 5, no. 1 (1984).
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P r o b l e m s

 8.1 Using rectangular graph paper, draw or sketch the 

X and Y axes for the Cartesian coordinate system; 

then locate point A at 2,3, point B at –2,5, point C at 

–3,–2, and point D at 4,–1. (Reference Figure 8.2)

 8.2 Using the same axes constructed in Problem 8.1, 

construct line AB using endpoints –1,–2 and –3,–4.

 8.3 Add to the axes in Problem 8.1 a line MN with 

the fi rst endpoint at 1,1 and the second endpoint at 

45 degrees and 1� from the fi rst endpoint.

 8.4 Using rectangular graph paper, construct the X 

and Y axes; then draw a fi gure, using the following 

absolute coordinate values:

0,0

3,0

3,2

0,2

0,0

 8.5 Using rectangular graph paper, construct the X and 

Y axes; then draw a fi gure, using the following rela-

tive coordinate values:

0,0

4,0

0,3

–4,0

0,–3

 8.6 Using isometric grid paper, construct the X, Y, and 

Z axes. (Reference Figure 8.4) Using the right-hand 

rule, place points at the following locations:

  1. 0,0,0

  2. 4,0,0

  3. 4,2,0

  4. 0,2,0

  5. 0,0,2

  6. 4,0,2

  7. 4,2,2

  8. 0,2,2

  Connect points 1–2, 2–3, 3–4, 4–1.

  Connect points 5–6, 6–7, 7–8, 8–5.

  Connect points 4–8, 3–7, 1–5, 2–6.

  What geometric solid is produced?

 8.7 Use the A-size sheet drawn in Problem 6.1 in Chap-

ter 6, or create a new one; then do the following:

a. Draw a 1.75� horizontal line AB; then bisect it. 

(Reference Figure 8.28)

b. Draw a 2.25� inclined line CD; then divide CD 

into fi ve equal parts. (Reference Figure 8.26)

c. Draw a 1.5� vertical line EF; then proportion-

ally divide it into three parts. (Reference Fig-

ure 8.27)

d. Draw a 2� vertical line GH; then draw a line per-

pendicular to GH through a point 0.5� from one 

end. (Reference Figure 6.39)

e. Draw a 2� horizontal line JK; then draw another 

line parallel to JK and 0.5� from it.

f. Draw a 1� diameter circle; then draw a line tan-

gent to the circle.

 8.8 Create a new drawing sheet as for Problem 8.7, and 

do the following:

a. Draw a 1� radius arc; then construct a line tan-

gent to it. Locate and label the point of tangency. 

(Reference Figure 8.35A)

b. Draw a 0.75� diameter circle; then construct an-

other circle tangent to the fi rst one. (Reference 

Figure 8.35B)

c. Draw two lines at right angles to each other; 

then construct an arc tangent to both lines. 

(Reference Figure 8.37A)

d. Draw two lines at 45 degrees to each other; then 

construct an arc tangent to both lines. (Refer-

ence Figure 8.37B)

e. Construct a circle and a line separate from the 

circle; then construct an arc tangent to both the 

circle and the line. (Reference Figure 8.38)

f. Construct nonintersecting 1� diameter circles; 

then construct an arc tangent to both circles. 

(Reference Figure 8.39)

 8.9 Create a sheet as in Problem 8.7; then do the 

following:

a. Mark three points on the sheet; then construct a 

circle through the three points. (Reference Fig-

ure 8.45)

b. Draw two parallel lines spaced 1.5� apart; then 

construct an ogee curve between the two lines. 

(Reference Figure 8.48)

ber28376_ch08.indd   388ber28376_ch08.indd   388 1/2/08   3:02:58 PM1/2/08   3:02:58 PM



  CHAPTER 8  Engineering Geometry and Construction 389

Figure 8.136

Spiral

c. Draw a 0.75� radius arc; then rectify its length. 

(Reference Figure 8.51)

d. Construct two lines at any angle; then construct 

a parabola, using the tangent method. (Refer-

ence Figure 8.54)

e. Draw two lines at right angles; then construct a 

hyperbola, using the equilateral method. (Ref-

erence Figure 8.61)

f. Draw a 2� horizontal line. Locate two foci by 

constructing a short perpendicular line 0.5� 
from each end of the horizontal line. Construct 

an ellipse using any technique. (Reference Fig-

ures 8.68–8.71)

 8.10 Create a sheet as in Problem 8.7; then do the 

following:

a. Construct a spiral of Archimedes. (Reference 

Figure 8.76)

b. Draw a 1� diameter circle; then construct an in-

volute of the circle. (Reference Figure 8.82)

c. Draw two intersecting lines not at right angles 

to each other; then bisect one of the acute an-

gles. (Reference Figure 8.95)

d. Draw two intersecting lines.

e. Transfer one of the acute angles constructed in 

d to another position. (Reference Figure 8.96)

f. Construct a square with 1.25� sides. (Reference 

Figure 8.103)

 8.11 Create a sheet as in Problem 8.7; then do the 

following:

a. Draw a 2� diameter circle; then inscribe a 

square. (Reference Figure 8.105)

b. Draw a 1.75� diameter circle; then circumscribe 

a square. (Reference Figure 8.106)

c. Given sides A � 1.375�, B � 1.00�, and 

C � 2.00�, construct a triangle. (Reference Fig-

ure 8.108)

d. Construct an equilateral triangle with sides 

1.375�. (Reference Figure 8.109)

e. Draw a 1.5� diameter circle; then inscribe a pen-

tagon. (Reference Figure 8.111)

f. Draw a 1.5� diameter circle; then circumscribe 

a hexagon. (Reference Figure 8.112)

 8.12 Create a sheet as in Problem 8.7; then do the 

following:

a. Draw a 1.5� diameter circle; then inscribe a hexa-

gon. (Reference Figure 8.113)

b. Draw a 1.5� diameter circle; then circumscribe 

an octagon. (Reference Figure 8.114)

c. Draw a 1.5� diameter circle; then inscribe an oc-

tagon. (Reference Figure 8.115)

d. Construct a cycloid. (Reference Figure 8.78)

e. Construct an epicycloid. (Reference Figure 8.79)

f. Construct a hypocycloid. (Reference Figure 8.79)

 8.13 A circular arc passes through three points labeled 

A, B, and C. Point A is 1.5� below point B and C 

is 2.0� above point B and is .5� to the right of line 

AB. Draw the arc and show your construction.

 8.14 Draw a triangle with sides 3�, 2.25�, and 1.875�. In-

scribe a circle in the triangle.

 8.15 Draw a regular hexagon with 1� sides.

 8.16 Inscribe a regular hexagon in a 2� diameter circle.

 8.17 Draw a regular octagon with 1.5� sides.

 8.18 Inscribe a regular octagon in a 1.75� diameter 

circle.

 8.19 Draw an ellipse with a major diameter of 3� and a 

minor diameter of 1.875�.

 8.20 Draw an ellipse with a major diameter of 40 mm 

and a minor diameter of 28 mm.

 8.21 Draw an angle and bisect it; then transfer the angle 

to a new position.

 8.22 Draw a triangle and circumscribe a circle.

 8.23 Draw a line 6.5� long, and proportionally divide it 

into three parts of 3, 5, and 9.

 8.24 Draw an equilateral triangle, and bisect all the 

angles.

 8.25 (Figure 8.136) Draw a spiral by constructing a 0.25� 
horizontal line. Using the left end of the line as a 

center, draw arcs equal to one-half of a circle, with 

radii of 0.375� and 0.50�. Alternate between each 

end of the line; continue with arcs equal to one-half 

of a circle, until the fi gure is constructed.

 8.26 (Figure 8.137) Construct the diagram; then measure 

the X distances. Describe the relationship of the X 

dimensions to the vertical distances.
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1.00

1.50
2.00

.50
1.00

X1
X2

X3 X4

Figure 8.137

Diagram to be constructed

100.00

50.00

2X R 10.00

24.00
2X ø 10.00

ø 50

METRIC
2X R 8.00

Figure 8.138

Ridge gasket

R 200.00

R 130.00

130.00

15°

65.00

2X ø 25.00

25.00
TYP.

2X R 25.00

2X R 38.00

4X R 12.00

2X R 25.00

15°

METRIC

Figure 8.139

Split guide

65.00

18.00

10.00

10.00

3.00

22.0022.00

15.00

4 × ø 6.00

75.00

30.00

ø 12.50
R 12.00

METRIC

Figure 8.140

Skew plate

3.00

2X R .88

4X R .63

2.50

60°

R .75

R 2.50

FILLETS & ROUNDS
R .38 U.O.S.

2.13
2.25

5X ø .75

Figure 8.141

Centering plate

 8.27 (Figure 8.138) Draw the ridge gasket, using the 

given dimensions.

 8.28 (Figure 8.139) Draw the split guide, using the given 

dimensions.

 8.29 (Figure 8.140) Draw the skew plate, using the given 

dimensions.

 8.30 (Figure 8.141) Draw the centering plate, using the 

given dimensions.

 8.31 (Figure 8.142) Draw the reference plate, using the 

given dimensions.

 8.32 (Figure 8.143) Draw the highway interchange, us-

ing the given dimensions.

 8.33 (Figure 8.144) Draw the arched follower, using the 

given dimensions.

 8.34 (Figure 8.145) Draw the butterfl y spacer, using the 

given dimensions.

 8.35 (Figure 8.146) Draw the slip cover, using the given 

dimensions.

 8.36 (Figure 8.147) Draw the wing plate, using the given 

dimensions.
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ø 64.00

ø 50.00

5 × ø 19.00

R 50.00

R 16.0012.30

ø 126.00

METRIC

Figure 8.142

Reference plate

2X R 310

2X R 250

75°

100

60

Figure 8.143

Highway interchange

4X 15°

.88 1.75

4X R .19

4X R .19

R 1.75

R 3.06

2X R .38

R 3.63

R 3.25

R 3.81

FILLETS & ROUNDS
R .38 U.O.S

4X ø .38

Figure 8.144

Arched follower

15°

R .38

2X R .63

2X ø .50
ø 1.26

R 1.25

ø .75

3.25

R .63

2X R .63

.50

60°

2X R 1.25

R 2.50

R 3.13

.91

2.17

Figure 8.145

Butterfl y spacer

1.51
2.37

3.63

5.25

.45

4X R .50

R .50R .25

R 5.00

1.88

R 4.63

3.25

2.50

1.75

R .38

1.38

2X R .632X R .38

2X R .87

2X R .25

4X R .38

6.88

7.63

Figure 8.146

Slip cover

125.00

30°

30°

R 12.50

R 25.00

R 75.00

R 50.00

2 × Ø 20.00

R 20.00

R 20.00

METRIC

Figure 8.147

Wing plate
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 8.37 (Figure 8.148) Draw the harness guide, using the 

given dimensions.

 8.38 (Figure 8.149) Draw the multi port, using the given 

dimensions.

 8.39 (Figure 8.150) Draw the spring clip, using the given 

dimensions.

R 1.125

2X R 6.250

1.000

R 1.000

4.000 2.500

2X R 1.500

R 1.880

.500

1.000

R .625

1.25

2.375

Figure 8.148

Harness guide

9X 40°
.13

ø 1.13

9X ø .50

R 2.19 TYP

R 2.31

9X R .38

ø 4.75

FILLETS & ROUNDS
R .125 U.O.S.

R .25

Figure 8.149

Multi port

3.00

7.40

9.80

11.00

.80

R 1.90

R 1.50

R 1.20

1.60

R 3.90

.40 TYP
1.90

Figure 8.150

Spring clip
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 8.40 (Figure 8.151) Draw the fi lter, using the given 

dimensions.

 8.41 (Figure 8.152) Draw the offset wrench, using the 

given dimensions.

 8.42 (Figure 8.153) Draw the offset handle, using the 

given dimensions.

2.20
3.30

4.20

R 4.30

4.00

10.50

14.38

14.90

15°

R ?

21.90

ø 2.80

ø 1.00

R 1.30

R 2.10

R .90

R 1.70

ø 5.00
ø 1.20

R 1.10
ø 6.80

FILLETS & ROUNDS
R .20 U.O.S.

.40 TYP.

3X R .60

.80

Figure 8.151

Filter

7.20
4X R 5.00

R 1.40

.50

FILLETS & ROUNDS
R .20 U.O.S.

7.20

1.00

R 4.20

R 3.00ø 2.80

3.60

3.60

Figure 8.152

Offset wrench

ø 1.50

ø 2.75

R 2.50

R 5.6464

60°

R .88

1.13

7.47

Figure 8.153

Offset handle
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 8.43 (Figure 8.154) Draw the offset pipe, using the given 

dimensions. The center line is an ogee curve drawn 

between two nonparallel lines.

 8.44 (Figure 8.155) Draw the transition, using the given 

dimensions.

 8.45 (Figure 8.156) Draw the cam lever, using the given 

dimensions.

 8.46 (Figure 8.157) Draw the slotted ring guide, using 

the given dimensions.

6.00 1.63

R 2.1360°

3.50
 ø 2.50 TYP.

 ø 3.25 TYP.

R (?)

REVERSE (OGEE) CURVE CONSTRUCTION

Figure 8.154

Offset pipe

2.70

3.20

5.00

3X ø .80

X

W

Z

3X R .80

Y

W = X
3Y = Z

Figure 8.155

Transition

100.00

R 25.00

R 12.50

2X R 100.00

METRIC

Figure 8.156

Cam lever

1.00

70°

5°

5X 12°

25°

R 12.00

2X ø .375

.50

5X .375

R 13.75

36°
R 5.00

R 7.5625

5°

5°

Figure 8.157

Slotted ring guide
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 8.47 (Figure 8.158) Draw the cam arm, using the given 

dimensions and calculating the missing ones. The 

curve is made of fi ve tangent circular arcs. The rise 

is the change in distance from the center of the 

hole in the cam arm.

 8.48 (Figure 8.159) Draw the variable guide, using the 

given dimensions.

 8.49 (Figure 8.160) Draw the ratchet and detent, using 

the given dimensions.

.75
1.25

2.35

35°

40°

O

42°

32°
A

B

C
D

E

F

3.00

R .50

R .38 Ø .625

.13 RISE
.25 RISE

.06 RISE

Figure 8.158

Cam arm

R 4.40

R 4.60

R 5.50

R 6.30R 4.80

45°

4.00

R 4.90

60°
45°

R 1.40

R 9.10

60°

1.00

R 5.50

60°

45°

30°

R .30

Figure 8.159

Variable guide

1.13

ø .50

ø 1.50

ø 3.00

1.75

.63 65°

ø 1.50
.25

.38

Ratchet
Wheel

(15 Teeth) 

Detent
Detent
Pivot

ø 3.00 TYP. 

ø .50

ø 1.001.36

ø 2.75

1.50 1.40

Figure 8.160

Ratchet and detent
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 8.50 (Figure 8.161) Construct the piston and crankshaft.

 8.51 (Figure 8.162) A Geneva stop mechanism has a 

driving wheel that turns at a constant speed and a 

driven wheel that turns intermittently. The driven 

wheel rotates one-fourth turn every time the drive 

pin enters and leaves a slot. Begin the drawing by 

constructing triangle ABC; then locate point P and 

center line CP. After the drawing is complete, mea-

sure angle X.

 8.52 Create an A-size drawing sheet; then construct a 

helix from a right circular cylinder that has a 2� 
diameter base and is 4� high.

 8.53 Create an A-size drawing sheet; then construct a 

helix from a right circular cone that has a 2� diam-

eter base and is 4� high.

ø 2.25

2.38

.13

2.63

3.50 Stroke

.55

ø .50

3.75

65°ø 3.50

ø 1.75

ø .75

Piston

Connecting
Rod

Crankshaft

ø 2.00

Figure 8.161

Piston, connecting rod, and crankshaft

Figure 8.162

Geneva stop mechanism
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C l a s s i c  P r o b l e m s

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by 

Thomas E. French, Charles J. Vierck, and Robert Foster. 

All fi llets and rounds are 0.125 inches or 2 mm unless oth-

erwise indicated. Sketch or draw with CAD the 2-D draw-

ing problems shown in the fi gures.

1. Rod guide

2. Eyelet

3. Spline lock

4. Pulley shaft

1.50 

.50 

ø 1.25 

2.50 

R 3.00

R .50 .50 Drill 3 holes

Problem 1

Rod guide
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3.750 

.375

.375
1.500

3.250

R 1.500

R .750

.750

R 4.250

R 3.500

5.500

3.000

Problem 2

Eyelet

5.500 
2.750 

4.000

1.500

5.250

R 2.000

60°

36°

30°

R 1.625

8.500

2.750

4.000

R .625

ø 2.500ø 2.000

Problem 3

Spline lock

1.000

R .155

3.500 2.000

R .188 Neck
ø .875

.875
8.250

2.500

30° 2°-30'

1.625

1.31251.000

3.375

R .313

Problem 4

Pully shaft
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Chapter Nine

Three-
Dimensional 
Modeling

Objectives
After completing this chapter, you will be 
able to:

 1. Place 3-D modeling in a historical 

perspective.

 2. Understand the terminology used in 

3-D modeling.

 3. Defi ne the most common types of 

3-D modeling systems.

 4. Apply Boolean operations to 3-D 

objects.

 5. Understand how constraint-based 

and feature-based modeling affects 

3-D modeling strategy.

 6. Apply common construction tech-

niques used in building models.

 7. Apply generalized sweeps to the 

creation of model features.

 8. Apply construction geometry in the 

support of feature creation.

 9. Understand how feature order 

affects feature editing and fi nal 

model geometry.

 10. Apply feature duplication and 

geometric transformations to build 

part and assembly models.

Any suffi ciently advanced technology is 

indistinguishable from magic.

—Arthur C. Clarke

C
hapter N

ine
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 11. Understand the role that projection theory plays in 

displaying 3-D models on the computer screen.

 12. Defi ne the ways that 3-D modeling integrates into 

the design process.

 13. Compare 2-D CAD with 3-D CAD.

 14. Develop assembly models using part models and 

existing assembly models.

 15. Defi ne the different types of analysis that can be 

performed on a 3-D model.

 16. Generate 2-D documentation from a 3-D model.

 17. Defi ne different data exchange standards.

Introduction
Three-dimensional modeling has emerged as the modern 

method of CAD use in product design and manufactur-

ing, revolutionizing the way industry integrates comput-

ers into the design process. Commercial 3-D modeling 

packages, available since the mid 1980s, have become 

commonplace in a wide range of industries.

Two-dimensional CAD has, in many ways, matured 

to the point where simply using a more powerful com-

puter will not have much of an impact on how well a 2-D 

CAD program functions. Like traditional drafting meth-

ods, 2-D CAD programs attempt to represent objects in 

two dimensions; in fact, the packages were developed to 

be computer drafting tools, with the end product being a 

drawing on paper. In contrast, a 3-D computer model is 

more like a real object, not just a drawing of the object; 

3-D CAD is considered a computer modeling tool.
This chapter introduces the possibilities for, and the 

limitations of, integrating 3-D CAD operations into the de-

sign process. While 3-D modeling software has enhanced 

such integration, current computer models fall short of be-

ing a complete replacement for physical objects, because 

of the mathematical and computational limitations of ex-

isting computer software.

The chapter outlines the most common approaches 

for generating 3-D computer models, in addition to how 

these models are viewed and modifi ed on the computer. 

The chapter concludes with examples of 3-D computer 

modeling applications in the design process.

9.1 Wireframe Modeling
The simplest 3-D modeler is a wireframe modeler. In this 

type of modeler, which is a natural outgrowth of 2-D CAD, 

two types of elements must be defi ned in the database: 

edges and vertices (Figure 9.1). For the tetrahedron in the 

fi gure, the vertex list contains the geometric information 

on the model. Each vertex is defi ned by an (X, Y, Z) co-

ordinate, which anchors the model in space. The topology 

of the model is represented by the edge list. The edge list 

does not contain coordinate information. The location, 

orientation, and length of an edge must be derived indi-

rectly, through calculations of the vertices at either end of 

the edge. For example, edge E1 consists of vertices V1 and 

V2. The coordinate locations of V1 (0,0,0) and V2 (1,0,0) 

indicate that E1 has a length of 1 and is oriented along the 

X axis.

A wireframe model can also contain information 

about faces, including size, location, and orientation (Fig-

ure 9.2). Just as edges are defi ned as a pair of vertices, 

faces are defi ned as three or more edges. However, there 

is no information about the surfaces of the object because 

a wireframe model is only a collection of edges. There is 

no “skin” defi ning the area between the edges.

Most wireframe modelers support curved edges, as 

well as straight edges. Because of the added mathemati-

cal complexity, the curved edges are usually only circular 

curves. An example is a cylinder, as shown in Figure 9.3. 

The use of curved edges in a wireframe model reveals one 

of the defi ciencies of a wireframe model as a representa-

tion of a 3-D object. Take the cylinder as an example. The 

E1   < V1 , V2 >
E2   < V2 , V3 >
E3   < V3 , V1 >
E4   < V1 , V4 >
E5   < V2 , V4 >
E6   < V3 , V4 >

V1   ( 0, 0, 0)

V2   ( 1, 0, 0)

V3   ( 0, 1, 0)

V4   ( 0, 0, 1)

X

Y

Z

E2

V2

E1

V1

E3

V3

E4

V4

E6

E5

Edge listVertex list

Figure 9.1

The vertex and edge list of a wireframe model
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end faces of the cylinder are represented by single, con-

tinuous, circular edges. But a cylinder has no side edges, 

making it diffi cult with a wireframe modeler to connect 

the top and bottom faces of the cylinder. The two linear 

edges (E5, E6) shown in the fi gure are artifacts of the 

wireframe model and are necessary for maintaining in-

tegrity of the database and for visualizing the model.

To maintain the integrity of the database for a wire-

frame modeler, a number of trade-offs must be consid-

ered. As more fl exibility for building the model is pro-

vided, greater risks for invalid models are introduced. An 

invalid model is one that represents an object that cannot 

exist in real life.

Integrity rules for models containing only straight 

edges could be defi ned, as follows:

■ Each vertex must have a unique coordinate location.
■ Each vertex must be associated with at least three 

edges.

■ Each edge can have only two vertices.
■ Each face must contain at least three edges that form a 

closed loop.

This list demonstrates how the software must check 

each operation performed by the user, to make sure a valid 

model is being created. The requirement that each face 

be a closed loop is an outgrowth of the previous rules; it 

basically says there cannot be any dangling edges. How-

ever, in the intermediate phases of building a wireframe 

model, there may be exceptions to this rule, and this situ-

ation must also be considered by the software (Figure 9.4 

on the next page).

Introducing circular edges increases the domain of the 

modeler but complicates some of the rules just defi ned. 

Distinctions must be made between the minimum number 

of straight edges and curved edges needed to defi ne a face.

Wireframe models also have problems with unique-
ness. Figure 9.5 on the next page shows a wireframe 

model and some of the possible objects it could represent. 

In the model, the lack of information about surfaces gives 

E1  < V1 , V2 >
E2  < V2 , V3 >
E3  < V3 , V4 >
E4  < V4 , V1 >
E5  < V1 , V5 >
E6  < V2 , V5 >
E7  < V3 , V5 >
E8  < V4 , V5 >

V1  ( 0, 0, 0)

V2  ( 1, 0, 0)

V3  ( 1, 0, 1)

V4  ( 0, 0, 1)

V5  (.5, 1,.5)

F1  < E1 , E2 , E3 , E4 >

F2  < E2 , E7 , E6 >

F3  < E3 , E8 , E7 >

F4  < E4 , E5 , E8 >

F5  < E1 , E5 , E6 >

Face ListEdge ListVertex List

F4

V5

X

Y

Z

E2

V2

E1

V1

E3
V3

V4

E6

E5

 F5

F3

F1

E7

E8

F2

E4

Figure 9.2

A wireframe model represented with a vertex, edge, and 
face list
Though faces are listed in the database, they do not describe 
true surfaces.

E2

V2

E1

V1

E3

V3

E4

V4

E6
E5

X

Y

Z

Circular
Circular
Circular
Circular
Linear
Linear

E1  < V1 , V2 >
E2  < V2 , V1 >
E3  < V3 , V4 >
E4  < V4 , V3 >
E5  < V1 , V3 >
E6  < V2 , V4 >

V1  (–1, 0, 1)

V2  ( 1, 0, –1)

V3  (–1, 5, 1)

V4  ( 1, 5, –1)

TypeEdge ListVertex List

Figure 9.3

A wireframe model using circular and linear edges
Full circles are broken into two arcs to allow them to connect 
to other edges.
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rise to ambiguities concerning the orientation of the ob-

ject. The Necker cube is a classic example (Figure 9.6). 

Because surface information is not available, edges that 

would normally be hidden are not, and the orientation is 

unclear. Some wireframe modelers have implemented 

computational routines to calculate and remove hidden 

edges. Since this involves calculating surface information 

that is not inherent in a true wireframe modeler, the pro-

cess is often slow and cumbersome.

An advantage of a wireframe modeler is that it is easy 

to implement. Because a basic wireframe modeler only 

contains vertex and edge information, similar to what a 

2-D CAD program contains, expanding a 2-D CAD da-

tabase to a 3-D wireframe model database is fairly easy. 

Figure 9.4

The stages in building a valid wireframe model
During the construction of the model, there will be intermediate stages when there is an invalid model.

Figure 9.5

Example of a wireframe model lacking uniqueness
The same edge and vertex list can describe different objects, 
depending on how the faces are interpreted.

Figure 9.6

A wireframe model with an ambiguous orientation: the 
necker cube
Which face is in front and which is in back?
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Rules guaranteeing a valid model may be put into code or 

can be left up to the operator. Wireframe modeling is also 

computationally effi cient. On older computer systems, 

where computing power is at a premium, wireframe is the 

only viable 3-D modeling option.

While this section provides an overview of how wire-

frame geometry is theoretically derived and computed, the 

approach to using wireframe geometry in modern CAD 

systems has changed. Due to high-powered desktop PCs 

and improved software and graphics computing capabili-

ties, engineers and designers typically do not create geom-

etry in a wireframe mode. Geometry most often is created 

as either a solid or surface representation or a combination 

of both types. Wireframe geometry typically is used only 

as a display option (Figure 9.7) generated by the execu-

tion of a simple command in the CAD system, since both 

solid and surface geometry defi nitions include wireframe 

by default. As described in the following sections, surface 

and solid geometry creations have become the methods of 

choice for current engineers and designers.

Practice Exercise 9.1
Using thin, stiff wire (electrical wire, pipe cleaners, etc.), 

build wire models of common objects. Count the number 

of edges and vertices on the models that you build. Using 

the rules for a valid wireframe model listed in this section, 

try building invalid models. Which rules are broken by your 

invalid models?

9.2 Surface Modeling
The pressures of wartime production of ships and aircraft 

during World War II and the expanding consumer market 

after the war led to the development of systems using the 

mathematical descriptions of curved surfaces. Parametric 
techniques popularized by Steven A. Coons were adopted 

as a way of precisely describing the curvature of a surface 

in all three dimensions. Surface models defi ne the sur-

face features, as well as the edges, of objects.

Surfaces can be created using a number of different tech-

niques. The technique used is determined both by the shape 

to be created and by the tools available in the surface mod-

eler. Among the most popular methods for creating surfaces 

are sweeping, revolving, lofting and creating patches with 

curve boundaries or sets of points (point clouds).

Sweeping is a modeling technique that allows you to 

defi ne surfaces by moving a directrix along a generatrix 

(Figure 9.8 on the next page). The directrix is typically 

a 2-D curve, while the generatrix can be a line, planar 

curve, or 3-D curve. Figure 9.8 shows an oblique cylinder 

being created by moving a circle directrix along a straight-

line generatrix. Figure 9.8 also shows increasingly com-

plex directrix curves being swept out with straight-line 

generatrixes to created ruled surfaces. Using curved gen-

eratrixes allows for even more complex surface genera-

tion. Figure 9.9A on the next page shows a directrix curve 

being swept out along a curve generatrix to create a sur-

face model (Figure 9.9B). Notice that a closed-curve di-

rectrix creates a tubelike, hollow surface model.

An alternative to defi ning a generatrix directly is to 

revolve the directrix about an axis. In this case, the axis 

of revolution acts as the generatrix. Figure 8.99C shows a 

classic revolved surface; a half circle revolved 360 degrees 

to form a sphere. More complex forms can be created by 

using techniques such as placing the axis of revolution so 

it does not touch the directrix, using a complex curve as a 

directrix, and revolving less than 360 degrees (Figure 9.10 

on the next page). Depending on the software being used, 

the generatrix axis may have to lie in the same plane as the 

directrix curve.

Using a series of directrix curves to defi ne multiple 

intermediate points along the generatrix path can create 

more complex surfaces. This technique, lofting, allows 

you to defi ne critical changes in the directrix shape over 

the surface. These directrix curves can be placed paral-

lel or skew to each other at set distances. Figure 9.11A 

shows three directrix curves defi ning the loft. The result-

ing surface in Figure 9.11B shows the resulting interpola-

tion between the three curves. In this case, the generatrix 

Figure 9.7

Wireframe representation of a collar part
(© Nathan Hartman.)
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sides of the surface are initially defi ned by a set of curves. 

If all of the curves lie in the same plane, then the result-

ing surface will also be planar. More commonly, one or 

more of the boundary curves moves out of the plane, cre-

ating more complex surface patches. Figure 9.12 (on the 

next page) shows a surface patch made from four Bezier 

curves. To form a surface, the boundary curves should 

form a closed path. Just as with creating polygons, there 

need to be at least three boundary curves, but the surface 

can contain more than four. The upper limit is typically a 

practical matter of managing the surface.

Boundary curves create a surface patch by interpolat-

ing between each of the curves. Just as with lofting, the 

interior of the surface will be a transition between each 

Generatrix

Directrix

Result

Directrix

Directrix

Directrix

Generatrix

Generatrix

Generatrix

Figure 9.8

Swept surfaces
Generating swept surfaces by sweeping generator entities 
along director entities.

Generatrix

Directrix

(A) (B)

Figure 9.9

Complex surface
A more complex surface can be created by sweeping the 
directrix along a curved generatrix.

is implied, not directly defi ned. By explicitly drawing a 

generatrix curve, we can exercise more control over the 

path taken by the surface between the directrix curves 

(Figure 9.11C and D).

For swept, revolved, and lofted surfaces, the directrix 

and generatrix can be made from a combination of dif-

ferent linetypes. In addition to straight lines and circu-

lar curves, freeform curves such as B-splines and Bezier 

curves can be used to generate all or part of the curve. 

Freeform curves usually provide controls that allow you 

to both defi ne the curve prior to surface generation and 

edit the resulting curve by redefi ning the original curves 

used to generate the surface.

Freeform curves are regularly used to create surface 

patches from boundary curves. With this technique, all 

Figure 9.10

Revolved surface
A directrix can be rotated about an axis between 1 and 
360 degrees.
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of these curves. The closer you get to one of the bound-

ary curves, the more the surface takes on the shape of 

the curve. When you use boundary curves, the surface 

is guaranteed to end at the surface boundaries but not to 

pass through any specifi c point between the curves. Defi n-

ing points or curves on the interior of the surface can give 

you more control over the surface. Groups of points—of-

ten called point clouds—can be created that the surface 

must pass through. In fact, point clouds without boundary 

curves can be used to defi ne the entire surface. This tech-

nique is popular for reverse engineering (creating a model 

from an existing physical object) since actual points on 

the surface of the object can be fed into the surface mod-

eling system.

A very popular curve type used to create surfaces us-

ing all types of techniques is NURBS. NURBS stands for 

Non-Uniform Rational B-Splines. Rational B-splines can 

defi ne a wide variety of curves including linear, circular, 

and conic curves. This means that NURBS can defi ne 

the complete set of curves used in a surface model and 

rapidly deform, changing curve type on the fl y as needed 

(Figure 9.13 on the next page).

Rarely are surface models made from a single surface. 

Instead, several surfaces are integrated using a variety of 

procedures. In addition, surfaces often have to be cut, or 

trimmed, to integrate properly in the overall model. Fig-

ure 9.14 on the next page shows an example of a curved 

surface patch being created by trimming a sphere with a 

circle. The trimming is typically defi ned by projecting a 

curve onto the surface to be trimmed or by the intersec-

tion of two surfaces.

Merging two or more surfaces requires decisions as to 

how one surface will transition into the other. Creating a 

(A) (B)

(C) (D)

Figure 9.11

Lofting to defi ne a surface
Lofting uses two or more directrix curves to defi ne a surface.

u v

P2

P1

P3

P4

Q2

Q1

Q3

Q4

Q5

Q6

Q7

Q8

Q9

Q10 Q11
Q12

(ui ,vi)

Figure 9.12

A Bezier bicubic surface patch
The patch consists of four connected Bezier curves and 
12 control points.
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quality surface model that will be usable in later design 

analysis and manufacturing requires careful attention to 

the way in which surfaces connect to each other. To con-

trol this, surfaces are defi ned as having varying degrees of 

continuity with each other. If surface boundaries change 

or are edited such that the surfaces do not touch along 

their length, or that there are holes or gaps in the model, 

the surfaces are said to be discontinuous (Figure 9.15A). If 

discontinuity conditions occur in a fi nished CAD model, it 

is possible that the model may be of no use in supporting 

later design and manufacturing operations.

Positional continuity means that the edges of the two 

surfaces touch along their length—that is, they share an 

adjacent boundary edge (Figure 9.15B). Positional con-

tinuity means surfaces share the boundary edge, but the 

two surfaces do not share the same slope at this bound-

ary, leaving a “crease” at this edge. Tangent continuity 

means that there is a smooth, tangent transition between 

the two surfaces (Figure 9.15C). However, with a tangent 

transition, the two curves can have different curvatures 

coming into the tangency. To merge two surfaces without 

a noticeable transition, a continuous curvature between 

the surfaces is needed (Figure 9.15D).

Defi ning the merger between surfaces is often a multi-

step process. For example, a cylindrical surface may be 

merged with a freeform surface (Figure 9.16A) and then 

trimmed back (Figure 9.16B). While there initially may 

be only positional continuity between the surfaces, tan-

gent continuity between surfaces can be created with the 

addition of a fi llet (Figure 9.16C).

Figure 9.13

A bicycle frame defi ned with complex surface patches.

(Courtesy of IDE Incorporated.)

(A)

(D)

(C)

(B)

(A) (B)

Figure 9.14

Trimmed surface
Existing surfaces can be trimmed with curves or other 
surfaces.

Figure 9.15

Continuity between surfaces
When two surfaces are brought together, varying degrees of 
continuity can be defi ned.
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Finished surface models commonly are used with ob-

jects that are cast, molded, or stamped. The shape fl ex-

ibility of a surface model makes it ideal for representing 

complex, organic forms often seen on the outer shell of 

consumer products such as cars, audiovisual equipment, 

or computers. The decision whether to use surface model-

ing depends on the designer’s skill and the tools at their 

disposal. In many cases, surface models can be integrated 

into solid models to capture the advantages of both types 

of modeling tools. Solid modeling is covered in depth in 

the following section.

There are several different methods for creating surface 

geometry in modern 3-D modeling tools, although the 

method that fi ts most closely with the scope of this text in-

cludes the creation of wireframe geometry. Wireframe ge-

ometry typically is created as a series of points and curves 

that defi ne critical locations and boundaries (Figure 9.17).

These geometric reference entities then are used to 

build surface geometry to defi ne an object. While the ex-

act nature of the commands will vary between software 

systems, the general concept is the same. First, the engi-

neer or designer would build points, curves, and planes 

to defi ne the reference geometry. After that process was 

fi nished, surface geometry would be created to defi ne 

the fi nal contours and boundaries of the object (Fig-

ure 9.18). Finally, it is possible that the surface model 

would be made into solid geometry, depending on the 

(A)

(C)

(B)

Figure 9.16

Merging two surfaces

Curve

Point

Figure 9.17

Points and curves used to defi ne surface geometry
(© Nathan Hartman.)

Figure 9.18

Finished surface geometry of a fan blade based on points 
and curves
(© Nathan Hartman.)
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eventual use of the data. Solid modeling is discussed in 

the following section.

Practice Exercise 9.2
Glue or tape four lengths of stiff wire to the edges of a sheet 

of paper. The wires represent the curves defi ning the edges 

of a surface patch. Even with the wires representing straight 

edges, there is still quite a variety of curves that can be 

represented. Try moving the edges into different positions 

relative to each other. Then, bend two opposing wires but 

leave the other two straight. What kinds of surfaces can you 

create? Can you bend all four wires and still use a sheet of 

paper to describe the patch?

9.3 Solid Modeling
Through the use of parametric description, surface mod-

elers can accurately describe the surface of an object. Of-

ten, however, information about the inside of an object, 

that is, its solidity, is also required. Solid models include 

volumetric information, that is, what is on the inside of the 

3-D model, as well as information about the surface of an 

object. In this case, the surface of the model represents the 

boundary between the inside and outside of the object.

Most solid modelers defi ne only what is termed a mani-
fold model. A manifold boundary unambiguously sepa-

rates a region of space into the inside and the outside of the 

model. A lengthy theoretical discussion of manifolds is not 

appropriate here and is also not necessary because the idea 

of manifold models is fairly intuitive. It is easy to imag-

ine solid objects as dividing space into what is part of the 

object and what is not. Manifold objects may contain no 

voids within the solid, like bubbles trapped in an ice cube. 

Also, objects such as the one shown in Figure 9.19 are not 

allowed. The highlighted edge belongs to four faces of 

the object, when only two faces are allowed; in real life, 

you would not have an infi nitely thin edge holding two 

halves of an object together. Just as wireframe and sur-

face geometry are both mathematically defi ned, so is solid 

geometry. Currently, two options are used to defi ne 3-D 

solid geometry—constructive solid geometry and bound-

ary representation. These geometry defi nitions manifest 

themselves in modern CAD systems through various data-

base and display combinations to defi ne an object. A more 

recent method for defi ning geometry within a CAD system 

is hybrid modeling. It combines both constructive solid 

geometry and boundary representation, as well as surface 

and solid geometry, in the same fi le in order to defi ne an 

object.

9.3.1 Constructive Solid Geometry

Many objects, including most mechanical parts, can 

be described mathematically using basic geometric 

forms. Modelers are designed to support a set of geometric 
primitives, such as cubes, right rectilinear prisms (i.e., 

blocks), right triangular prisms (i.e., wedges), spheres, 

cones, tori, and cylinders (See Chapter 8). Although most 

geometric primitives have unique topologies, some differ 

only in their geometry, like the cube and the right rectilin-

ear prism.

Modeling with primitives uses only a limited set of geo-

metric primitives; therefore, only certain topologies can 

be created. This is called primitive instancing. However, 

there is generally no limit to the quantity of instances of an 

allowed primitive in a single model. The geometry of an 

individual instance is defi ned with parameters, but mod-

elers designed for more specifi c purposes can use a more 

specialized set of primitives. For example, a modeler used 

for designing hardware could represent bolts through the 

special parameters of head type, head diameter, shaft di-

ameter, and shaft length.

Many modelers also allow primitives to be joined to-

gether to create more complex objects. The user mentally 

decomposes the object into a collection of geometric 

primitives and then constructs the model from these ele-

ments (Figure 9.20).

Once the numerical values for the geometric parame-

ters of an instance are defi ned, the model must have values 

for its location and orientation. For example, Figure 9.20A 

shows the location and orientation of each individual 

primitive that will go into the fi nal object, a camera. Fig-

ure 9.20B shows the camera assembled. To manipulate the 

camera as a whole, the modeling system must then be able 

to act on a group of objects all at one time (Figure 9.20B).

Figure 9.19

Example of a nonmanifold object
Most modelers do not support the creation of these types of 
objects.
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There are a number of positive aspects to using a lim-

ited set of primitives. First, limiting the allowed topolo-

gies reduces the risk of an invalid model. Typically, the 

only safeguards needed are limits or rules on parameter 

input. For example, the diameter of a cylinder could not 

be specifi ed as zero. Second, the limited number of allow-

able shapes means a very concise and effi cient database. 

Third, the limited range of primitives means a model that 

is unique and is easy to validate.

On the other hand, a limited set of primitives limits the 

ultimate fl exibility in the models that can be represented. 

Even if you have the ability to glue primitives together, 

this building block style of construction is purely addi-
tive. There is no way to represent a hole in an object. This 

limited domain means that the correspondence between a 

model and an actual object can be lacking. Modeling with 

primitives in a CAD system typically is accomplished 

through a means known as constructive solid geometry.

Constructive solid geometry (CSG) modeling is a 

powerful technique that allows fl exibility in both the way 

primitives are defi ned and the way they are combined. 

The relationships between the primitives are defi ned with 

Boolean operations. There are three types of Boolean 

operations: union (�), difference (–), and intersection 

(�). Figure 9.21 shows how each of these operations can 

be used to create different forms. The critical area is the 

place where two objects overlap. This is where the differ-

ences between the Boolean operations are evident. The 

union operation is essentially additive, with the two prim-

itives being combined. However, in the fi nal form, the vol-

ume where the two primitives overlap is only represented 

once. Otherwise there would be twice as much material in 

the area of overlap, which is not possible in a real object. 

With a difference operation, the area of overlap is not rep-

resented at all. The fi nal form resembles one of the origi-

nal primitives with the area of overlap removed. With the 

intersection operation, only the area of overlap remains; 

the rest of the primitive volumes is removed.

In Figure 9.21 on the next page, Boolean operations 

are shown in their mathematical form. The union (�) op-

eration, like the mathematical operation of addition, is 

not sensitive to the order of the primitive operands (i.e., 

11 � 4 and 4 � 11 both equal 15). On the other hand, the 

difference (–) operation is sensitive to order. To extend 

the analogy, 11 � 4 equals 7, but 4 � 11 equals �7. For 

a Boolean difference operation, the shape of the resulting 

geometry depends on which primitive (A or B) is fi rst in 

the equation (Figure 9.22 on page 411). The result of the 

difference operation is that the overlapping volume is re-

moved from the primitive listed fi rst in the operation.

With Boolean operations, it is possible to have a form 

that has no volume (a null object, Ø). If the second primi-

tive of the difference operation completely encompasses 

the fi rst primitive, the result will be a null object since 

negative geometry cannot be represented in the model.

Primitives that adjoin but do not overlap are also a spe-

cial case (Figure 9.23 on page 411). Performing a union 

operation on such primitives will simply fuse them to-

gether. A difference operation will leave the fi rst primitive 

operand unchanged. An intersection operation will result 

in a null object since such an operation only shows the vol-

ume of overlap, and there is no overlap for the adjoining 

primitives.

The fi nal form of a model can be developed in several 

ways. As with pure primitive instancing, you can begin 

by defi ning a number of primitive forms. The primitives 

can then be located in space such that they are overlap-

ping or adjoining. Boolean operations can then be applied 

to create the resulting form. The original primitives may 

be retained in addition to the new form, or they may be 

replaced by the new form. More primitives can be created 

and used to modify the form, until the fi nal desired shape 

is reached. Figure 9.24 on page 412 shows how the union 

and difference operations result in a much more realistic 

camera than the one depicted in Figure 9.20.

As with pure primitive instancing, the person doing 

the modeling must have a clear idea of what the fi nal 

form will look like and must develop a strategy for the se-

quence of operations needed to create that form. The use 

of sweeping operations to create primitives can lend even 

Block A 

Block B

Wedge

(A) (B)

Cylinder

Figure 9.20

A camera described with geometric primitives
Additive modeling with geometric primitives allows a variety 
of objects to be represented.
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410 PART 2  Fundamentals of Technical Graphics

more fl exibility in modeling. This technique is discussed 

in Section 9.6.

Practice Exercise 9.3
Using clay or foam, create three pairs of primitive shapes, 

such as cylinders and rectilinear prisms. Sketch a pictorial 

of two of the primitives overlapping in some way. With the 

model pairs, create a single object that refl ects the three 

Boolean operations: union, difference, and intersection.

9.3.2 Boundary Representation (B-Rep) Modeling

Boundary representation (B-rep) modeling and CSG 

modeling are the two most popular forms of solid mod-

eling. With CSG modeling, surfaces are represented in-

directly through half-spaces; with B-rep modeling, the 

surfaces, or faces, are themselves the basis for defi ning 

the solid. The face of a B-rep model is fundamentally dif-

ferent from a face in a wireframe modeler. Although both 

include a set of edges connected at vertices, a B-rep face 

explicitly represents an oriented surface. There are two 

Union

A ∪ B

Difference

A

B

Intersection

 

A – B

A ∩ B

Figure 9.21

The three Boolean operations: union, difference, and intersection
The three operations, using the same primitives in the same locations, create very different objects.
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sides to this surface: one is on the inside of the object (the 

solid side), and the other is on the outside of the object 

(the void side).

Also, like wireframe modelers, B-rep modelers have 

the capability of containing both linear and curved edges. 

Supporting curved edges also means supporting curved 

surfaces, which hinders model performance. For that rea-

son, many modelers approximate curved surfaces with a 

series of planar ones. This is called faceted representation 

(Figure 9.25 on page 413).

The shape of a B-rep model is created using Euler op-
erations. These operations are very similar to those used 

in mechanical drawing and wireframe model construction. 

The difference is that a solid bounded by faces is created. 

Building a solid model one vertex at a time is cumbersome. 

A – B

B – A

A

B

Figure 9.22

The effects of ordering of operands in a difference 
operation
Unlike the union operation, the difference operation is sensi-
tive to the ordering of operations.

A ∪ B

A – B

A

B

A ∩ B Ø
Null object

Figure 9.23

Boolean operations on adjoining primitives
Only the union operation is effective when primitives are 
adjoining but not overlapping.
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A ∪ C

A – B

A ∪ D

A ∪ E

A ∪ F

A ∪ G

A

A

A – H

H

A

Figure 9.24

A camera described using CSG modeling
Boolean operations allow much more fl exibility than just additive techniques with primitives.
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Therefore, in most modelers, B-rep primitives are often 

provided for use in creating or modifying groups of faces.

9.3.3 Hybrid Modeling

What the user sees and does at the system interface is 

usually very different from how the model information 

is stored and manipulated in the database. A command 

interpreter transforms the commands, which are designed 

for ease of use, into actions that are compatible with the 

data structure. For example, CSG-type commands are 

often used with B-rep modelers because they are easier 

to use than Euler operations. This translation also works 

in the reverse direction; CSG modelers often use a B-rep 

output for display because it is considerably easier to rep-

resent on the screen. However, because hidden line re-

moval is time-consuming, the image on the screen often 

looks like a wireframe model. The lesson is, do not judge 

the capabilities of a modeler by what is represented on the 

screen or by what commands it provides. Careful explo-

ration of a modeler’s capabilities should reveal its basic 

underlying data structure.

Most modelers store their model data in multiple 

structures. Since no one model data structure is good for 

all purposes, systems will use a hybrid data structure. A 

true hybrid modeler combines fully functional CSG and 

B-rep databases. These types of solid modelers support 

Boolean operations, complex sculpted surfaces, and com-

plete solids information on the model. The user can create 

either a single model using either CSG or B-rep tools or 

two parallel models using both techniques. The disadvan-

tages of a hybrid modeler come in translating from one 

data structure to another. The translation may be inexact 

and contain subtle changes in the model. In many cases, 

certain information in the model must be kept in only one 

data structure, limiting the software tools available to 

work with that piece of the model.

Another method of hybrid modeling takes a more op-

erational approach—the combination of both surface 

and solid geometry within the same model. By creating 

a model in this fashion, the engineer or designer is better 

able to capture the contours of many modern products. In 

any situation where an object has a combination of simple 

and complex shapes, the use of the hybrid technique is 

common. Since most contemporary CAD tools include the 

option of combining CSG and B-rep data structures in one 

model fi le, the ability to seamlessly integrate surface and 

solid geometry in the same fi le has given engineers and 

designers a great deal of fl exibility in geometry creation 

(Figure 9.26). They have the ability to more accurately 

capture design intent and defi nition, without being forced 

to compromise due to lack of software functionality.

FacetedExact

Figure 9.25

Exact versus faceted surfaces
Some modelers approximate curved surfaces with a series of 
planar ones called facets.

Figure 9.26

Hybrid model comprised of surface and solid geometry
Note that in the feature list shown, it includes both solid and 
surfaces brought together to create the object at left.

(© Nathan Hartman.)
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9.4 Constraint-Based Modeling

Although the use of 3-D solid modeling grew steadily 

during the 1980s, companies were not realizing 

many of the productivity gains promised by CAD vendors. 

One of the reasons was that the process of creating a solid 

model was much more abstract than the process of design-

ing real-world products. It wasn’t until Parametric Tech-

nologies Corporation released Pro/ENGINEER in 1988 

that many of the productivity tools now considered com-

monplace in modeling systems were brought together into 

a commercial software package.

Among the key innovations which Pro/ENGINEER 

and other packages have brought to 3-D solid modeling is 

the idea of having the model defi ned as a series of modi-

fi able features. Each of these features was traditionally 

defi ned through operations (described in detail later in 

the chapter) which as closely as possible represented de-

sign or manufacturing features of the fi nal product. While 

this direct link between design and manufacturing is not 

that simple in practice, modern CAD systems try to cap-

ture the intentions of the designer as much as possible. 

For example, a feature might be a hole bored through the 

model or a fi llet added to an interior corner. Each of these 

features can be created independent of other features or 

linked so that modifi cations to one will update the oth-

ers. The geometry of each of these features is controlled 

through modifi able constraints, creating a dynamic model 

Historical Highlight
Ivan Sutherland (1938– )

Many people call Ivan Sutherland a modern-day pioneer. 

This engineer, professor, and entrepreneur has broken much 

new intellectual ground in the fi eld of computers and contin-

ues to do so. His desire to know how things work and his love 

of problem solving have taken him far.

Sutherland’s interest in computers started in high 

school in the 1950s, when he learned to program a relay-

based computer. Computers of any kind were then rare; 

this was long before high-school students had access to 

them. Sutherland went on to study Electrical Engineering at 

Carnegie Tech, now Carnegie Mellon University; he received 

an M.S. from the California Institute of Technology (Caltech), 

and a Ph.D. from the Massachusetts Institute of Technol-

ogy (MIT). His 1963 Ph.D. thesis, entitled “sketchpad, a Man 

Machine Graphical Communication System,” made engi-

neering drawing on a computer screen possible for the fi rst 

time. For this work, Sutherland is often called the “father of 

computer graphics.”

As a young Associate Professor at Harvard University, 

Sutherland developed a Head-Mounted Display system. 

The idea was simple. The computer shows the user exactly 

what he would see when facing in any direction. Today we 

call this idea “virtual reality.” To build the fi rst such system, 

Sutherland and his students had to invent everything from 

equipment to measure head position, to algorithms for elim-

inating material outside the user’s fi eld of view.

In 1968 Sutherland co-founded Evans and Sutherland 

(E&S, now a major manufacturer of very high performance 

displays. E&S supplies a majority of the displays used 

worldwide to train airline pilots. Sutherland was concur-

rently a part-time, tenured professor at the University of 

Utah. His students from that period have become today’s 

major contributors to the international fi eld of computer 

graphics.

In 1976, Sutherland became a professor at Caltech to 

start and head a Computer Science Department. By follow-

ing the ideas of his co-founder, Carver Mead, and concen-

trating on design of integrated circuits, the small group at 

Caltech established integrated circuit design as an accept-

able fi eld for academic study.

Sutherland continues active work today in advanced 

hardware systems at Sun Microsystems.

(Courtesy of Sun Microsystems, Inc.)
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that can be updated as the design requirements changed. 

This style of modeling extends to assemblies too. Con-

straints are also used to bring parts and subassemblies 

together to represent the fi nal product assembly. Modifi -

cations to geometry in a feature are refl ected in both the 

part containing the feature and assemblies containing 

this part, as well as any drawings that may reference the 

model in question.

9.5 Feature Analysis
A critical part of constraint-based modeling is planning 

that happens prior to building the model. Because much 

of the power of constraint-based modeling comes from 

the ability of the user to modify and otherwise manipu-

late the features that make up a part, careful planning is 

needed up front. Careful planning means that the model 

can be later modifi ed by the person who created it or by 

others into a new design with a minimum of effort. What 

constitutes a feature and how it is defi ned are discussed in 

detail later in the chapter.

One of the critical early questions to ask before creat-

ing the model is where is the model data coming from and 

how is the model data going to be used—both in the short 

term and in the long run. For example, the model might be 

used exclusively for the generation of exploratory design 

ideas in the ideation stage of the design process. If so, then 

there may not be the need to carefully construct the model 

using features that accurately represent the fi nal manufac-

turing processes. In addition, the operator may be less con-

cerned about constructing and documenting the model so 

that other operators are able to modify the model later on. 

On the other hand, the model might be of an iterative de-

sign of an existing product. If so, an existing model may be 

used and features on the model modifi ed to represent the 

new design. In this case, the designer hopes that the model 

has been carefully constructed and documented so that 

the model behaves as expected when features are modi-

fi ed. This behavior should refl ect the design intent of the 

product being modeled. That is, changes in geometry of a 

feature should create model feedback or further changes in 

the model which refl ect design performance or manufac-

turing constraints of the product. In addition to consider-

ing design intent, it is important to consider the order of 

feature creation prior to the creation of geometry within 

the CAD system. Due to the relational nature of modern 

constraint-based CAD tools, each feature is based in some 

way on the features that were created before it, whether 

it is for size information or for location. An effective way 

to plan the creation of a model is to develop a modeling 

procedure (Figure 9.27). A modeling procedure is a sketch 

that shows the cross-sectional profi le for the fi rst feature 

in the model, and then a sketch used to depict the fi nished 

geometric form after the 3-D feature operation has been 

applied. This process is repeated until the major features 

on the object have been defi ned. Depending on the com-

plexity of the model, the engineer or designer may want to 

include basic dimensional information in these sketches. 

As a user becomes more experienced at using the CAD 

tool, this planning process becomes less formal.

Capturing design intent in a model is a process of defi n-

ing features and the relationship between features within a 

model. The goal is to make sure that information extracted 

Figure 9.27

Modeling procedure for a part
(© Nathan Hartman.)
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from the model or modifi ed versions of the model for use in 

other parts of the product development process accurately 

refl ects (as much as is possible) the original intent of the 

designers and engineers who specifi ed the requirements 

of the product. 3-D modeling is a process of transforming 

product requirements into geometry. In a constraint-based 

model this geometry is dynamic, since the size and loca-

tion of features in the model can easily be changed to alter 

the model’s geometry.

The part in Figure 9.28 has embedded in it a number 

of design requirements through the constraints attached 

to features. Looking in Figure 9.28A, the notches on the 

top at either end (labeled A) are constrained horizontally 

symmetric in size and location. The holes (labeled B) are 

constrained to be equally spaced across the length of the 

part with the holes no farther than 4 cm apart. The slot 

(labeled C) is constrained a constant distance from the top 

of the part and has a depth equal to the depth of the notch. 

The radiused corners (labeled D) have a radius equal to 

one fi fth the height of the part. A designer modifi es the 

part in two ways: the overall length is increased from 

20 cm to 23 cm, the height is increased from 5 cm to 6 cm, 

and the right-hand notch is doubled in depth. How does 

the constrained part model respond to these changes? The 

modifi ed part (Figure 9.28B) shows a number of changes: 

First, the left-hand notch doubles in depth to match the 

notch on the right. Second, there are now four equally 

spaced holes instead of three. Third, the slot is still the 

same distance from the top of the part, but has increased 

in depth to match the new notch depth. Finally, the radii 

of the corners have increased to stay one-fi fth the height 

of the part.

The example part in Figure 9.28 shows examples 

of a number of types of constraints that can be embed-

ded in a single part. In reality, most parts exist as part of 

larger assemblies. Feature constraints can also be carried 

across parts in an assembly to make sure that changes in 

one part are accurately refl ected in dependent parts. Fig-

ure 9.29 shows the same part seen in Figure 9.28 as part 

of an assembly. A change in the fi rst part causes modifi ca-

tion in the second part so that the two parts still fi t together 

properly. Besides using the fl at mating surfaces of the two 

parts, the line of symmetry down the middle of the part is 

used to help center the parts with respect to each other.

Decisions of how to capture design intent by constrain-

ing features begins with defi ning what geometry of the 

part will be contained within each feature. If the geometry 

of the part is already well defi ned, then the decision will 

largely be one of decomposing the part geometry into a se-

ries of smaller geometric elements that can be created with 

a single feature operation in the modeler (Figure 9.27). For 

the part seen in Figure 9.28, the notches, holes, slot, and 

radiused corners could all be defi ned as separate features 

in the part model. In this case, the building of the model 

would actually begin with a base feature represented by a 

rectangular prism. On this geometry, notches, holes, etc., 

would all be defi ned as features removing material from 

the base feature. At the other extreme, the fi nal part seen in 

Figure 9.28 could be built all as one feature (you’ll see how 

later on). Which is the right way of building the model? 

There is no easy answer to this question. In fact, depend-

ing on the situation, there may be a half dozen or more cor-

rect approaches to building this model.

How you defi ne what geometry makes up a feature de-

pends on a number of factors, including:

■ How much of the fi nal geometry of the part design has 

been decided on before you begin creating the model?
■ What level of detail is needed in the model?
■ What level of modifi cation automation is going to be 

built into the model?
■ What need is there to explore design alternatives that 

involve the addition and removal of geometric ele-

ments, rather than simply changing their sizes?
■ Should the geometry be grouped according to the 

functional elements of the design?
■ Should the geometry be grouped based on the manu-

facturing processes being used to produce the part?

(A)
B

D

A

C

(B)

Figure 9.28

A part defi ned by features
Modifi cation of part geometry is done by changing the size, 
location, and number of features in the part.
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Often it is many of these factors that infl uence the deci-

sions on feature defi nition.

9.6 Feature Defi nition
Knowing how to defi ne features in the model begins with 

understanding how your modeler allows you to create and 

edit geometry. Though every constraint-based modeler 

has its own approaches to feature creation, there are ways 

of generalizing this process across modelers to under-

stand some of the basic tools used in modeling. This fi rst 

section will present an overview of this process. Each of 

these steps in the process will then be treated in greater 

depth in later sections.

9.6.1 Features from Generalized Sweeps

Many features in a model can be made through the use of 

sweeping operations. Most CAD systems use methods of 

automating solid feature generation. In a sweeping opera-

tion, a closed polygon, called a profi le, is sketched on a 

plane and is translated or swept along a defi ned path for a 

defi ned length. Each swept profi le can be visualized as a 

solid object. The fi rst feature, the base feature, will look 

exactly like this visualized solid. Each successive feature 

after this will modify the existing geometry based on how 

the swept form intersects with it and whether the feature 

is to add or remove material from the part model.

In the simplest case, the path of the sweep is linear, and 

a prismatic solid is created (Figure 9.30 on page 418). If 

the linear path is coincident with the W axis, a right prism 

is created. If the path is at any other angle to the W axis, 

an oblique prism is created. An angle of 90 degrees is not 

allowed because it creates a form that is not three-dimen-

sional; the path is parallel to the U–V plane. Another path 

a sweep could follow is circular (revolute). The specifi ca-

tions for a revolute path are more demanding than those for 

a linear path. With a revolute path, an axis of rotation must 

be defi ned in terms of both orientation and location. Fig-

ure 9.31 on page 419 shows examples of revolute sweeps.

If the features being created in Figures 9.30 and 9.31 

were base features, then the resulting model would look ex-

actly as the geometry is shown. If it is a later feature, then 

(A)

(B)

Figure 9.29

Features related across parts
Features in a part are often related to mating features on other parts in an assembly.
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whether the swept form is adding or subtracting volume 

from the current model has to be defi ned. With construc-

tive solid geometry (CSG) modelers, Boolean operations 

would have defi ned the interaction between the existing 

model and the swept profi le. With constraint-based mod-

elers, the term Boolean is typically not used, though how 

Boolean operations are defi ned in Section 9.3.1 helps to 

understand how the geometry is being modifi ed.

Creating a 3-D Model Using Sweeping Operations
Sweeping operations can be used to defi ne many of the fea-

tures in a model. Swept objects can represent both positive 

and negative geometry, and so can be used to either add or 

subtract volume from the model (Figure 9.32 on page 420).

Step 1. With a 2-D rectangular polygon defi ned on the 

workplane, determine the direction and distance for the 

sweep to produce the base feature.

Step 2. Using the top face of the initial solid as a guide, 

relocate the workplane, create a semicircle, then sweep 

it to create the half cylinder. Using an addition operation 

joins these two objects.

Step 3. Rather than using an existing face on the solid for 

orientation, rotate the workplane 90 degrees so that it is 

vertical, and create a triangle. Sweep the triangle to cre-

ate a wedge, and unite it with the model.

Step 4. Translate the workplane so that it is on the front 

face of the object. Create a circle on the front face, and 

sweep it to the rear face of the object to form a cylinder. 

Using a subtraction operation, subtract the cylinder from 

the object to make a hole through the model.

Step 5. Do a fi nal sweep with a rectangle following a circu-

lar path for 180 degrees. Using a subtraction operation 

to remove a portion of the bottom of the model.

9.6.2 Construction Geometry

All geometry in a model must be located and oriented rel-

ative to some default 3-D coordinate system. Depending 

on the modeling system, this world coordinate system 

can be explicitly defi ned and available for the operator 

to use in defi ning the location of geometry or implicit in 

other construction geometry used in model construction.

A workplane is the most common type of construc-

tion geometry used to support the creation of part geom-

etry relative to the world coordinate system. Construction 

geometry does not represent any of the fi nal geometry 

representing the part, but instead provides a framework 

for guiding the construction of this part geometry. Most 

current CAD tools use three default, mutually perpendic-

ular planes as the starting point for modeling. All of these 

planes intersect at the default world coordinate system. 

(Figure 9.33A on page 420). These planes can be thought 

of as construction geometry used to support the creation 

of model feature geometry.

A workplane can be used in the same manner as a draw-

ing surface. In a modeler, workplanes are typically used to 

orient the profi le sketch used in feature generation. They 

also are used to position the fi rst feature of the model in 

3-D space. By adjusting the view of the model to be nor-

mal (perpendicular) to the workplane, the effect is that you 

can draw on the workplane as though you were looking 

Right No!Oblique

u

w

v

u

w

v

u

w

v

Profile

Direction
of

sweep

Figure 9.30

Types of linear sweeping operations
In some systems, linear sweeps are restricted to being perpendicular to the workplane.
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directly down on a piece of paper. Figure 9.33B shows a 

sketch created on one of the workplanes. The workplane 

orients the sketch relative to the world coordinate system 

while dimensional constraints locate the sketch on the 

plane relative to the other two workplanes. This profi le 

sketch might have been drawn in this pictorial view, or the 

view may have fi rst been oriented normal to the workplane 

(Figure 9.33C).

Each of these infi nitely large planes creates an implied 

local, or relative coordinate system. An alternative co-

ordinate system is often used—for example U, V, W—to 

indicate the orientation of the plane relative to the world 

coordinate system. In Figure 9.34 on page 421, U and V 

are in the plane of the workplane while W is normal (per-

pendicular) to the workplane. As mentioned before, the 

location of sketch geometry on these planes is typically 

located relative to projections of construction geometry 

or part geometry onto this plane.

Once the base feature is created, workplanes are of-

ten oriented using geometry of the model being built. The 

simplest way to locate a workplane is to make it coplanar 

with an existing face of the model (Figure 9.35A on page 

421). In addition, three vertices (V1, V2, V3) can be speci-

fi ed to orient the workplane on the model. For example, 

the fi rst vertex could be the origin, the second could show 

the direction of the U axis, and the third could be a point 

in the fi rst quadrant of the U–V plane (Figure 9.35B). An 

alternative would be to specify an origin at a vertex and 

then the edges on the model to orient the plane.

Common methods for specifying the location and ori-

entation of workplanes include (Figure 9.36 on page 422):

■ Through
■ Offset/parallel
■ Angle
■ Point or edge and orientation
■ Tangent and orientation

Often one or more of these specifi cations needs to be 

used to unequivocally specify a new workplane.

In addition to workplanes, construction axes and con-

struction points can also be created. Construction axes 

are often used to locate an axis of revolution or locate a 

point where the axis pierces a plane. Construction points 

can be used to locate a specifi c point along an infi nitely 

long construction axis or a specifi c point on a construc-

tion plane or face of the model. Understanding of how the 

fundamentals of geometry are defi ned (see Chapter 8) is 

critical to understanding how construction geometry is 

created and manipulated.

9.6.3 Sketching the Profi le

Many features on a part model begin as a profi le 
sketch on a workplane. Once a workplane is chosen 

or created, a decision has to be made as to how to view 

the workplane while sketching on it. If a pictorial view is 

chosen to work in (Figure 9.33B), you have the opportu-

nity to get an overall view of where the sketch is relative 

(A)

(B)

(C)

Figure 9.31

Examples of revolved sweeping operations
The resulting geometry is dependent on the location of the 
axis of rotation relative to the profi le, and to the angular 
displacement.
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Step 5 Completed Object

Figure 9.32

Creating a solid model using sweeping and Boolean operations

(B)(A) (C)

Figure 9.33

Mutually perpendicular workplanes
Three mutually perpendicular workplanes are often used as a starting point for defi ning the fi rst feature of a part model.

420
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to the other part geometry. On the other hand, a view nor-

mal to the workplane (Figure 9.33C) will likely give you 

a more precise view of how part geometry projects onto 

the sketched profi le. For more complex profi le sketches, 

you may want to shift between pictorial and normal views 

of the model and workplane.

If you choose a normal view of the workplane, you 

may also have the option of choosing the orientation of the 

workplane relative to the screen. That is, you can specify 

the rotation of the workplane about the normal axis. This 

is typically done by specifying a direction that construc-

tion or part geometry should point (up, down, right, or 

left). These directions are relative to the computer screen 

rather than the world coordinate system. Although, it is 

possible that the CAD system you choose will automati-

cally produce a view normal to the workplane based on 

assumptions made by the software.

Once a view of the workplane is established, a profi le 

sketch can be drawn on the workplane. This sketch will 

consist of a series of line elements such as straight lines, 

arcs, circles, or splines. Tools used for drawing this sketch 

will be very similar to the tools used for drawing such el-

ements in a 2-D CAD system. One important difference 

concerns the accuracy with which the sketch needs to be 

drawn. Unlike a 2-D CAD drawing, the sketch does not 

need to be dimensionally accurate. Instead, the sketch 

represents the overall shape, the topology, of the profi le, 

and the entities of the sketch should be proportional to 

each other. That is, the sketch should represent the total 

number of sides of the fi nal profi le, the basic shape of the 

elements (curved or straight), and the order in which the 

elements are connected together. The sketch should also 

represent the basic geometric relationships between the 

elements (parallel, tangent, etc.) within a reasonable level 

of accuracy. This level of accuracy will be discussed in 

the next section.

World
coordinate

system

X

Y

Z

Local coordinate
system

Workplane

V

U

W

Figure 9.34

A local coordinate system attached to a workplane
Local coordinate systems are used to locate a workplane 
relative to the world coordinate system or the model.

U

W

V

(A)

V2

V1

V3

U
W

V

(B)

Figure 9.35

Locating a workplane by the features of the model
Both faces and individual vertices can be used to orient and locate workplanes.
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422 PART 2  Fundamentals of Technical Graphics

Depending on the type of modeler used, other char-

acteristics of the profi le may need to be considered. For 

example, the sketch might be either a closed loop or an 

open loop. A closed loop sketch has its last element con-

nected with its fi rst element to create a sealed path (Fig-

ure 9.37A). You could imagine that water poured inside 

of the loop would not leak out. An open loop sketch does 

not close back on itself and is used when fewer elements 

can clearly indicate the action of the sketch profi le (Fig-

ure 9.37B). In this case, the endpoints of the open sketch 

entities typically will lie on the edge boundaries of the 

existing solid geometry. Whereas a closed loop implies 

Tangent and Orientation

Offset / Parallel

or

Through

Angle

Figure 9.36

Common methods of creating new workplanes

(B)(A) (C)

Figure 9.37

Closed and open loop profi le sketches
Depending on the modeler, profi le sketches can be either open or closed.
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an inside and outside, an open loop does not. When a 

profi le sketch contains more than one loop, the loops usu-

ally all need to be closed to clearly indicate what is inside 

and outside (Figure 9.37C).

The defi nition of inside and outside is needed to spec-

ify how the profi le is to interact with the existing geom-

etry. For example, in Figure 9.38A, the material inside 

the loop is subtracted from the existing object, whereas 

in Figure 9.38B, the material on the outside of the loop is 

subtracted from the existing object.

9.6.4 Constraining the Profi le

Going hand in hand with the sketching of the profi le 

is applying constraints. Whereas the sketching de-

fi ned the topology of the profi le, constraining defi nes the 

geometry of the profi le. This use of the word geometry re-

fers to a more narrow defi nition of the term: the size, loca-

tion, and orientation of geometric elements that give them 

an overall shape and form. The types of constraints applied 

to the sketch profi le can be roughly divided into two cate-

gories: explicit and implicit. Operationally in a CAD sys-

tem, explicit constraints often take the form of dimensions 

that the user adds to the sketch or by a specifi c geometric 

condition created between two sketched entities. Implicit 

constraints typically take the form of geometric relation-

ships or automatic dimensions created by the software be-

tween entities in the sketch as the user is creating the ge-

ometry. These two types of constraints differ as to whether 

the modeling system infers the constraint based on the way 

the sketch was drawn, or whether the operator has to ex-
plicitly apply the constraint to the sketch.

Many systems create constraints based on the implied 

geometric relationships in the profi le sketch. Common 

geometric relations for whom the system might create im-

plied constraints include (Figure 9.39 on page 424):

■ Closure (connected edges)
■ Segment overlap
■ Endpoint/line overlap
■ Tangency
■ Parallelism, perpendicularity
■ Same size
■ Coincident (but not touching)
■ Concentric

These relationships are not only applied internally within 

the profi le, but also between elements of the profi le and 

existing geometric elements in the part model. For ex-

ample, segment overlap is exclusively applied between a 

profi le element and part geometry.

When a system applies these implicit constraints will 

be determined by a predefi ned tolerance. This tolerance 

will decide, for example, when two sketched lines are 

close enough to parallel that they should be constrained 

parallel. How does the system set this tolerance? In some 

cases it might be by predetermined values. Two lines 

would be inferred to be parallel or perpendicular if they 

were within 5 degrees of these respective orientations. 

Other systems use a tolerance based on view resolution 

based on the number of screen pixels between them. That 

is, if two lines look as though they are overlapping on the 

screen, then they will be constrained as such. Understand-

ing how a system applies implied geometric constraints is 

important to devising a sketching strategy.

Though the profi le does not need to be sketched dimen-

sionally accurate, how you sketch it will infl uence how 

geometric constraints are applied. For example, if you have 

two lines that are to be 92 degrees relative to each other, 

trying to sketch this accurately will likely cause the system 

to apply an incorrect constraint of perpendicularity. What 

you would do instead is exaggerate the nonperpendicular-

ity of the lines by sketching them at, say, 110 degrees and 

then later come back and apply a dimensional constraint to 

pull the segments back to 92 degrees. If implicit geometric 

constraints are applied which you do not want, there typi-

cally will be a function in the software for overriding or re-

moving these constraints. Similarly, you may also have the 

ability to force the application of geometric constraints, 

which were not inferred by the system.

(B)(A)

Figure 9.38

Side of profi le sketch
When subtracting material from a part, whether the inside or 
the outside of a profi le sketch is chosen will make a difference 
to the end result.
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Explicit constraints, unlike implicit constraints, are 

applied by the users to the profi le sketch. The application 

of explicit constraints is very much like applying dimen-

sions in a 2-D CAD system, yet they behave very differ-

ently. An explicit constraint indicates that a specifi c size 

or location of a profi le element is going to be controlled 

by a variable, or parameter. With a traditional CAD mod-

eler, geometric elements are created at a specifi c size and 

location (Figure 9.40A). For example, if a plate is to have 

a length equal to 32 mm and a width of half the length, a 

rectangle 32 mm long and 16 mm wide would be created. 

In a constraint-based modeler, constraints are assigned to 

geometric elements to control their size or location: the 

length would be defi ned as P1 � 32 mm and the width 

defi ned as P2 � P1 � 2 (Figure 9.40B). Though a profi le 

element may be initially sketched a specifi c size (and a 

constraint assigned this as its initial value), the user can 

go back and change its size at any time. The power of 

this approach is seen when the model is modifi ed. Instead 

of having to individually update all related dimensions, 

Coincident

Paralellism

Segment Overlap

Concentric

Perpendicularity

Endpoint / Line
Overlap

Same Size

Tangency

Closure

Figure 9.39

Common geometric relations for constraining a profi le
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one dimension can be altered, and all dimensions linked 

through parameters automatically refl ect the change. 

For example, if the length of the plate is reduced (P1 � 

20), the width automatically reduces by the appropriate 

amount to refl ect the change in length (Figure 9.40C). As 

seen in this example, the constraint parameter may not be 

assigned a numeric value, but instead an algebraic rela-

tion tied to other constraint parameters.

Just as with dimensions in traditional engineering 

drawings, explicit, or dimensional, constraints specify 

either the location or size of a geometric element (Fig-

ure 9.41). The constraint may reference elements that are 

internal to the profi le, or it may tie profi le elements to 

external part or construction geometry. In Figure 9.41, 

dimension A represents an internal size constraint and di-

mension B represents an internal location constraint. Di-

mension C, on the other hand, is a location constraint with 

an external reference. When a profi le element overlaps an 

external reference (indicated by D), the system may apply 

a locational constraint of value zero.

Explicit and implicit constraints should not be thought 

of as independent from each other. Figure 9.42 on page 426 

shows how these two different kinds of constraints work 

together to create the fi nal constrained profi le. The initial 

profi le (Figure 9.42A) is sketched to represent the appro-

priate geometric relations, such as parallelism between 

the top and bottom elements and tangency with the arc. 

With the implicit constraints applied, explicit dimen-

sional constraints are applied to control the size of the 

profi le elements (Figure 9.42B). Some of the constraint 

parameters, such as P3, are controlled through algebraic 

relations by other parameters. Once applied, the explicit 

constraints can easily be altered to modify the shape and 

size of the profi le (Figure 9.42C). Once constrained and 

parameter values are modifi ed appropriately, the profi le 

can be swept out (Figure 9.42D).

Not all constraints easily fi t into the categories of im-

plicit or explicit. For example, a modeler may have an 

offset constraint (Figure 9.43 on page 426). This con-

straint allows you to select a group of existing geometric 

elements, specify a distance and side to offset, and cre-

ate profi le elements constrained to the originally selected 

elements. This constraint combines implicit geometric 

relations (the new profi le elements stay parallel to the 

existing elements) with locational constraints (a constant 

offset distance). Size of the profi le element ends up be-

ing determined indirectly through the connection points 

of the elements.

Central to developing a strategy for constraining a 

profi le is knowing when the profi le is fully constrained, 

32
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Figure 9.40

Traditional and constraint-based part defi nition
Traditional modelers defi ne geometry directly while constraint-based modelers use parametric equations.

B

A

C

D

Figure 9.41

Explicit dimensional constraints
Dimensional constraints are used to locate and size feature 
elements.
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underconstrained, or overconstrained. A fully constrained 

profi le has completely specifi ed the geometry of a pro-

fi le. All elements are sized, located, and oriented relative 

to each other and to the part model (and, therefore, the 

world coordinate system). In many cases, the geometry 

of an element will be determined indirectly based on the 

size, location, orientation, and geometric relationship of 

other elements. In contrast, an underconstrained profi le 

has one or more elements that have not been fully speci-

fi ed. Underconstrained elements will initially take on 

the geometric properties represented by the sketch: if it 

is sketched 94.3 cm long, then it will be represented that 

way. When constraints on the profi le are later modifi ed, 

the underconstrained elements will change (or not change) 

based on changes in other geometric elements rather than 

be driven by constraints within itself. This leads both to a 

freedom and to a certain degree of unpredictability when 

creating feature profi les. Profi les can also be overcon-

strained. This is generally an unwanted situation, since 

there are now constraints in confl ict with each other with 

no clear indication as to which should take precedence. 

You would need to delete implicit or explicit constraints 

on the profi le to resolve the overconstrained condition.

As was noted earlier in the section, dimensional con-

straint parameters can be set to something other than a 

constant value. The ability to link constraint parameters 

through algebraic equations or to control values based on 

logic statements provides tremendous power to the mod-

eler to both embed design intent and automate modifi ca-

tions of the model.

A common type of algebraic formula to associate 

with a constraint is to have a parameter equal to another 

parameter plus or minus a constant. This type of offset 
formula can be seen in a constraint in Figure 9.42 where 

constraint P3 will always be 3 less than P2 no matter what 

the value of P2. Another type of formula can be seen in 

Figure 9.40 where constraint P2 is always a ratio of P1. In 

this case, P2 will always be one-half of P1. It is often nec-

(A)

(B)

(C)

P3 = P2 – 3

P4 = 45°

P1 = 20

P2 = 10

(D)

P3 = P2 – 3

P4 = 45°

P1 = 30

P2 = 7

Figure 9.42

Creating a constrained model from a sketch profi le
A rough sketch is constrained through implicit and explicit 
geometric constraints.

Offset

Figure 9.43

An offset constraint
Some constraints are not easily categorized as being either 
explicit or implicit.
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essary to look behind the current value for a constraint 

parameter to understand the design intent embedded in 

the constraint. In Figure 9.44A, two plates are created 

with holes and two different design intents. In the plate 

on the left, the hole was intended to be placed 10 mm 

from the left edge, while the plate on the right had the 

hole placed in the center. When the overall width is set to 

20 mm, no difference is seen in the two models, but when 

the overall width is set to a different value, the difference 

in design intent is immediately seen (Figure 9.44B). With 

a traditional modeler, an engineer viewing the model in 

Figure 9.44A would not be able to tell what the design 

intent was and, therefore, how the hole should shift if the 

model was altered.

Figure 9.44 is an example of parameters being linked 

across features in a part. Here, the location of the hole 

feature is tied to the overall length of the base feature, 

the plate. In addition to linking parameters within and 

between features of a part, parameters can also be linked 

between parts in an assembly. Looking back on the as-

sembly in Figure 9.29, the constraint parameter control-

ling the spread of the rectangular pins on the bottom piece 

needed to be linked to the overall length and notch cuts of 

the top plate. In complex assemblies, creating linkages be-

tween constraint parameters that refl ect design intent can 

be very time-consuming. Figure 9.45 on page 428 shows 

just a portion of the constraint parameter relations written 

for a sofa assembly. Savings are seen, however, through 

increased accuracy and automated updating of parts when 

component parts in an assembly are modifi ed throughout 

the design cycle.

9.6.5 Completing the Feature Defi nition

With the sweep profi le drawn and constrained, there re-

main a few more elements of the sweep which need to be 

defi ned. Depending on the modeler, some or all of these 

defi nitions may take place prior to or after the creation of 

the constrained profi le.

One part of the sweep defi nition that still needs to be 

defi ned is how the profi le is going to sweep out to create a 

form in 3-D space. When the lines of the profi le are swept 

out from the workplane, the profi le creates a surface or 

set of surfaces. If the profi le were an open loop consist-

ing of a single element, say a straight line, and the profi le 

were swept in linear direction, the resulting sweep would 

defi ne a plane (Figure 9.46A on page 429). If the profi le 

were a closed loop, say a circle, then a linear sweep would 

create a cylinder (Figure 9.46B). Depending on how the 

profi le is defi ned, rather than capping the ends of the cyl-

inder, the profi le lines might be thickened to create a tube 

instead (Figure 9.46C). This thickness option can be used 

with both open and closed profi les and is used to defi ne 

sheet metal and other thin features.
The direction of the linear sweep relative to the work-

plane will create different sets of extruded surfaces (see 

Figure 9.46). While a sweep of a closed loop profi le nor-

mal to the workplane will create a right prism, an angle 

other than 90 degrees to the workplane will create an 

(A) (B)

(C)

(D)

P
1 = 40

P
2 = 10

P
1 = 40 P

2 = P
1/2

P
1 = 20

P
2 = 10

P
1 = 20

P
2 = P

1/2

Figure 9.44

The effect of design intent on model changes
How a feature behaves when a part is modifi ed depends on 
how it is constrained.
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oblique prism. The only angle not allowed is zero degrees 

to the workplane. In addition to linear sweeps, sweeps 

can also be circular (revolved) (see Figure 9.31). With a 

circular sweep, an axis of rotation has to be defi ned. The 

location of this axis relative to the profi le can greatly af-

fect the resulting sweep. Figure 9.31A and B shows two 

different circular sweeps, each with a different placement 

for the axis of rotation. In addition, angular displacements 

of other than 360 degrees can be specifi ed (Figure 9.31C). 

With both linear and circular sweeps, the sweep can be 

defi ned as one-sided or two-sided. With a one-sided 

sweep, the profi le is swept out only one direction from the 

/* CODING TABLE    SESSION ID      MODEL NAME
/* CODING TABLE         0          RAIL_BK_SKIRT.PRT 
/* CODING TABLE         6          RAIL_BACK.PRT 
/* CODING TABLE         2          POST_BACK.PRT 
/* CODING TABLE         4          POST_BACK_MIR.PRT 
/* CODING TABLE         8          RAIL_SIDE_SKIRT.PRT 
/* CODING TABLE        12          POST_FRONT.PRT 
/* CODING TABLE        10          RAIL_SIDE.PRT 
/* CODING TABLE        14          RAIL_SIDE_SKIRT_MIR.PRT 
/* CODING TABLE        16          RAIL_SIDE_MIR.PRT 
/* CODING TABLE        18          RAIL_FRT_SKIRT.PRT 
/* CODING TABLE        20          RAIL_FRONT.PRT 
/* CODING TABLE        22          STRETCHER.PRT 
/* CODING TABLE        24          RAIL_TOP.PRT 
/* CODING TABLE        26          SUPPORT_RAIL_TOP.PRT 
/* CODING TABLE        30          ARM_LEFT.PRT 
/* CODING TABLE        32          ARM_UNDER.PRT 
/* CODING TABLE        28          STUMP.PRT 
/* CODING TABLE        36          ARM_RIGHT.PRT 
/* CODING TABLE        38          ARM_UNDER_MIR.PRT 
/* CODING TABLE        34          RAIL_SIDE_MEDIAN.PRT 
/* CODING TABLE
/* global variables
seat_l = 73.5
seat_h = 11
seat_d = 25
splay =5
bo = .5
rail_h = 8
back_a = 14
arm_l = 20
/*set back rail lengths to sofa length
L:0 = seat_l
L:6 = seat_l
/* set front rails to sofa length, splay, and seat depth
L:18 = L:0 + 2*(seat_d * tan(splay))  - 1.516
L:20 = L:0 + 2*(seat_d * tan(splay))  - 1.516
/* set splay cuts on side rails
CUT_ANG1:10 = splay
CUT_ANG1:8 = splay
CUT_ANG1:14 = splay
CUT_ANG1:16 = splay
/* set side rails to sofa depth
L:10 = seat_d / cos (splay)
L:8 = seat_d / cos (splay)
L:14 = seat_d / cos (splay)
L:16 = seat_d / cos (splay)
/* set back skirt rail height
BORE_OFF4_L:2 = seat_h - bo
BORE_OFF3_L:2 = BORE_OFF4_L:2 -(BORE_OFF2_W:0 - 
BORE_OFF1_W:0)
ORE_OFF4_L:4 = BORE_OFF4_L:2
ORE_OFF3_L:4 = BORE_OFF3_L:2
/* set side skirt rail height
ORE_OFF1_W:8 = BORE_OFF1_W:0
ore_off2_w:8 = BORE_OFF2_W:0
ORE_OFF1_W:14 = BORE_OFF1_W:0
ore_off2_w:14 = BORE_OFF2_W:0
ORE_OFF1_L:12 = BORE_OFF1_W:0
ORE_OFF2_L:12 = BORE_OFF2_W:0

L:12 = seat_h
/* set back rail height
BORE_OFF2_L:2 = rail_h - bo
BORE_OFF1_L:2 = BORE_OFF2_L:2 -(BORE_OFF2_W:6 - 
BORE_OFF1_W:6)
ORE_OFF2_L:4 = BORE_OFF2_L:2
ORE_OFF1_L:4 = BORE_OFF1_L:2
/*set side rail height
BORE_OFF1_W:10 = BORE_OFF1_W:6
bore_off2_w:10 = BORE_OFF2_W:6
BORE_OFF1_W:16 = BORE_OFF1_W:6
bore_off2_w:16 = BORE_OFF2_W:6
BORE_OFF3_L:12 = BORE_OFF1_L:2
BORE_OFF4_L:12 = BORE_OFF2_L:2
/* set stretcher bores, width, and length
BORE_OFF1_L:20 = BORE_OFF1_L:6
BORE_OFF3_W:20 = BORE_OFF3_W:6
BORE_OFF1_W:22 = BORE_OFF3_W:6
W:22 = W:6
L:22 = seat_d + 2.662
/* set top rail length, bores
L:24 = seat_l
BORE_OFF6_L:2 = (W:24 - 2*BORE_OFF1_W:24) + 
BORE_OFF5_L:2
BORE_OFF5_L:4 = BORE_OFF5_L:2
BORE_OFF6_L:4 = BORE_OFF6_L:2

/* set top rail support length, angle, bores
suph = BORE_OFF3_W:2 - BORE_OFF2_W:2
supv = L:2 - BORE_OFF4_L:2 - BORE_OFF6_L:2 - 
BORE_OFF1_W:0 - BORE_OFF1_W:24
sup_ang = atan( suph / supv)
CUT_ANG1:26 = 90 - sup_ang
L:26 = supv * cos(sup_ang)
/* set arm/back post join - cut angles
BACK_ANG:2 = back_a
BACK_ANG:4 = back_a
CUT_ANG1:30 = back_a
CUT_ANG1:32 = back_a
CUT_ANG2:30 = splay
CUT_ANG2:32 = splay
CUT_ANG1:36 = back_a
CUT_ANG1:38 = back_a
CUT_ANG2:36 = splay
CUT_ANG2:38 = splay
/* set arm/back post join - post bore heights
BORE_OFF11_L:2 = L:12 + L:28 - CUT1_L:28
BORE_OFF10_L:2 = BORE_OFF11_L:2 - (T:30/2 + W:32/2)
BORE_OFF11_L:4 = BORE_OFF11_L:2
BORE_OFF10_L:4 = BORE_OFF10_L:2
/* set arm/back post join - arm length
back_a_off =( (BORE_OFF11_L:2 - BACK_ANG_L:2) + T:30/2) * 
tan(BACK_ANG:2)
BORE_OFF3_L:10 = L:10 - arm_l
CUT_OFF1_L:30 = back_a_off + arm_l - ( T:28/2)
L:34 = arm_l + 2.25
BORE_OFF3_L:16 = BORE_OFF3_L:10
CUT_OFF1_L:36 = CUT_OFF1_L:30

Figure 9.45

Dimensional constraints controlled through parametric equations
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workplane (Figure 9.47A). With a two-sided sweep, the 

profi le is swept out both directions from the workplane 

(Figure 9.47B).

A less commonly used defi nition is a path-based sweep 

(Figure 9.48A on page 430). With a path-based sweep, the 

profi le is swept along a path defi ned either by an existing 

edge on the part model or by a path drawn by the opera-

tor. If the operator draws the path, it will typically have to 

be sketched and constrained just as a profi le would have 

to be. Finally, some systems will allow you to defi ne mul-

tiple profi les on different workplanes. A swept form is then 

created by connecting surfaces between elements on the 

different profi les (Figure 9.48B). These blend sweeps typi-

cally have restrictions concerning the orientation of the 

profi les relative to each other, how they are ordered, and 

how elements on the different profi les are related to each 

other.

The distance that a profi le is swept can be determined 

in a number of ways. A blind sweep indicates that a fi nite 

value is given for the sweep distance (Figure 9.49A on 

page 431). For a linear, one-sided sweep, this is a linear 

distance from the workplane to the end of the sweep. For 

a circular sweep, this distance is given as an angular dis-

placement. For a two-sided sweep, the distance could be 

given for each side of the sweep separately, or one value 

could indicate the total distance of the sweep, evenly di-

vided on either side of the workplane. The opposite of a 

fi nite (blind) sweep is an infi nite through all sweep (Fig-

ure 9.49B). Sweep distances can also be specifi ed relative 

to geometry on the part model. A through next sweep 

passes through the next inside region, but stops when it 

hits outside (Figure 9.49C). A to next (or to surface) sweep 

passes through an outside region, but stops when it hits in-
side (Figure 9.49D).

A central element to all sweeping operations is defi n-

ing how the swept form will interact with the existing part 

model. If the sweep is the fi rst part geometry created, then 

it is the base feature and no operations have to be defi ned. 

All subsequent features have to either add or remove mate-

rial from the model. If an open loop profi le is going to re-

move material from the part model, then the removal side 

has to be defi ned (Figure 9.50 on page 431). An open loop 

profi le which is not removing material will either be de-

fi ned as a thin feature or will be attached to surfaces on the 

part model in a way which allows the new surfaces to form 

a closed form with the part (Figure 9.51 on page 432). A 

(B)(A) (C)

Figure 9.46

Thin versus solid features
Depending on how the profi le is interpreted, either a thin or solid feature can be created from a profi le.

(A) (B)

Figure 9.47

One-sided versus two-sided sweeps
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Most constraint-based modelers have tools that speed 

up the defi nition of commonly used features. Rather than 

having to defi ne every variable of every feature, options 

can be given for common design or manufactured features 

which either have predefi ned certain feature parameters, 

bundled variables together in easy to use dialog boxes, or 

otherwise automated the feature defi nition process (Fig-

ure 9.52 on page 432). The ultimate goal, of course, is 

to make modeling a more effi cient process more in tune 

with how designers and engineers actually work. Feature-

based modeling bundles commands together to automate 

the process of creating and modifying features that repre-

sent common manufacturing operations. Usually imple-

mented in modelers that also have constraint capabilities, 

feature-based modeling systems use special dialog boxes 

or other interface elements that allow users to input all of 

the variables needed to create a common manufactured 

feature.

Examples of manufactured features created through 

special feature-based dialog boxes include the following:

■ Blind and through holes
■ Counterbores and countersinks
■ Slots
■ Bosses

The hole dialog box shown in Figure 9.52 is a good ex-

ample of automating the process of creating features in a 

model. The feature is broken down into its essential vari-

ables, with each variable represented by an input in the 

dialog box. Variables such as the hole’s diameter have a 

value typed in, while the depth can be set to “through” by 

clicking a button or set to a fi nite value.

The variables entered through the dialog box largely 

defi ne the shape and size. Once these variables of the fea-

ture are defi ned, the location is defi ned. A feature such as 

a blind hole is located by indicating its orientation to a face 

and distance from two edges (Figure 9.53 on page 432). In 

a constraint-based modeler, all of the variables of the fea-

ture—its shape, size, and location—are parametrically 

controlled and can be updated at any time. In addition, the 

parameters defi ning the feature can also be linked to other 

parameters defi ning the part. So, for example, the depth of 

a hole might be related to the overall thickness of the base 

part.

9.6.6 Feature Planning Strategies

Though it is impossible to come up with a defi nitive list 

of “rules” which should be followed when planning the 

modeling of every part, there are still certain character-

istics of the part geometry that should be evaluated and 

U

W

V

(A)

u

w

v

(B)

Figure 9.48

Advanced sweeping techniques
A path-based sweep moves the profi le along a predefi ned 
curved path while a blend sweep interpolates between multiple 
profi les laid out in space.

closed profi le clearly defi nes the inside and outside. When 

the profi le is used for adding material, the addition is done 

on the inside of the profi le. When the profi le is used for 

subtracting material, the user has to specify whether the 

inside or outside is being removed (see Figure 9.38).
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(A) (B)

(C) (D)

Figure 9.49

Defi ning sweep distance

(A) (B)

Figure 9.50

Determining the removal side of a sweep
Depending on which side of a profi le is chosen, different material can be removed from the part.

decisions that have to be made for most parts during the 

planning process.

One of the more important considerations is whether 

the parts contain lines of symmetry. For example, the best 

way to leverage the symmetric aspects of the part depicted 

in Figure 9.54A and B (page 433) would be to construct the 

base feature with one of the datums along the line of sym-

metry. Not only will this assist in the construction of the 

base feature, but also it will allow mirror commands to be 

used to duplicate features across the plane of symmetry. 

Establishing this plane of symmetry, and tying many of 

the dimensional constraints to this plane, a design intent 
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Figure 9.51

Open loops can defi ne either solid or thin features
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Figure 9.53

Locating a feature on the base part
Features such as this counterbore can also be defi ned relative 
to the existing part geometry.

432

Figure 9.52

Example of a feature defi nition dialog box
The dialog contains all key parameters needed to defi ne com-
monly used features, such as holes.
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has been established that this plane of symmetry should 

be maintained as the part dimensions are modifi ed. This 

plane of symmetry makes it easier to establish implicit and 

explicit constraints that preserve the symmetry of the part. 

With two-way symmetry, such as that seen in the turned 

shaft in Figure 9.54C, the base feature is established with 

its axis of rotation at the intersection of two datum planes. 

Again, this strategy makes it much easier to maintain a 

constant location for the axis as dimensions on the shaft 

are modifi ed.

Another decision, which usually has to be made, is 

how geometric features are distributed across part fea-

tures of the model. For example, the part seen in Fig-

ure 9.54A and B could be created with a single profi le 

(Figure 9.55A on page 434) or it could be divided into a 

series of feature operations (Figure 9.55B). What would 

be the advantages or disadvantages of each approach? 

Generally speaking, the more complex the geometry is in 

a feature profi le sketch, the harder it is to apply the de-

sired implicit and explicit constraints. Also, geometry, 

which may not exist in all design variations of the part, 

should be broken out as separate features. This way, the 

features can be either suppressed or permanently deleted 

from the model with a minimum amount of disturbance 

to other feature profi les. On the other hand, there is no 

sense in needlessly decomposing geometry into the sim-

plest possible profi les and thus creating an unnecessarily 

large number of features in the part. Large numbers of 

overly simplistic features can make management of the 

model diffi cult. Ultimately, the level of complexity of 

feature profi le geometry comes down to what is a logical 
decomposition of the part geometry. (Refer to the mod-

eling procedure in Section 9.5.) This logic is driven by 

how features are defi ned in the design and manufacturing 

process.

One way to logically decompose the geometry of a part 

is to divide features into primary and detail features. Pri-

mary features would defi ne the overall functional form of 

the part while detail features would create geometry nec-

essary for particular manufacturing process, fastener at-

tachment, or tactile/visual qualities of the part. Whereas 

primary features might defi ne the mass of a part within 

10 percent of its fi nal form, detail features might add 

fi llets and rounds, through holes or mount points for as-

sembly, or knurling on a surface. Generally speaking, you 

would want to create the primary features fi rst with their 

constraints defi ned based on the larger functional design 

characteristics of the part. Detail features should be tied 

to either construction geometry located high (early) on 

the feature tree or to primary features.

(A)

(B)

(C)

NO!

YES

Figure 9.54

Using symmetry in feature defi nition
Construction planes can be used to help defi ne symmetric features.
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434 PART 2  Fundamentals of Technical Graphics

If detail features are tied to each other, then this should 

be done in a way that represents logical design or manu-

facturing groupings. For example, all of the fi llets and 

rounds may be logically grouped together in the feature 

tree so that they can be easily suppressed as a group. The 

ability to turn detail feature “on and off” is important for 

some end uses of the model. For example, noncritical de-

tail features may add considerable time to fi nite element 

analysis without adding noticeable improvement in ac-

curacy. Similarly, unnecessary detail may bog down the 

refresh rates of large assemblies on the computer screen 

without adding appreciably to one’s understanding of it.

Finally, good modeling practice calls for the user to 

avoid certain types of feature operation in order to pre-

serve the integrity of the model geometry and to allow for 

easier management of the model. To begin with, a single 

feature should be created by a single feature operation, 

if at all possible. For example, the notch in Figure 9.56A 

could have easily been created with a single operation. 

Now two model features have to be manipulated to make 

changes in the logical geometric feature. At the other 

end, don’t use a feature operation to create two logical 

parts when, in fact, the modeler still considers it one part 

model. Figure 9.56B shows an operation allowed by most 

modelers. This creates what looks to be two parts, but is 

in fact still one part model.

When creating geometry, the internal standards de-

veloped by your company need to be followed. Just as 

with 2-D CAD drawings, models made to standard will 

be easier, the value of the 3-D constraint based model in-

creases considerably if it can be easily modifi ed by any-

one who needs to generate alternative designs from the 

model. Standards for modeling may include what geome-

try should be grouped together to defi ne a feature, in what 

order should features be created, how the features should 

be linked together, and how automation features should 

be documented. Similarly, new or modifi ed features that 

are added to an existing model should be equally well 

constructed and integrated so that the next operator who 

uses the model can also easily update it.

9.7 Editing Part Features
Once one or more features have been created on the 

model, the designer can go back and modify parameters 

used to defi ne the features. The most common parame-

(A)

(B)

Figure 9.55

Geometric decomposition for features
How geometry is decomposed into features depends on an overall strategy for model use.
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ter to redefi ne is dimensional constraints. The dynamic 

nature of a constraint-based modeler makes it easy to 

modify the size, shape, and location of feature geometry 

on-the-fl y. Constraint-based modelers were designed with 

the understanding that designing parts is a continual, on-

going process of modifi cation.

The ability to successfully redefi ne a feature will de-

pend, in part, on how sound the planning was that guided 

the development of the initial features. This section of the 

chapter will examine a few common elements related to 

the model-planning process. These items typically enable 

future editing of the model.

9.7.1 Understanding Feature Order

Most constraint-based modelers record the features cre-

ated for a part in a tree. This tree may or may not be di-

rectly visible to the operator of the system. Many mod-

elers have a window that depicts the features in a part 

model (Figure 9.57). Features, as they are created, are 

placed at the bottom of the feature tree. If a new feature 

is created as a copy or instance of another feature in the 

part model, the new feature on the tree may reference the 

original feature. Because features can be moved to other 

locations up and down the feature tree, the tree cannot 

be considered an exact history of feature creation. With 

many modelers, however, the order in the tree is the order 

in which features are applied to the construction of the 

model. Each time a new feature is added to the model, 

(A)

(B)

Figure 9.56

Examples of poor feature defi nition

Figure 9.57

Example of a part feature tree
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This case study presents the design of a medical device 

produced through collaboration with multiple com-

panies. The medium for communication was the 3-D 

model, which was used for things such as design docu-

mentation and rapid prototyping.

On the whole, product designers enjoy their work—

after all, it’s fun to create a sleek new cover for an 

electronics device or an innovative children’s toy. But 

their job gets even more satisfying when they’re able to 

design something that makes the world a better place 

by saving lives. Such was the case for the designers at 

Strategix Vision, a product design and development 

company based in Bozeman, Montana, when they were 

asked to develop a device to make heart surgery safer 

and less invasive.

That device, the Embrace Heart Stabilizer, holds 

the heart and coronary artery in position during coro-

nary bypass surgery, allowing a surgeon to bypass the 

blocked artery without having to stop the heart and 

maintain the patient on a heart-lung machine.

Strategix Vision developed the Embrace in conjunc-

tion with strategic product development company Herbst 

LaZar Bell, which provided human factors analysis and 

other design input, as well as with CardioVations, a di-

vision of Ethicon, a Johnson & Johnson company. The 

device is now marketed by CardioVations.

Laying the Groundwork

Strategix Vision employs industrial designers, mechani-

cal and electrical engineers, and user researchers who 

work together to design and develop medical, industrial, 

scientifi c, and consumer products.

About a year before work on the Embrace even be-

gan, the two companies cooperated with each other on 

designs for a different heart stabilizer, using design soft-

ware from SolidWorks for initial form and mechanical 

studies, as well as for review. This project went as far as 

the creation of working prototypes that were reviewed 

by cardio-thoracic surgeons.

New Kind of Heart Stabilizer

The impetus for the Embrace, according to Strategix Vi-

sion design engineering director Marty Albini, was to 

improve on an existing product by making it smaller and 

more ergonomic. “The idea was to free up some of the 

space it took up in the operating theater and reduce the 

effort it took [for surgeons] to operate. We also wanted to 

make the device more intuitive to use,” he says.

Because both CardioVations and Strategix Vision 

are SolidWorks users, says Albini, their team members 

were able to share fi les to review and develop the de-

sign. For other proects, he notes, Strategix Vision often 

uses the e-drawings module of SolidWorks, which al-

lows non-CAD experts to review and rotate models in 

3-D without having to know the intricacies of the full 

SolidWorks package.

Whatever the project and whatever the package, says 

Svendseid, close collaboration is part of the Strategix 

Vision work ethic. “Designers work closely with the en-

gineers in our company. We try to have an open struc-

ture where everyone can have an opinion, so we had 

many discussions around computers and projected im-

ages in order to set direction and quickly work through 

new ideas,” says Swendseid. “The great thing about all 

the visualization tools we have at hand—from sketches 

to CAD—is that they allow us to understand each other 

in a common language. I don’t know exactly how to be 

an engineer, but I can certainly understand what an en-

A Design with Heart

(Courtesy of Strategix Vision.)
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gineer means and what that implies to a design when I 

can see it.”

Meeting Challenges

Even with Strategix Vision’s pre-established culture 

of collaboration, and even though the project was not 

radically different from the work the company typically 

performs, notes Swendseid, “the Embrace did present 

unique problems in ergonomics, mechanics, usability, 

and a specifi c user scenario.” That last factor—the user 

scenario—involved a full understanding of who would 

be using the product, as well as how, and why. It is a vi-

tal ingredient of how designers “get it right” when cre-

ating products that people want to use.

After the design had progressed to the point of gen-

eral approval, it was then tuned with rapid prototypes 

made in-house at Strategix Vision. “We use a variety of 

tools, including video projectors, to get a detailed view 

of what we’re working on,” explains Albini. “And there 

are some cool visualization tools that have emerged 

since the Embrace was designed that are helping us now 

as well, like RealView, a real-time texture-map visu-

alization feature in SolidWorks that lets you dress up 

the models with realistic-looking surfaces.” (RealView, 

says fi elder Hiss, manager of product management for 

SolidWorks, was developed by SolidWorks in conjunc-

tion with Nvidia, and involves “almost photorealistic, 

real-time graphics.” Designers can see the refl ection 

of metal or the look of wood while they work, without 

having to wait for the fi le to render out.)

With or without such helpful eye candy, Albini says 

that at a certain juncture it’s important for designers 

and potential users alike to have a physical prototype to 

hold.

Success

When surgeons saw one of the fi rst Embrace units at a 

trade show and reacted extremely positively, the folks 

at Strategix Vision and CardioVations knew they had a 

success on their hands. This was confi rmed by an IDEA 

award for the design from BusinessWeek magazine last 

year. The unit is now in production and in use.

“We can always be proud of our work as designers,” 

says Albini, “but you can’t fool someone who uses these 

things every day. If they like it, it’s good. Product de-

sign is hard. There are always problems to solve, com-

peting goals to balance, and late nights spent making 

it all work. A project like this makes all that worth-

while.”

From Donelan, J., “A Design with Heart,” Computer Graphics World, 30, 

2007. © 2007 COP Communications, Inc. Reprinted with permission.

Both teams were experienced SolidWorks users, so designs and revisions for features such as the “toes” (left) that make contact 
with the heart could be reviewed in the same software. Levers and other controls (right) were designed to work as intuitively 
as possible. (Courtesy of Strategix Vision.)
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the user explicitly rebuilds/regenerates the model, or the 

modeler is otherwise triggered to do a rebuild, the fea-

ture tree is traversed from top to bottom, building the 

part model through a succession of feature operations. 

Regeneration of a model’s features also can occur when a 

feature has been modifi ed, typically from that point in the 

model through each subsequent feature.

Closely related to the idea of feature ordering is the 

concept of parent-child relationships between features. 

As in a real parent-child relationship, the child feature 

is dependent on the existence of its parent feature. How 

is this dependency established? Every feature consists of 

constraints that both establish shape and size, but also lo-

cate it. Though all of the shape and size constraints may 

internally reference other elements of the feature profi le, 

at least some of the location constraints must reference 

external features in order to locate it in 3-D space (Fig-

ure 9.58). This external referencing begins with the se-

lection of a sketching plane. Whatever construction plane 

or model surface that is chosen as a sketch plane is con-

sidered a parent of the new feature. Whenever a profi le 

sketch is located on the sketch plane by pulling a dimen-

sional constraint from an edge on an existing feature, 

this feature now becomes a parent of the new feature. 

Similarly, if an element in a feature profi le is constrained 

through overlap with an existing feature edge, that feature 

also becomes a parent of the new feature. It follows that 

parent features must exist before (above) the child feature 

in the feature tree since the parent features are needed 

to defi ne the new feature. Essentially, any feature that is 

used as a reference to size, locate, or orient another fea-

ture would be considered as a parent feature during the 

feature creation process.

When creating a model, you must always be aware of 

feature dependencies, both when you create the model 

and when you edit it. Deleting a parent feature means that 

you must either also delete the child feature that depends 

on it or redefi ne the child feature so that it no longer de-

pends on the feature to be deleted. Changing the geom-

etry of a parent feature may also alter the geometry or lo-

cation of the child feature. For example, if the top shaft in 

Figure 9.58 were lengthened, then the child feature would 

have to move up in order to keep the value of the dimen-

sional constraint between them constant. Besides deleting 

a feature, changing the topology of a parent feature may 

also invalidate the child feature. The dependency with 

the parent feature is typically not to the parent feature as 

a whole but, rather, with specifi c geometry in the parent 

feature. If, in Figure 9.58, the edge of the parent feature 

that the child profi le overlaps were to be rounded, then 

there would no longer be an edge to overlap with.

When planning the construction of your model, there 

are a number of items to consider to make sure that fea-

ture dependencies are used to your advantage. In general, 

create dependencies with existing features as early in (far 

up) the feature tree as is logical. Linking locational di-

mensional constraints or overlap constraints with the ini-

tial three datums or the base feature will mean that the 

deletion or modifi cation of a later feature is unlikely to 

disturb the new feature. A corollary to this is create all 

the features which are likely to become parent features as 

early as possible.

In more complex models it may be neither possible nor 

wise to place all dependencies high up on the tree. In-

stead, dependencies may be linked based on the logical 

grouping of design or manufacturing features. For exam-

ple, an injection molded part may require the creation of 

a geometrically complex fastening feature on the surface 

of the part.

A

B

C

Parents of the new feature:
A) The Sketch Plane
B)Location dimensional constraints to existing feature
C)Overlap constraint with existing feature

Figure 9.58

Feature interdependencies
Parent/child relationships are established when new features 
reference existing geometry.
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Rather than trying to tie all the features of this fastener 

directly back to early features in the tree, a new datum 

plane and datum axis can be created from the original da-

tums. From these new datums, a new local base feature is 

created from which other subfeatures of the fastener are 

made. With this setup, moving the new datums will move 

all of the features related to the fastener. Similarly, sup-

pressing or deleting the new datums will also suppress/

delete the fastener features without disturbing any other 

features.

Editing the order of features means moving features up 

or down in the feature tree. Dependencies between fea-

tures means that features can’t be moved to every possible 

position on the feature tree. Child features, for example, 

cannot be moved above any of their parent features on 

the tree. Prior to reordering any features, it is important 

to know the extent to which the feature in question is in-

volved in parent-child relationships. Current CAD sys-

tems typically provide functionality, which allows a user 

to query the model for such information. The fewer par-

ent features a child has, the more fl exibility there is likely 

to be in moving the feature. Alternately, a feature can be 

redefi ned to change the parent feature, providing new 

possibilities for reordering features. Why would you want 

to reorder features? To begin with, you may be trying to 

more logically group features within the tree or you may 

be reordering as the result of deleting another feature. Re-

ordering features also gives the operator a powerful tool 

for redefi ning the end resulting geometry of the model. 

Figure 9.59 shows a part with three model geometry fea-

tures: a box, a shell, and a hole. When the features are 

created in this order, the sequence may look like that seen 

in Figure 9.59A. What happens when the hole operation 

happens before the shell operation? The end result is a 

very different model (Figure 9.59B).

9.7.2 Editing Feature Properties

In addition to changing the order of features within the 

feature tree, many of the parameters that initially de-

fi ned the feature can be edited at a later time. If an error 

is made in defi ning a feature, it is often quicker to correct 

a feature parameter than it is to start the feature over from 

scratch. Since the sketch profi le of a feature is considered 

a child of the plane on which it is defi ned, movement of 

the sketch plane—whether it is a construction plane or a 

face of another feature—will also move the sketch profi le 

with it. Similarly, you may also be able to assign the sketch 

Box

Shell

Hole

Box

Shell

Hole

(A)

(B)

Figure 9.59

Feature ordering affects fi nal geometry
The order in which features reside in the feature tree can affect the fi nal part geometry.
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profi le to another plane, creating an alternate parent-child 

relationship. Again, it is critical to examine the existing 

parent-child relationships before trying to alter them.

Within the sketch profi le, elements of the profi le can be 

deleted or modifi ed. Typically, constraints associated with 

those deleted elements will also disappear. Alternately, all 

of the elements can be left alone, but the constraints asso-

ciated with them altered. Explicit dimensional constraints 

are usually the easiest to delete and create, but implicit 

constraints can also be modifi ed. In some cases an im-

plicit constraint might simply be suppressed, allowing a 

new explicit constraint to take its place. In other cases, 

constraint elements, explicit constraint placement, or di-

mensional constraint values may be modifi ed to infl uence 

what implicit constraints are applied at regeneration/re-

build. Probably the most common modifi cation of a fea-

ture is the values associated with dimensional constraints. 

Often this type of modifi cation is facilitated by special 

software interface elements since it is so common.

Other parameters besides the sketch profi le can also 

be altered. The possible parameters that might be modifi -

able are:

■ The type of sweep path
■ The distance of the sweep
■ Whether the sweep is one- or two-sided
■ The direction of a one-sided sweep
■ The side of the profi le a removal operates on

Often the type of operation—removal or addition—can-

not be changed. In addition, features that automate steps of 

the generalized sweep will have more limited options. For 

example, you probably can’t change the circular profi le in 

a Hole feature to a square, since in most CAD systems, the 

cross section of a Hole feature is always circular.

9.8 Duplicating Part Features
The ability to duplicate geometric elements is a pow-

erful attribute of all CAD programs. Constraint-

based modelers typically allow the user to duplicate geom-

etry at the feature level. Often, the level of dependency 

between the original and newly copied feature can vary. At 

least initially, the topology of the profi le will be the same 

as will the primary feature parameters such as direction 

and distance of the sweep and whether it is a material addi-

tion or removal operation. Whether all of the dimensional 

constraints are maintained between the parent and the 

child copy is often determined by the options chosen. For 

example, it may be that the size of a copied hole is indepen-

dent of its parent hole. Locational constraints are often 

modifi ed as part of the copying process. For a general 

copy, any of the following might be set independent of the 

parent feature:

■ The value of locational constraints
■ The model geometry to which locational constraints 

are attached
■ The plane on which the feature profi le resides

Often the copying process, especially if the copying 

involves the creation of more than one child, is automated 

to some degree. A common tool is an array (or pattern) 

option. With a linear array the parent feature is copied 

in one or two dimensions with specifi cations given for 

distances between copies and the total number of cop-

ies (Figure 9.60A). Alternately, a total number of copies 

might be specifi ed along with a distance within which 

the copies are to be evenly distributed. With a radial ar-
ray, an axis of revolution is specifi ed along with a radius, 

angular displacement, and total number of copies (Fig-

ure 9.60B). Another common copying process is a mir-
ror. In this case a mirror plane is specifi ed along with 

features to be copied/mirrored. Often with a mirror copy, 

most of the constraints cannot be set independent of the 

parent feature since the design intent is to keep the child a 

mirror image of its parent. Moving the mirror plane, how-

ever, will alter the location of the child parts. The purpose 

of such duplication operations is to maintain design intent 

within the model. By capturing the desired geometry and 

topology of the parent feature, the engineer or designer 

is able to create a more effi cient model in terms of down-

stream operations. Editing the model can also be faster 

and easier, provided the user is aware of the embedded 

parent/child references.

Sources of model data vary greatly from company 

to company and project to project. If the model is of a 

brand new design, then all the model data that exists may 

be rough sketches created by the modeler or another de-

signer. If the company has recently switched over from 

a 2-D CAD system, then 2-D CAD drawings may be the 

source of model building data. In this case, you have ac-

curate dimensional information, but often very little of 

the actual electronic data in the CAD fi le can be reused to 

create the model. If the company has switched 3-D mod-

eling systems, then there may be an existing model, but 

it may be that little of the feature defi nition or constraint 

information can be carried over. The best situation, of 

course, is if you are able to reuse a model created in the 

same modeling system you are currently using.

The reuse of existing models is an important benefi t 

to using a constraint-based modeler. Quite often, the time 
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5 Copies

4 Copies, 2 cm Apart
3 Copies, 3 cm Apart

(A)

(B)

RA

Figure 9.60

Linear and radial arrays

that it takes to build a model of the part from scratch is 

no quicker than it would be to create a set of 2-D CAD 

drawings of the part. If the model is constructed in such 

a way as to link dimensions of features together to au-

tomate modifi cation of the model, then the time it takes 

to build the model increases. This time put into model 

construction will pay off only if you are able to create the 

model as a dynamic product data source, which provides 

a high degree of automation to the creation of alterna-

tive designs, This automation is not just within individual 

parts, but also between parts in an assembly.

9.9 Assembly Modeling
Rarely does a new or revised product consist of only 

a single part represented by a single solid. Most prod-

ucts consist of numerous parts (sometimes even hundreds 

or thousands). If a computer model of this product is to be 

constructed, facilities will be needed to coordinate the 

various parts of the model, as well as the different people 

assigned to develop those parts. Full integration of the de-

sign team and the 3-D computer model demands a data-

base and a modeler that can keep track of many parts at 

many levels of design development.

Nonhierarchical Organization  Most 2-D CAD systems 

support the concept of layers. Layering is a facility that 

allows the various graphics elements of a drawing to be 

grouped together in the database. This facility is used 

most often to control what is seen and/or editable on the 

screen and what is printed or plotted. Layering in most 

systems is nonhierarchical; that is, no one layer has pre-

cedence over another.

Hierarchical Organization  Often, groups of objects must 

be brought into assemblies (Figure 9.61 on page 442). 

Such assemblies usually refl ect the grouping of elements 

in the fi nal product. For example, solids representing nuts 

and bolts might be grouped together in a hardware assem-

bly. The most natural way to create these assemblies uses 

a hierarchical approach in which the real relationships 

of parts in an assembly are refl ected. In the example, the 

hardware assembly would be a subassembly of the fi nal 

product.
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Final assembly

Strap plate

Inner plate

Outer plate

Plate
sub-assembly

Spacer
sub-assembly

4 spacers

4- M10x1.5
nuts

2- M10x1.5-
50 Bolts

2- M10x1.5-
40 bolts

Hardware
sub-assembly

Figure 9.61

Hierarchical parts structure of an assembly
An assembly usually consists of a hierarchy of parts, some of them brought in as multiple instances.

Central Hardware Database
M10x1.5-40 Bolts
M10x1.5-50 Bolts
M10x1.5-60 Bolts
M8x1.25-20 Bolts
M8x1.25-25 Bolts

M10 Spacers
M10x1.5 Nuts
M8x1.25 Nuts

Figure 9.62

Shared common parts
Standard components can be instanced and shared across multiple assemblies.
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Networked Hierarchical Organization  The use of standard-

ized parts to improve manufacturing effi ciency is a tech-

nique that goes back to the 19th century. To assist this 

manufacturing goal, 3-D modeling systems must share 

common parts, both within an assembly and with other 

assemblies. This sharing across assemblies constitutes a 

networked hierarchy (Figure 9.62) in which parts exist 

in several hierarchical trees. The basic geometries of stan-

dard parts are stored in a central database and are never 

changed. When a variation on a standard part is needed, 

the geometry is copied, and the copy is modifi ed.

A solid model can be shared in multiple instances in 

a model, where an instance shows the same form at new 

locations/orientations but does not duplicate the object in 

the database (Figure 9.63). Each instance has a unique 

name, location, and orientation. The information also 

contains a database address where the common geometry 

and topology shared by a group of instances is found.

This approach is considerably more effi cient than du-

plicating the object four times. If the shape of the origi-

nal object changes, all instances can be automatically 

updated. Most systems allow instances to be grouped to-

gether into assemblies. An assembly may be a group of 

instances made from the same solid, but more typically it 

is made of instances from different solids (Figure 9.63). In 

addition, assemblies can also bring in instances of other 

assemblies as a subassembly. A fi nal assembly is made by 

gathering the appropriate number of instances of all of 

the solid parts. This way, all the parts of the assembly can 

be manipulated and loaded into the system as a group or 

individually.

The assembly of parts into larger models uses many of 

the same techniques and concepts used in part modeling. 

In an assembly model, components are brought together 

to defi ne a larger, more complex product representation. 

A component is either a part or another assembly brought 

into an assembly model and associated with other com-

ponents (Figure 9.62). Assemblies, when brought in as 

components, are now considered subassemblies in the 

new larger assembly. These subassemblies, in turn, are 

made up of components themselves. Any assembly can 

be thought of as a hierarchy of subassemblies and/or parts 

and can be represented in a tree structure much like the 

features in a part. A part or subassembly can be brought in 

multiple times to an assembly, creating multiple instances 

of the component (Figure 9.64 on page 444). Instancing 

of components does not add appreciably to the size of the 

assembly model since all of the instances refer back to a 

single part model (or part models of a subassembly). The 

same part or subassembly also can be used across mul-

tiple assembly models. Common hardware, fasteners, and 

other parts used in multiple designs by a company can be 

kept in networked component repositories for use by en-

gineers and designers all over the company (Figure 9.62). 

Care is needed to manage this repository since change in 

a part here may affect multiple assemblies referencing it.

Constructing an assembly begins with bringing in a 

base component. As with the construction of a base fea-

ture in a part, a base component usually will be selected 

because of its central role in defi ning the overall assem-

bly. Each successive component brought in needs to be 

oriented and located relative to other components in the 

assembly. Location and orientation is achieved by defi n-

ing geometric relations between geometric elements of 

a component in the assembly and the elements of com-

ponents being brought in. These elements may be part 

model geometry or construction geometry associated 

with the component. Directionality of the geometric ele-

ments is often as issue in orienting the new component. 

A face on a part model will have an outside and inside, 
often with the positive direction defi ned with a vector on 

the outside surface pointing away from the model. Con-

struction planes do not have a natural inside and outside, 

so the directional vector usually has to be defi ned on the 

Left cap

Inner race

Outer race

Bearings

Right cap

Inner raceLeft cap Outer race Bearing 1

Right cap Bearing 2

Bearing 15

Bearing 16

Final assembly

Figure 9.63

Creating a bearing assembly using instancing
Assemblies can contain single or multiple instances of objects.
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fl y. Edges on the part models and construction axes may 

or may not have directionality to them. Coordinate sys-

tems, both global and local, can also be used to orient and 

locate components.

Defi ning these geometric relations primarily is done 

with two basic tools (Figure 9.65).

■ Mate. Two part surfaces/construction planes are set 

coplanar with the directional vectors opposing each 

other.
■ Align. Two part surfaces/construction planes are set 

coplanar with the directional vectors pointing the same 

direction. Alternately, two edges/construction axes are 

set collinear.

A modifi er for both mate and align is offset, where an off-

set distance for surfaces is defi ned. The surfaces continue 

to be parallel to each other. In addition to mate and align, 

there may also be tools to defi ne:

■ Parallelism (without specifying distance)
■ Tangency
■ Perpendicularity
■ Surface intersecting an edge/axis
■ Edge/axis intersecting a point/vertex
■ Angles of surfaces/planes to each other
■ Relationship of geometry to a coordinate system

The assembly modeler also may allow the creation of 

construction geometry or coordinate systems on the fl y as 

components within the assembly to help with the construc-

tion process. Establishment of these geometric relations 

between components creates parent-child relationships 

between the existing components and the new components 

coming in. Operators want to heed the same strategic prin-

ciples in establishing parent-child relationships between 

components in an assembly as they did with features in a 

part model.

4 Instances
of roller

Roller

Instance 1

Location
Orientation

Location
Orientation

Location
Orientation

Instance 2 Instance 3 Instance 4

Roller
geometry &

topology

Location
Orientation

Figure 9.64

Creating multiple instances of a roller
Part components can be instanced multiple times in an assembly to help with management.
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An assembly modeler tracks the relationship between 

components through degrees of freedom. The establish-

ment of each geometric relationship between two compo-

nents reduces the degrees of freedom components have to 

move relative to one another. Degrees of freedom are ei-

ther rotational or linear, with a fully free 3-D part having 

six degrees of freedom: three rotational and three linear. 

When component parts have Zero degrees of freedom rel-

ative to each other, they are considered fi xed. Figure 9.66 

on page 446 shows the process of restricting the degrees of 

freedom of two component parts. Depending on the mod-

eler, component parts may or may not be allowed to be left 

with degrees of freedom. If the assembly model is going to 

be used in kinematic or dynamic analysis, then degrees of 

freedom representing how the component parts are actu-

ally going to move in the assembly will need to be repre-

sented in the model.

Just as there often are limited ways in which part mod-

els can be modifi ed within drawings, part models often 

can be modifi ed within assembly models too. If the as-

sembly modeler has bidirectional associativity with the 

part modeler, then dimensional constraints on parts can be 

modifi ed in the assembly with the results refl ected in both 

the assembly model and the individual part model. Simply 

typing in a new number can make modifi cations to con-

straint values through parametric equations. Just as equa-

tions can be used to link constraints across features in a 

part, equations also can be used to link constraints across 

part models in an assembly. These assembly-level equa-
tions must reference both a constraint parameter and the 

part that the constraint is associated with. This technique 

can be an extremely powerful tool to make sure that inter-

acting features across parts—such as pins, holes, notches, 

etc.—continue to stay aligned and the proper size.

A particularly useful tool found in many assembly 

modelers is the ability to remove material from a compo-

nent part, not with a feature operation, but with geometry 

from another component. For example, a Boolean sub-

traction operation can be performed between two parts 

in an assembly with the resultant material removal being 

represented as a new feature on the part. This can be a 

valuable technique for modifying a part to conform to a 

particularly complex fi t in an assembly. Note that because 

of the dynamic associativity between part and assembly, 

the modifi ed part now will be dependent on both the other 

part and the assembly model to defi ne the new feature.

Mate Align Surfaces Align Axes 

Mate Offset

Figure 9.65

Methods for joining parts in an assembly
Mating and aligning are the most common methods for relating parts to each other in an assembly.
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Modifi cation of dimensional constraints and perform-

ing geometry removal within the assembly modeler are 

both examples of top-down design, where the fi nal geom-

etry of the parts has not been defi ned before bringing them 

in as components within the assembly. Often, assemblies 

are the best place to evaluate design goals for a product, so 

the fi nal geometry of a part may not be decided until it is fi t 

with other parts in their near-fi nal confi guration. The re-

verse of this approach would be bottom-up design, where 

all of the part geometry is defi ned before it is brought into 

an assembly. Though it may be possible to model parts 

from scratch within the assembly modeler, most part de-

sign uses a combination of both top-down and bottom-up 

design. Basic geometry for a part is established fi rst; then 

it is brought into an assembly where it can be further re-

fi ned, as necessary. 

Just as individual parts can be documented, assemblies 

can also be brought into the document module of a mod-

eler. The same techniques used to bring in a single piece 

are used for the assembly. As is the case with more tradi-

tional engineering drawing practices, what views are used 

and how they are notated is often different for an assem-

bly than it is for individual parts. One additional tool that 

is very useful when documenting assemblies is the abil-

ity to create an exploded view. Often a default exploded 

view can be created automatically by having the model 

components move away from each other along the lines of 

the geometric constraints applied in the assembly. The lo-

cation and orientation of the parts then can be adjusted to 

create a more optimal view. Flow lines then can be added 

between the part components. In addition to exploded 

views, tools to create bills of materials and to attach part 

codes with balloons and leaders are also standard in most 

document models. More information on paper notation of 

documentation can be found in Chapter 20.

9.10 Geometric Transformations
Solids can be modifi ed in several ways. Geometric trans-
formations include (Figure 9.67):

Translation—moving the solid linearly from one location 

to another along an axis.

Scaling—reducing or enlarging the object.

Shearing—moving selected vertices linearly along an 

axis.

Rotation—rotating the solid about an axis.

Refl ection—transforming the solid into a mirror image 

across an axis.

6 Degrees
of Freedom

Align Axes

2 Degrees
of Freedom

Mate Surface

1 Degree
of Freedom

Align
Construction

Planes

0 Degrees
of Freedom

Figure 9.66

Degrees of freedom between components in an assembly
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Refl ection, translation, and rotation are rigid-body 
transformations; they do not distort the shape of the 

solid. Scaling can be applied uniformly or nonuniformly 

to the three dimensions of the solid. If applied nonuni-

formly, face distortion will occur, but the edges will re-

main parallel. With shearing, distortion of some faces oc-

curs, but parallelism is still preserved.

Of all the transformations, translation and rotation are 

the most important. Both play a central role in the cre-

ation and modifi cation of solids. They are used for the 

two most common sweeping functions, linear and revo-

lute, and for changing the viewpoint of a view camera.

Translations can be specifi ed in terms of either abso-
lute or relative coordinates (Figure 9.68 on page 448). For 

an absolute coordinates move, from and to coordinates 

are given. Alternatively, relative coordinates can be used 

to express the total move as a single coordinate change. 

A coordinate indicating a translation is a vector or axis 

whose size and orientation refl ect the change in coordinate 

values.

A rotation is specifi ed in terms of an axis of rotation 

and a degree of rotation. Although a primary axis, such 

as X or Y, can be used as the axis of rotation, this is the 

exception rather than the rule. Rotational transformations 

are more sensitive than translations to the location of 

the axis. The location of the axis of rotation relative to 

the solid markedly infl uences the resulting location of the 

solid (Figure 9.69 on page 448). The amount of rotation is 

Rotate

Translate

Scaling

Shearing

Reflection

X

Y

Z

X

Y

Z

X

Y

Z

X

Y

Z X

Y

Z

Figure 9.67

Common geometric transformations
Transformations can modify the location, orientation, or shape of an object.
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specifi ed as a scalar value (i.e., number of degrees), and 

on most systems, the direction of rotation is specifi ed us-

ing the righthand rule (Figure 9.70).

An important distinction between translation and rota-

tion is their effects on the geometric values for the solid. 

Translation changes the location of the solid; all of the 

vertices of the solid move the same amount. However, 

the orientation of the solid remains unchanged. With 

rotation, both location and orientation are affected. Be-

cause rotation is a rigid-body transformation, change in 

Absolute

Move Vertex V1 from (8, 16, 5) to (20, 20, 5)

V1

(8, 16, 5)

Δ12 Δ4

(20, 20, 5)

To     (20, 20,5)
From (  8,16, 5)
          (12,  4, 0)

X

Y

Z

Relative

Move Solid S1 12 units in X and 4 units in Y

or...Move Solid S1 (12, 4, 0)

X

Y

Z

(0, 0, 0)

(12, 4, 0)

S1

Figure 9.68

Absolute and relative translation transformations

Rotate 90° about
Vector A

Rotate 90° about
the Y-Axis

X

Y

Z

X

Y

Z

A

90°

90°

Figure 9.69

Effect of axis location on rotation transformations
Unlike translation operations, rotations are sensitive to both 
the orientation and location of the axis.

Rotation 
Axis

Direction of

Positive Rotation 

Direction of 
Positive Rotation 

Rotation 
Axis

Figure 9.70

Right-hand rule
The direction of the axis specifi es the direction of positive 
rotation.
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orientation is applied uniformly to all faces. However, 

the change in location of individual vertices depends on 

the position of the rotational axis. Figure 9.69 shows an 

example of how locational change can be affected by 

rotational axis placement. The closer the rotational axis 

is to the solid, the smaller the locational change of any 

given vertex. In fact, any vertex that is on the rotational 

axis (notice the one that lies on vector A) will not change 

location.

Another difference between the two transformations 

is that, with translation, any move with an absolute value 

greater than zero will change the location of the entire 

solid; with rotation, some values—360 degrees, for ex-

ample—will result in no change to the solid, no matter 

where the rotational axis is placed.

All of the transformations can be specifi ed through 

declarative statements indicating specifi c coordinates in 

space, features on the solid, or construction geometry. For 

example, for a translation, the from coordinate can be an 

existing vertex on the solid, and the to coordinate can be 

either a feature on a solid or a construction point in space. 

Indirect, procedural commands can also be used in some 

situations, depending in part on the fl exibility of the sys-

tem and the sensitivity of the transformation to absolute 

position specifi cations. For example, a command such as, 

“Have face F1 of solid S1 adjoin face F2 of solid S2,” may 

be possible and may involve a combination of transla-

tional and rotational transformations.

9.11 3-D Viewing Techniques
The techniques used for viewing 3-D models are based 

on the principles of projection theory described earlier 

in this text. (See Chapter 7.) The computer screen, like a 

sheet of paper, is two-dimensional. Therefore, 3-D forms 

must be projected into 2-D. For review, the primary ele-

ments in creating a projection are the model (object), the 

viewer, and an image (view) plane (Figure 9.71). A coor-

dinate system is attached to each of these elements and 

is used to defi ne the spatial relationship between the ele-

ments. The world and any associated local coordinate 

systems defi ne the model. The viewing coordinate system 

also has three axes, which are defi ned by the viewer’s ori-

entation in space: vertical, horizontal, and depth. Even 

though it would be convenient to associate the computer 

screen with the image plane coordinate system, that could 

lead to incorrect assumptions. Therefore, it is best at this 

time to imagine a 2-D plane in 3-D space, similar to a 

workplane.

9.11.1 The View Camera

The view camera is a metaphor used to describe the view-

ing process with respect to 3-D models in various CAD 

systems. Some systems support more than one view of the 

model at a time. For each view, there is a camera, and there 

is an image plane onto which the model is projected (Fig-

ure 9.72 on page 450). The camera records the image on the 

plane and broadcasts that image to the computer screen. 

The broadcasted image is contained within a viewport on 

the screen, and viewports may be resizable and relocatable 

or fi xed, depending on the system. In addition, the limit to 

the number of active viewports, and therefore the number 

of cameras active at one time, also varies.

In nearly all cases, the image plane is oriented such 

that the viewing direction is perpendicular to the image 

plane, creating an orthographic projection. For the most 

part, oblique projections are not allowable with 3-D mod-

eling systems. The vertical axis of the camera is also 

usually fi xed relative to viewplane. Rotating the camera 

such that the vertical axis is no longer “up” also rotates 

the view in the port. Rotating the vertical axis 90 degrees 

would be like picking up your television set and turning it 

on its side. This is not how you normally perceive objects 

in space and it is therefore only done for special effects.

View cameras are used during model construction, as 

well as after the model is built. Active workplanes can be 

attached to the viewplane of the camera so that what you 

Viewer

ModelProjection
plane

Figure 9.71

Elements of a projection system
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V1

V2

V
1

V2

Figure 9.72

The view camera
The view camera captures a projection of the model on the image plane.

draw is seen on the screen port without distortion. With 

this arrangement, the u and v axes of the workplane cor-

respond to the horizontal and vertical axes of the screen 

viewport, respectively (Figure 9.73). Each active work-

plane has its own local u,v coordinate system and its own 

orientation to the X, Y, Z world coordinate system. Ide-

ally, the w axis of the workplane, the depth axis of the 

view camera, and an axis perpendicular to the screen are 

all kept parallel. This is an intuitive alignment that eases 

the diffi cult job of maneuvering in 3-D space.

The orientation of any particular view camera with re-

spect to the world coordinate system can vary considerably 

during the course of model building. This lack of fi xed 

orientation can often be disconcerting. The fact that view 

cameras are moving all around the model while you are 

fi rmly seated in front of the computer screen also contrib-

utes to the disorientation. If the camera is rotated in one di-

rection about a model, the object itself appears to rotate in 

the opposite direction on the screen. An important distinc-

tion must be made between the two actions. If you rotate 

the model, its orientation to the world coordinate system 

changes, as will its geometry in the database. If you move 

the view camera, however, the camera has changed loca-

tion relative to the world system, but the geometry of the 

model has remained untouched. Preserving the location 

and orientation of a model can be critical when multiple 

parts in an assembly are being coordinated. To get a new 

view of a part, rotate the camera and not the part.

9.11.2 View Camera Operation

Once a view camera has been oriented and a projection 

calculated, a number of auxiliary commands can be used 

to manipulate the view of the model (Figure 9.74). When 

a view is calculated, the projection of the model is stored 

in a buffer, and any change in the view that does not 

change the viewing direction can be done quickly and ef-

fi ciently. Such commands include zoom in, zoom out, and 

pan, which can be done faster than, say, rotating the view 

about the object.

Most systems also default to setting the view camera 

infi nitely far away from the model, creating a parallel 

projection. Changing a parallel projection to a perspective 
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projection is usually a matter of setting the view camera 

distance to something other than infi nite. The closer the 

camera is to the model, the wider the view angle required 

(Figure 9.75 on page 452). Some systems allow the view 

angle to be manipulated, while others change the viewing 

distance. In either case, the effect is a change in the con-

vergence of any parallel edges on the model, from nearly 

parallel to extremely convergent.

A related issue in view specifi cation is how to display 

the geometry of the model. The most common methods, 

shown in Figure 9.76 on page 453, are:

■ Wireframe
■ Hidden lines rendered
■ Hidden lines removed
■ Shaded

V1

U

W

V
U

W

V

Figure 9.73

Orienting the workplane coincident with the viewplane
Workplanes are often used to orient the view camera.

Zoom In Zoom Out Pan

Figure 9.74

View commands that do not involve changing the viewpoint
Pan and zoom commands do not change the projection of the model.
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In addition, the lines representing tangency can be:

■ Hidden
■ Displayed solid
■ Displayed as an alternate linetype

Exactly how the model is rendered can change numerous 

times during the construction of the model. Each render-

ing mode has its own advantages, with the decision of 

which mode to use often based on balancing the need to 

minimize the number of lines shown on the screen with 

having access to tangencies and hidden features. It is im-

portant to note that a model can be displayed in wireframe 

and still contain solid model information in the database. 

The rendering of the model is independent of the underly-

ing geometric database.

Camera View

Parallel Projection

Perspective Projection

Perspective Projection

What Is Seen

Figure 9.75

Parallel versus perspective projection
The closer the camera is to the object, the wider the angle of view and the more severe the convergence.
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9.11.3 View Camera Strategy

Projection calculations are not sensitive to the point of 

view; a traditional front view of the object is as easy to 

calculate as an isometric pictorial view. This is not the 

case with 2-D CAD or mechanical drafting. The implica-

tion is that, except for the occasional need to conform to 

a standard view, there is no reason to stick solely to the 

traditional views when working with 3-D modelers.

Viewpoints should be chosen on the basis of the task to 

be performed. With multiple viewports, the views are of-

ten distributed between those used strictly for viewing and 

those used for constructing the model. A pictorial view of 

the model is useful for observing the progress of the over-

all construction. The pictorial is often an axonometric view 

oriented such that the features currently being worked on 

are seen with a minimum amount of foreshortening. Pic-

torial views are a compromise that allows all three major 

dimensions of the model to be seen. With 3-D modelers, 

dimetric and trimetric pictorials are as much an option as 

isometric pictorials. Rather than being limited to a certain 

pictorial view, the user can interactively orient the model 

to depict the features to the best advantage.

During model construction, traditional multiviews are 

available. The workplane is aligned to an existing face on 

the model, or along a global axis, and the resulting view 

matches a traditional front, side, or top view.

To choose viewpoints for construction, or for viewing 

a completed model, use the same rules as for sketching or 

drawing, as follows:

■ Avoid views that are close but not quite a standard or-

thographic view (Figure 9.77A on page 454). Such views 

would have the features along one primary dimension 

severely foreshortened and therefore very distorted.
■ Clearly identify the features of interest, and orient the 

view camera to depict those features (Figure 9.77B). 

If there are important features along all three primary 

dimensions, an isometric or near isometric view may 

be appropriate.

Figure 9.76

Different options for rendering a model
There are many options for how to depict hidden edges and tangents.
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■ If most of the features of interest are along only two 

of the three primary dimensions, choose a view that 

favors those two; however, retain the third dimension. 

If there are features on more than three sides of the 

model, another viewport with a view from the opposite 

side of the model may be required.
■ For features that must be carefully analyzed, choose 

a view where the applicable faces can be seen in their 

true size and shape (Figure 9.77C).

Practice Exercise 9.4
Select a small object with features on at least three faces. 

Use a small sheet of clear plastic as an image (view) plane. 

Use your eyes as the camera behind the image plane. Move 

the image plane about the object to fi nd three orthographic 

views that capture most of the important features of the 

object. Move the view plane to one of the views and use 

a water-based marker to sketch the projection of the ob-

ject on the plastic. On a sheet of tracing paper divide it into 

four quadrants. Each quadrant represents a viewport. Each 

viewport should be the size of the plastic viewplane. Place 

the plastic under one sheet of tracing paper, and transfer 

the projection drawn into the viewport. Repeat this process 

until the other two orthographic views and a pictorial view 

are transferred to the viewports on the tracing paper. This 

process mimics the process of creating views in viewports 

using a 3-D modeling system.

9.13 3-D Modeling and the Design Process
CAD was introduced into most businesses as an auto-

mated drafting tool and was then defi ned as computer-

aided drafting. The introduction of 3-D modeling systems 

has transformed CAD into computer-aided design.
CAD 3-D modeling plays an important role in 

many newly emerging manufacturing techniques, includ-

(A)

(B) (C)

No!
Important
features are
hidden

No!
Severe
distortion
of depth

Yes!
Important
features are true
size and shape

Figure 9.77

Good and poor viewing practice for modeling
The choice of view should be feature driven. Which view best depicts the hole and inclined plane?

ber28376_ch09.indd   454ber28376_ch09.indd   454 1/2/08   3:04:23 PM1/2/08   3:04:23 PM



  CHAPTER 9  Three-Dimensional Modeling 455

ing computer-aided manufacturing (CAM), computer-

integrated manufacturing (CIM), concurrent engineering, 

and design for manufacturability (DFM). All of these man-

ufacturing techniques are aimed at shortening the design 

cycle, minimizing material and labor expenditures, raising 

product quality, and lowering the cost of the fi nal product. 

Central to these goals is better communications within a 

company. By sharing the 3-D database of the proposed 

product, more people can be working simultaneously on 

various aspects of the design problem. The graphics nature 

of the database has convinced many that 3-D modeling is 

a superior method of communicating many of the design 

intents.

Another important part of the model planning process 

is understanding how the model data is going to be used 

once it is created. If you are going to use analysis tools 

such as fi nite element analysis (FEA), you will need to 

make sure that the critical features you have earmarked 

for careful analysis are modeled in enough detail to give 

accurate results. Similarly, if you are going to be creating 

physical prototypes using rapid prototyping tools for vi-

sual analysis, careful attention will need to be paid to the 

visible exterior surfaces. Models used to generate CNC or 

related manufacturing data will need to accurately repre-

sent the geometry of the fi nal manufactured parts, inside 

and out. For example, internal ribs, bosses, fi llets, or draft 

angles that might not have been of importance to evaluat-

ing its external appearance are critical when cutting injec-

tion molds.

9.12.1 Sketch Modeling

Early in the design process, during the idea generation 

phase, models must be constructed quickly so that the de-

sign ideas can be tested. Because speed is more important 

than accuracy at this stage, modelers designed for this 

purpose are called sketch modelers.

The initial computer models are often developed us-

ing simple primitives (Figure 9.78). The more promising 

designs are refi ned to provide a better idea of how the fi -

nal product may look. In these early stages, many designs 

may be developed simultaneously and then compared. 

The comparison process may mean visual inspection of 

the designs, requiring that alternative designs be brought 

up simultaneously on the computer screen. Alternatively, 

prints or plots of the models can be made. Rendering 

techniques, such as shading and coloring, can be used to 

enhance the visual comparisons (Figure 9.78).

9.12.2 Prototyping

Even with the capability of developing virtual mod-

els, physical mockups are often needed as the design 

progresses. Prototyping techniques allow physical models 

to be made directly from a 3-D database. With some sys-

tems, the outer surface of the model is translated into a se-

ries of paths traced by cutter heads on a milling machine 

(Figure 9.79 on the next page). This technique can be used 

for high-precision manufacturing of the fi nal product, or 

for lower-precision production of prototypes made from 

Figure 9.78

Form refi nement of a hair dryer
3-D modeling tools can be used for designs at all stages of development.
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Designing Snowboards

The engineering design process is 

used in many types of jobs from 

the design of consumer product 

packaging to the design of snow-

boards and related equipment. An 

understanding of the design process 

and 3-D solid modeling—along with 

formal education in a fi eld of engi-

neering—can lead to exciting job op-

portunities, such as the one described 

here of an engineer who worked on 

the design of snowboards.

Snow Sports

“When I was a kid, we called my 

grandfather ‘Fix-it Grandpa.’ He could 

fi x anything, and I often followed 

him around asking questions about 

everything. I was always fascinated 

when he took everything apart; only, 

if I did it, I couldn’t always get it back 

together. Neither of my parents were 

mechanically inclined, so, when I 

needed something fi xed, I either had 

to call Grandpa or fi x it myself.

“When I was graduating from high 

school, I wanted to go to college at 

University of California, Santa Bar-

bara. My dad and I were looking 

through the college catalog and ran 

across a picture of a Human Pow-

ered Vehicle under the mechanical 

engineering section. We both agreed 

that it looked interesting, and I felt 

confi dent that I could study mechani-

cal engineering because I enjoyed 

math, science, and physics.

“Because of my engineering edu-

cation, I feel that I can solve any 

problem and can do whatever I want 

with my life. The education gave me a 

set of tools to have a successful life.

Dream High Tech Job

“To make extra money, I worked 

for Joyride Snowboards as a college 

sales rep. I had been an avid snow-

boarder for the last 12 years so it 

seemed like a good fi t to use my en-

gineering skills to further the sport of 

snowboarding.

“My employment at K2 started as 

an internship after graduation and 

eventually became a full-time gig. At 

K2, I designed snowboard footprints, 

profi les, and constructions with an 

emphasis on women’s boards. I also 

organized and led on-snow tests on 

Mt. Hood for prototype testing. My de-

sign, the K2 Mix, is still in production 

and was ranked in the Top 5 Women’s 

boards in the 2002 Transworld Buyers 

Guide. In fact, Gretchen Bleiler, the 

winner of the Women’s Super-pipe in 

the 2003 X-Games and the Women’s 

U.S. Open Half-pipe Championships, 

rides my board!”

Skis and Snowboards

Engineers who love to ski and snow-

board naturally gravitate toward work 

in the snow sports industry. Tradi-

tionally, when an idea for a new ski 

or snowboard design came along, 

engineers would build a prototype, 

perform laboratory tests for stiffness, 

and test it on the slopes. Based on 

the test experience, engineers would 

make design changes and retest the 

equipment. This method of design re-

sulted in a slow and tedious process. 

In addition, the perfectly crafted ski 

or snowboard is not perfect for ev-

eryone. The needs of a 5�2� female 

snowboarder are much different 

than the needs of a 6�0� male snow-

boarder. The snowboard’s height, 

weight, and skill level, as well as the 

snow conditions and the angle of the 

slope, all need to be taken into con-

sideration when trying to fi t the per-

fect board to the enthusiast.

Snowboards are made out of 

several layers of materials, along 

with glue and paint. Snowboarders 

believe that the edge design, or ef-

fective edge, is the most important 

part of the design. Edge design de-

termines how the snowboard will 

turn. The more surface area the edge 

has, the more control and, hence, the 

sharper the turns that can be made. 

Structural strength of the snowboard 

is also very important. Engineers de-

termine the strength by fi guring out 

the acceleration of the rider.

To accommodate these various 

conditions, engineers from manufac-

turers such as K2 and Head are de-

signing intelligent technology that will 

enable skiers and snowboarders to 

go faster and have more control.

Reprinted with permission from Baine, Celeste, 

High Tech Hot Shots, 2004, NSPE, hightechhotshots

.com.

S T A C I E  G L A S S

Former Snowboard Design Engineer, K2 

Snowboards

(Courtesy of Stacie Shannon Glass.)
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inexpensive materials, such as wax or foam blocks. A 

more expensive technique called stereolithography uses 

light beams to trace the surface, avoiding the limitations 

of mechanical cutter heads (Figure 9.80). In stereolithog-

raphy, the model is decomposed into a series of very thin 

layers. Each layer is a 2-D profi le with a nominal thick-

ness in the third dimension. Two light beams move a focal 

point around in a vat of photosensitive polymer, tracing an 

outline of one of the layers. Once a layer of polymer has 

been hardened by the light beams, the next layer up is 

traced. Stereolithography is one of several rapid prototyp-
ing techniques. Models of considerable complexity can 

thus be created.

In some cases, it is not practical to make a prototype 

because of size or cost. In other cases, the prototype 

would not respond the way the actual product would. For 

these situations, as well as others, virtual reality (VR) 
systems offer a viable analysis approach (Figure 9.81). 

VR systems use the principles of perception to develop 

completely immersive environments in which the user can 

interact with the object through some or all of the senses. 

In such an environment, the user has the feeling of actu-

ally interacting with the virtual model.

VR technology requires models that correspond 

closely to the real object. Also, the system must be able 

to monitor all actions taken by the user. This includes 

changing the point of view when the user’s head posi-

tion changes or depicting a virtual hand when the user is 

Figure 9.80

Rapid prototyping machine used to create this golf club 
head
Rapid prototyping technologies allow complex geometries to 
be transformed quickly and accurately from 3-D computer 
models into real models.

Figure 9.79

Cutter paths on a surface model
Milling machines driven by computer controllers can automate 
the process of creating physical prototypes.

(Photo courtesy of Dassault Systemes.)

Figure 9.81

Virtual reality technology 
This technology allows a more complete use of the senses to 
explore and evaluate design concepts.

(Reprinted Courtesy of Caterpillar, Inc.)
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reaching out and grasping the virtual object. In addition, 

the user needs to receive feedback that closely mimics the 

environment’s responses to the user’s actions. The visual 

and auditory fi elds must be completely controlled by the 

system, and this is often done with headsets. State-of-the-

art technology that would provide kinesthetic feedback is 

being developed. The virtual model would feel like it has 

weight when it is being moved around by the user.

9.12.3 Analysis

The specifi cation phase of the design process establishes 

the requirements for the needed product. Periodically, the 

various design concepts being developed should be evalu-

ated against these requirements. As the design process 

progresses, changes become more expensive to imple-

ment, and fewer design options can affordably be ex-

plored (Figure 9.82). However, evaluations take time and 

resources, and they should not be done unnecessarily. Se-

lecting the right analysis method is as important as deter-

mining when or how often evaluations must or should be 

done. Some computer evaluation techniques are very time-

consuming, while others are quick and can be done essen-

tially on a continuous basis as the design evolves.

Visual Inspection  Visual inspection is an evalua-

tion technique that is quick and easy, although very 

subjective. The visual inspection may involve making 

sure all the necessary parts are in an assembly model. 

Technicians and engineers familiar with the end product 

can often make well-educated design decisions based 

purely on a visual analysis. Visual analysis is also used to 

make aesthetic decisions concerning the “look” of the 

model. Industrial designers and marketing professionals 

depend heavily on visual analysis to judge aesthetic 

appearance.

Rendering techniques that enhance the visual analysis 

process involve steps ranging from simply removing the 

edges and surfaces normally hidden from view (Figure 

9.83) to adding shading or color to make some surfaces or 

features stand out. More advanced rendering techniques, 

such as ray tracing, can accurately model the response of 

different materials to light rays. Such techniques not only 

assist in aesthetic design decisions but also in safety deci-

sions where refl ected light (glare) could pose problems.

Kinematics  Kinematics is an analysis technique 

used to evaluate the design of a mechanism, that is, 

an assembly of multiple parts, some of which move with 

Number
of design
options

explored

Cost to
implement

change

ManufactureAnalysisGenerationSpecification

Figure 9.82

Changes in cost factors over the design cycle
As the design becomes fi nalized and moves toward production, changes to the design become increasingly expensive to implement.
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respect to other parts. A mechanism contains two main 

components: the solids themselves, which represent the 

links, and the joints, which describe how the links can 

move relative to each other (Figure 9.84). Joints constrain 

movement to either translational or rotational, or a combi-

nation of the two.

Linking parts together into a kinematic model allows 

the designer to evaluate the paths of motion of various 

parts. This movement requires the addition of a fourth 

dimension, time, to the computer model. The time dimen-

sion specifi es the orientation or location of a given part at 

a given time (Figure 9.85). The movement paths can be 

represented as discrete solids, or can be depicted by the 

Figure 9.83

Wireframe, hidden line removed (HLR), and rendered model of a part
Different types of rendering will give the designers different information about the model.

Link  A

Link B

Joint  A-BYB

Link

XA

XB

YA

ZA

ZB

YB

Figure 9.84

Components of a kinematic mechanism
Links in a mechanism are related to each other through local 
coordinate systems composing the joint.

Time

T=0 T=1
T=2

T=3

Figure 9.85

Representing the fourth dimension of time as discrete 
geometry
Modifi cation tools in 3-D modeling systems can be used to 
represent the change in a part over time.
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sweeping technique. In Figure 9.86, a new solid is created 

to show the volume of space that the part passes through 

over time.

Kinematics is also used to evaluate whether any parts, 

movable or otherwise, clash, that is, whether the volumes 

representing two different parts intersect each other. Al-

though this analysis can sometimes be done visually, the 

Boolean intersection operation provides a much more pre-

cise assessment. Boolean intersections taken at different 

time intervals will show the exact topology and geometry 

of any overlap during movement of the mechanism. For 

example, a redesign of the base in Figure 9.87 could be 

performed by representing the movement of the arm as a 

swept solid and then performing a Boolean difference op-

eration on the base. This would remove from the base a vol-

ume exactly matching the path of the arm (Figure 9.88).

Mass Properties Analysis  Additional information about 

the model can be obtained by performing a mass proper-
ties analysis. With those 3-D modeling systems capable 

of calculating the volume of a solid, density values can 

be added to calculate the overall mass of the solid (Fig-

ure 9.89). In addition, the centers of gravity (centroids) and 

the internal properties can also be calculated. Such calcu-

lations are used either on a single solid of uniform density 

or on a complete assembly containing parts of varying ma-

terials and densities. A simple but important application of 

Figure 9.86

Representing a moving part as a swept path
Sweeping tools in the 3-D modeler can be used to represent the 
path of a part.

Figure 9.87

Calculating the clash between parts using an intersection 
Boolean operation
As parts move relative to each other, their intersection can 
be evaluated.
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this analysis involves calculating the fi nal shipping weight 

of a product.

When mass properties analysis is combined with kine-

matic information, a more sophisticated technique called 

a dynamic analysis can be performed on the model. 

Straight kinematic analysis assumes that all parts are 

moving at a constant velocity and that no forces are act-

ing on the parts. However, for a mechanism, forces are 

acting on the parts at all times. Forces are needed to start 

and stop a mechanism and, because of friction, to keep 

it going. The distribution of mass of a part plays a cen-

tral role in these calculations. For example, it takes much 

more power or force to get a truck moving from a dead 

stop than it does to get a motorcycle moving; it is also 

much harder to get a moving truck to stop.

Finite Element Analysis  Mass information helps cal-

culate the forces acting on a part but not necessarily 

how the part responds to those forces. A real-world object 

is a continuous mass that responds in a very complex man-

ner to forces acting upon it. Currently, only the responses 

of very simple geometric shapes are clearly understood. A 

process called discretization divides more complex geom-

etries into simpler forms so that the response of a solid to 

forces can be estimated. The process of creating a model 

of primitive geometries is called fi nite element modeling 
(FEM), and the analysis done on the resulting model is fi -
nite element analysis (FEA).

A virtual model can be designed to exhibit the same 

thermal or elastic properties as the material from which the 

product will be made (Figure 9.90 on page 462). Instead 

of having real forces exerted on real models, hypothetical 

forces can be applied to a virtual model, avoiding the often-

destructive results for a physical prototype. Working with 

virtual models saves the time and expense of fabricating 

one-of-a-kind prototypes.

Ergonomics  Ergonomics examines the interaction 

between technology and humans. The point of in-

teraction could be the hand grip on a vacuum cleaner, the 

Figure 9.88

Redesigning a part to avoid interference
The swept path of the arm can be subtracted from the base 
using the Boolean difference operation.

VOLUME 133969.7108
MASS 133969.7108
CENTROID Xbar Ybar Zbar

0.2439426889 26.03605442 93.66152808

PARALLEL CENTROID AXES
Moment of Inertia Ixx Iyy Izz

312232716.3 262236625.6 64632247.74
Radius of Gyration Kxx Kyy Kzz

48.27651301 44.24287738 21.96449992
Product of Inertia Iyz Ixz Ixy

–59194625.5 –1089532.317 –964951.745

PRINCIPAL AXES THROUGH CENTROID
Moment of Inertia IXX IYY IZZ

312251349 278599864.1 48250376.48
Radius of Gyration KXX KYY KZZ

48.27795346 45.60234125 18.97785147
Principal Axes

PrincA 0.9998070774 –0.01963977285 0.0002955702916
PrincB 0.01900740565 0.9636017962 –0.2666651399
PrincC 0.004952430712 0.2666193122 0.9637891968

Figure 9.89

Sample property analysis
Mass properties analysis gives information such as its volume 
and inertial properties.
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seat in a car, or a control panel in a nuclear power plant. 

Ergonomic analyses revolve around the concepts of com-

fort, effi ciency, and safety. Using virtual models, both the 

products and the human operators can be modeled.

Some types of interactions may be related to the physi-

cal characteristics of the human body (Figure 9.91), di-

mensions of which vary considerably from one person 

to another. Values have been established to refl ect the 

percentage of certain populations that fall within a given 

range. Body dimensions must be analyzed when items 

such as seating are designed to accommodate a full range 

of sizes. Designing a seated computer workstation is a 

good example: for the largest, there must be adequate 

leg room; for the smallest, their feet must still be able to 

touch the ground.

More sophisticated human modelers allow various an-

atomical components to be modeled as separate parts and 

linked to a kinematic model. These models are manipu-

lated to mimic how a human would walk, bend, crawl, 

etc., through a given space or to evaluate whether certain 

controls are too far away to reach (Figure 9.92). Reach 
envelopes can be swept for human limbs in the same way 

they are for mechanical parts. Other geometric solids are 

created to represent other limits of human capability. For 

example, a right-angled cone is used to represent the cone 
of vision of an aircraft pilot. The intersection of this cone 

with the cockpit model indicates the controls that can be 

seen by the pilot at that moment.

9.13 Computer-Aided Manufacturing (CAM)
Three-dimensional modeling techniques can be 

combined with computer-aided manufacturing 
(CAM) capabilities to ensure that a product design satis-

fi es the desired manufacturability requirements as closely 

as possible.

Three-dimensional models and their associated data-

bases ease the transition from design to manufacturing by 

reducing or eliminating the need for traditional working 

or production drawings (Figure 9.93). In many instances, 

the computer-generated model and database can be trans-

lated directly to the computer system controlling the 

CAM operation.

The fi rst step in the manufacturing of a product is pro-
cess planning (Figure 9.94 on page 464), in which the 

most effi cient approach for producing the product is de-

termined. Since individual parts are manufactured sep-

arately, the product, and therefore the model, is divided 

along its natural hierarchical structure. The parts can also 

be separated between those parts that are ready-made and 

those to be fabricated on site. For those that are to be fab-

Figure 9.90

Finite element analysis of a product
Powerful desktop computers not only allow the simulation of 
loads on a design but also coding the values in color for easy 
visualization.

(Image by COSMOSWorks, the integrated design validation tool in SolidWorks.)

39.6

15.2

63.6

35.8

13.6

58.7

Male Female

Figure 9.91

Human proportion 95th percentile chart
Body dimensions of various population segments can be used 
to model their interaction in work environments.
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ricated on site, models can be made showing what each 

part will look like at each stage of the manufacturing 

process (Figure 9.95 on page 465). These models provide 

information used to determine how much time, material, 

and labor would be required to manufacture the product 

as modeled. If special types of tooling (e.g., cutters, jigs, 

etc.) are required, 3-D models can also be made for them.

Increasingly, the machinery used for fabrication is 

programmed using the computer models of each part. 

The information related to the model is translated into 

DESIGN MANUFACTURING

Translate 2-D
drawing into

3-D processes

Create
production
or working
drawings

•Written
descriptions
& instructions

•Drawings
•Numeric
printouts

DESIGN

•3-D model
geometry
specifications

•Material
•
instructions

MANUFACTURING

Translate 3-D
model into

3-D processes

TRADITIONAL

CAD/CAM
Manufacturing

Figure 9.93

Design to manufacture, with and without 3-D computer models
Modern CAD/CAM techniques use 3-D model databases to minimize the need to produce and interpret 2-D drawings of a design.

Figure 9.92

Human interaction and ergonomic simulation within a 3-D car
(Courtesy of Dassault Systemes.)
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manufacturing operations by specialized programs. These 

programs control the machine tools through a process 

called numeric control (NC) (Figure 9.96). Originally, 

information was provided to NC machines by punched 

tapes. Improvements in technology have led to the full-

scale integration of computers with machine tools, and the 

development of computer numeric control (CNC). The 

use of CNC means less translation and less chance for er-

ror. In the current generation of CNC technology, simula-

tions of the tool cutting action are created and tested on 

virtual models before actual materials and equipment are 

used (Figure 9.97). This cuts down on material waste and 

reduces troubleshooting time, freeing up the equipment 

for greater use in production.

An important factor in planning tool paths is the sur-

face of the model. Surface and B-rep modelers readily 

lend themselves to CNC programming. A CSG model 

must be converted to B-rep data and is limited to the types 

of analytic surface geometry the modeler can represent. 

The parametric equations describing a sculpted surface 

in a surface modeler can be used directly to create NC 

code (Figure 9.98 on page 466). As the u and v param-

eters are incremented, cutter paths are generated as either 

discrete points or curved paths. Even with CNC milling 

machines, sculpted surfaces can be very time-consuming 

to cut. However, the CNC milling machine can be used to 

make a master mold or die that, in turn, is used to quickly 

form plastic or metal for the fi nal product.

9.14 Data Associativity
Often, the 3-D modeling system is the primary gen-

erator of engineering data for the product being de-

signed. From 3-D model data, analyses such as FEA and 

kinematics are performed, 2-D production drawings are 

generated, and images are rendered for visual inspection. 

To cut down on development time, there is a need to move 

information from the modeler to these support applica-

tions as quickly and accurately as possible. In a concurrent 

engineering environment where many people are working 

on a design simultaneously, there is a great risk that not all 

team members have up-to-date information to perform 

their jobs. On one hand, they do not want to extract model 

information too soon if the model specifi cations are still 

changing, yet if the process of extracting model informa-

tion is time-consuming, they cannot leave this step for the 

last minute. Data associativity addresses this dilemma by 

creating a dynamic linkage of information between the 

3-D model database and the supporting applications. 

Whenever the model is altered, the associated data in the 

supporting application are also automatically updated, 

giving all design team members the most current informa-

tion to work with.

The dynamic linkage of data can be established in a 

number of different ways. First the linkage can all take 

place within one software package, which contains multi-

ple discrete applications. Links can be established between 

different applications running on a single workstation us-

ing standard technology such as Microsoft’s Object Link-

ing and Embedding (OLE). With the assistance of net-

working and Product Data Management (PDM) tools (see 

Section 2.3), data can also be dynamically linked across 

networks to all users working on the same design project. 

Links made between the 3-D model and supporting ap-

plications can be either unidirectional or bidirectional. 
With unidirectional associativity, the supporting applica-

tion’s data can be altered by changing the 3-D model, but 

not vice versa. With bidirectional associativity, changes 

Process
planning

Production
planning

Tooling

Material
ordering

Machine
programming

Production

Quality
control

Shipping

3-D
model

Figure 9.94

The manufacturing process using a 3-D computer model
The 3-D model database contains information used in every phase of the manufacturing process.
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Stamp
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Figure 9.95

Modeling the incremental fabrication of a part
Virtual 3-D models can be used to simulate the manufacturing 
process.

Figure 9.96

Generating machine instructions for an NC milling machine
3-D models simplify the process of generating NC code for 
manufacturing.

Figure 9.97

Planning tool paths using a virtual 3-D model
Tool paths can be troubleshot on virtual models without risk 
of damaging expensive tooling.
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in either the 3-D model or data in the supporting applica-

tion will affect the other. In addition to the direction of the 

data fl ow, the updating can be set to be done automatically 

whenever there is a change, or done manually when an up-

date command is chosen.

One of the most common types of data associativity 

is between the 3-D model and a 2-D production drawing. 

For example, if the 3-D modeling system also has a 2-D 

drafting module, then links can be set up between the 

model and the views represented in the production draw-

ing (Figure 9.99). In a modeling system in which this is 

implemented, the views in the production drawing can be 

thought of as live projections of the 3-D model from dif-

ferent points of view. Typically, a base view of the model 

(such as a front view) is anchored in the production draw-

ing. Then, principal and auxiliary views are established 

relative to this base view. In addition, sections and de-

tails can usually be created. What cannot be added, how-

ever, are those standard conventions drafters usually use 

that violate true projections of the object. For example, 

aligned sections and conventional breaks to shorten elon-

gated parts are not typically allowed. Although hidden 

lines may be turned off altogether, selective removal of 

unwanted hidden lines usually is not.

When 2-D documentation of a product is needed, it is 

relatively easy to generate. Traditional multiview projec-

tions of an object can typically be captured directly from 

the projection of the 3-D model in the viewport. Many 

3-D modeling systems also contain a 2-D drafting com-

ponent. When the model has been properly positioned, 

the view is captured and projected on the image plane as 

2-D line information. With some systems, a special view-

port is designated as two dimensional (Figure 9.99). The 

captured views are placed and arranged in this viewport. 

In other systems, the entire screen represents what will be 

seen on the drawing, and multiple viewports containing 

3-D views are arranged on the screen.

The capability to display hidden lines as dashes, rather 

than removing them altogether, assists in the creation of 

the fi nal drawings. Also, since a 3-D model does not show 

all of the information that a drawing would, elements such 

as dimensions and text can be added in special layers. 

Ideally, the 2-D drawings are linked dynamically through 

data associativity to the model so that drawings are up-

dated automatically as the model is modifi ed. The safest 

approach is to generate the 2-D documentation only after 

the design has been fi nalized.

9.15 Data Exchange Standards
Data exchange standards have been developed for 

the purpose of allowing databases to be shared by 

CAD and CAM systems and from one CAD/CAM system 

to another (Figure 9.100). In larger companies, it is fairly 

common to have more than one CAD system, and the re-

sulting data must be exchanged with the company’s CAM 

systems. In addition, data from the CAD/CAM systems 

of outside vendors supplying standardized parts must be 

integrated with the company’s systems.

v

u

Tool Path

Figure 9.98

Translating a surface patch into a tool path
Surface model databases are easily translated into machining 
instructions.

Figure 9.99

Associativity between 3-D model and 2-D drawing
With bidirectional associativity, changes in the 3-D model will 
automatically be refl ected in the 2-D drawing, and vice versa.

(Courtesy of Dassault Systemes.)
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There are many types of data that can potentially be 

exchanged between CAD/CAM databases (Figure 9.101). 

The data can be divided roughly into shape, design, and 

manufacturing information. Shape data can be divided 

into geometry, topology, font, color, measuring units, and 

level of precision. Design data can include the results of 

mass properties analyses and FEA. Manufacturing data 

would include material lists, tolerancing, process plan-

ning, etc. While early data-exchange standards focused on 

data formats (how information would be displayed), later 

formats focused on the data model (specifi c information to 

be displayed). Through this evolutionary process, data ex-

change standards have come to support increasingly com-

plex information. However, CAD software vendors have 

been reluctant to adopt and implement some of the newer 

standards defi nitions and specifi cations, which has left a 

void in the pipeline of communicating model data between 

CAD systems.

Drawing Exchange Format (DXF)  Drawing exchange for-
mat (DXF) is a standard originally developed by Au-

todesk, the developers of AutoCAD (Figure 9.102 on the 

next page). Due to the longevity and dominance of Auto-

CAD in the microcomputer market, DXF has become a 

de facto standard in this market. DXF is an ASCII text 

fi le containing both 2-D and 3-D geometric and topologi-

cal information, in addition to such information as layer, 

line color, and text.

Initial Graphics Exchange Specifi cation (IGES)  In the 1970s, 

the U.S. government, specifi cally the Air Force, and 

the large defense contractors began work on a data ex-
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Figure 9.100

Data exchange between various CAD and CAM systems
Reliable data exchange tools are a must for coordinating the manufacturing activities within the company and by outside 
contractors.
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Figure 9.101

Types of CAD/CAM Data
Modern CAD/CAM systems allow information on every phase of the design and manufacturing process to be stored in a database.
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change format for their mainframe and minicomputer 

CAD/CAM systems. In 1980, the ANSI Y14.26 standards 

committees voted to adopt Initial Graphics Exchange 
Specifi cation (IGES) Version 1.0 as part of its standards 

on digital product data. IGES initially supported only 

2-D data, version 2.0 supported fi nite element data, ver-

sion 4.0 supports 3-D CSG model information, and ver-

sion 5.0 will support B-rep model data.

Like DXF, IGES was originally designed to write to 

an ASCII text fi le. However, the generic, universally de-

scriptive nature of the data format means the fi les are not 

very concise. Also, ASCII text is an especially ineffi cient 

way of saving digital information. Therefore, both DXF 

and IGES ASCII fi les tend to be quite large, usually many 

times larger than the same information stored in its origi-

nal format. IGES version 3.0 was developed with com-

pression schemes to reduce fi le sizes by a third.

Although IGES and DXF do not explicitly contain 

manufacturing data, both standards are still used exten-

sively for the exchange of data between CAD and CAM 

systems. The shape data in the exchange fi le are trans-

lated from CAD to CAM, where they are augmented with 

manufacturing information, entered manually. However, 

as constraint-based CAD tools have developed, the IGES 

standard has been unable to incorporate parameters, con-

straints, and construction history from these models.

DXF continues to be dominant in the PC market, and 

IGES is used extensively in mainframe, minicomputer, 

and workstation systems. As PC CAD packages such as 

AutoCAD and CADKEY have migrated to workstations, 

support for both standards has increased. Users should 

still be aware that some elements native to a particular 

system may not be supported by either neutral format. In 

addition, the method of information translation is subject 

to interpretation. All translators should be thoroughly 

tested with benchmark fi les before being used for produc-

tion. Part fi les with planar geometry, oblique surfaces, 

and surfaces with curvature in two directions work well 

as test cases. Assembly models with varying numbers of 

components work well also for testing the translation of 

CAD data in any format.

Product Data Exchange using STEP (PDES)  In the mid-

1980s, the development of a new data-exchange for-

mat was begun—Standard for the Exchange of Product 

(STEP) model data—by an organization known as PDES. 

Eventually that organization became PDES Incorporated, 

whose mission is to promote the development of STEP 

as a standard for digitally communicating design data 

through the use of CAD, CAM, and PDM systems. STEP 

fi nally evolved into a sanctioned standard in 1994 and 

currently is being maintained by technical committees 

within the International Organization for Standardization 

(ISO). Currently, STEP is widely known as ISO 10303, 

which is a data-exchange standard that encompasses data 

related to geometry, dimensioning, manufacturing, and 

support. Unlike IGES, the STEP fi le format includes 

information regarding shape (3-D by default), design, 

manufacturing, quality assurance, testing, maintenance, 

etc. The STEP standard is becoming increasingly viable 

for companies as a mechanism to communicate and store 

design information as product lifecycles continue to in-

crease, in some cases lasting as long as 50 years. In order 

to maintain data for such a long period of time and across 

diverse industries and markets, the STEP fi le format has 

remained open to the public domain and can be edited 

to refl ect the needs of a specifi c company or product. 

Hence, it is evolving into a neutral fi le format capable of 

being a repository for much of the data necessary to de-

sign, manufacture, and support a product. Future releases 

of the STEP standard are likely to address product data 

structure, construction history, and parameters and con-

DXF
IGES

STEP

DATA TYPE FORMAT

Shape

Design

Manufacturing

Figure 9.102

Type of information or data contained in neutral data exchange formats
Different data exchange standards are designed to support differing amounts of information pertaining to the design and manufac-
ture of a product.
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straints, all of which are found in modern CAD systems. 

In doing so, the communication of product data through-

out an enterprise may become easier (Figure 9.100).

In an effort to promote communication between com-

panies and their suppliers, CAD software vendors are ex-

amining and developing other neutral data formats that 

eventually may become industry standards. Technologies 

such as JT, 3DXML, and 3D PDF are allowing compa-

nies the ability to share 3-D CAD data in a fashion that 

currently is not done using IGES or STEP. In particular, 

3DXML and 3D PDF both are based on technologies 

that have the benefi t of being defacto industry standards 

in domains other than engineering design. As such, they 

have been able to integrate into corporate documentation 

procedures without a great deal of additional planning or 

diffi culty. To support collaboration across the enterprise 

and across the supply chain (Figure 9.100), software ven-

dors have developed these “lightweight” 3-D fi le formats 

used for viewing a 3-D model without requiring the na-

tive CAD software to be installed on the local worksta-

tion. The receiver need only have a model viewing util-

ity (typically made by the CAD software vendor) on their 

machine so that the 3-D geometry may be viewed. In ad-

dition to viewing the model, many of these applications 

support the ability to search, measure, and create cross 

sections through the geometry being viewed. It has been 

argued that with advances in the development of these 

types of 3-D data communication techniques, the creation 

and use of 2-D technical drawings will be minimized.

9.16 Summary
Three-dimensional modeling is becoming the standard 

method in engineering for developing product designs 

for many industries. The advantages of using 3-D model-

ing versus 2-D drafting are numerous. New technical de-

sign methods require the use of intelligent graphics, that 

is, graphics, such as surface and solid models, that con-

tain important information beyond the basic geometric 

shapes. The more information contained in the model, the 

more useful the model is for designing, manufacturing, 

marketing, and servicing a product or structure.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. What is a fundamental difference between 2-D and 

3-D CAD systems? Is there any overlap between the 

two types of CAD systems?

 2. What are some of the different types of computer 

hardware platforms used for running CAD software? 

During what periods in history were each of these 

platforms in common usage?

 3. What is the minimum information needed to defi ne a 

true wireframe model? Is there enough information 

in a wireframe model to determine which edges are 

hidden?

 4. What are the advantages and disadvantages of 

the three types of curves used to make surface 

patches?

 5. Can you depict a hole in an object using a primitive-

based solid modeler? What other types of solid mod-

elers could be used?

 6. Defi ne the three types of Boolean operations, and 

sketch examples of each one. Can you derive the 

same fi nal object using different Boolean operations 

and/or primitives?

 7. Describe the differences and similarities of B-rep 

models and CSG models; do the same for wireframe 

models and B-rep models.

 8. What is “design intent”? Why does this play a role 

in planning the construction of a constraint-based 

model?

 9. What are the basic elements of a generalized sweep? 

Describe the major types of generalized sweeps 

used in feature creation.

 10. What are workplanes used for? What are fi ve ways a 

workplane can be defi ned?
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 11. What is the difference between implicit and explicit 

constraints? Give examples of four types of implicit 

geometric constraints.

 12. Give an example of a parent-child relationship. 

How is a feature tree used to identify parent-child 

relationships?

 13. What are the two primary types of duplication meth-

ods? What input parameters are needed to defi ne 

each one?

 14. Describe the relationship of the view camera to the 

workplane and to the viewport.

 15. List the rules of thumb for choosing a good view-

point. Do all of these rules apply when you are using 

either parallel or perspective projection?

 16. Will a translation operation always change the global 

coordinate location of all vertices on the object? 

What about a rotation operation?

 17. Draw or describe a dialog box which would create 

bosses in a feature-based modeler. 

 18. Explain the advantages and disadvantages of using 

a virtual model over a real model when designing a 

product.

 19. Name and briefl y describe four different analysis 

techniques and give an application of each on a real-

world product.

 20. Describe the connection of CAD to computer-aided 

manufacturing (CAM). How does the CAD/CAM rela-

tionship alter the role of 2-D CAD documents?

 21. What are the differences between IGES and STEP?

 22. Describe the role of viewable neutral fi le formats in 

the product lifecycle.

 23. Discuss the impact that Ivan Sutherland has had on 

the fi eld of engineering graphics.

Further Reading
Anand, V. Computer Graphics and Geometric Modeling for 

Engineers. New York: John Wiley, 1993.

Bolluyt, James E. Design Modeling with Pro/Engineer. 
Shawnee-Mission, KS: Schroff Development Corp., 1998.

Kidd, Paul T. Agile Manufacturing: Forging New Frontiers, 
Edited by J. Browne, Series in Manufacturing Systems. Read-

ing, MA: Addison-Wesley, 1994.

LaCourse, Donald, ed. Solid Modeling Handbook. NY: 

McGraw-Hill, 1996.

Machover, Carl. CAD/CAM Handbook. NY: McGraw-Hill, 

1996.

IGES Home page (http://www.nist.gov/iges/).

Introduction to the STEP fi le standard (http://strategis.ic.gc.ca/

epic/site/adad.nsf/en/ad03581e.html).

PDES, Inc. (Promoting the Development and Implementation 

of the STEP Standard) (http://pdesinc.aticorp.org/).
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 9.1 Given the vertex, edge, and face information found 

in Table 9.1, create a wireframe or B-rep model 

using CAD or hand tools. Using the same vertex 

information, create at least one different object by 

altering the topology of the model (i.e., create new 

connections between the vertices).

 9.2 Given the following list of procedural instruc-

tions for generating edges, create a wireframe or 

B-rep model using CAD or sketching. (Note: move 

means relocate cursor without drawing an edge; go 

means create an edge.)

E1: move to 0,2,0 and go �3 in X

E2: go �2 in Y

E3: go �3 in X

E4: go �2 in Y

E5: go �4 in Z

E6: go �2 in Y

E7: go 5 in X

E8: go 4 in Y

E9: go �3 in X

E10: go �2 in Y

E11: go �2 in X

E12: move 3 in X and go �4 in Z

E13: move 2 in Y and go �4 in Z

E14: move –3 in X, move �4 in Z, and go �8 in Z

E15: go 11 in X

E16: go �6 in X and �5 in Z (to draw diagonal 

line)

E17: go �1 in Z

E18: move �4 in Y and go �1 in Z

E19: move 4 in Y and go �4 in Z

E20: go 6 in X and �5 in Z (to draw diagonal)

E21: go 4 in Y

E22: move �4 in Y and go �11 in X

E23: go 4 in Z

E24: move �4 in Z and go 4 in Y

  Add up all of the move’s and go’s. What is the net 

change in X, Y, and Z? How does that correspond 

to where you started and ended in building your 

model?

 9.3 (Figure 9.103) Create wireframe or solid models by 

sweeping the profi les shown in the fi gure using a 

scale assigned by your instructor.

  Do the following with each of the profi les:

a. Sweep linearly 5 units along the �Z axis.

b. Sweep linearly along the vector (2,–3,5).

Vertices Edges Faces

V1: 0,0,0 E1: V1,V2 F1: E1,E2,E3,E4,E5,E6,
V2: 2,0,0 E2: V2,V3  E7,E8,E9,E10,E11,
V3: 2,2,0 E3: V3,V4  E12

V4: 10,2,0 E4: V4,V5 F2: E13,E14,E15,E16,
V5: 10,0,0 E5: V5,V6  E17,E18,E19,E20,
V6: 12,0,0 E6: V6,V7  E21, E22,E23,E24

V7: 12,8,0 E7: V7,V8 F3: E1,E26,E13,E25

V8: 8,8,0 E8: V8,V9 F4: E2,E27,E14,E26

V9: 8,5,0 E9: V9,V10 F5: E3,E28,E15,E27

V10: 4,5,0 E10: V10,V11 F6: E4,E29,E16,E28

V11: 4,8,0 E11: V11,V12 F7: E5,E30,E17,E29

V12: 0,8,0 E12: V12,V13 F8: E6,E31,E18,E30

V13: 0,0,6 E13: V13,V14 F9: E7,E32,E19,E31

V14: 2,0,6 E14: V14,V15 F10: E8,E33,E20,E32

V15: 2,2,6 E15: V15,V16 F11: E9,E34,E21,E33

V16: 10,2,6 E16: V16,V17 F12: E10,E35,E22,E34

V17: 10,0,6 E17: V17,V18 F13: E11,E36,E23,E35

V18: 12,0,6 E18: V18,V19 F14: E12,E26,E24,E36

V19: 12,8,6 E19: V19,V20

V20: 8,8,6 E20: V20,V21

V21: 8,5,6 E21: V21,V22

V22: 4,5,6 E22: V22,V23

V23: 4,8,6 E23: V23,V24

V24: 0,8,6 E24: V24,V13

 E25: V1,V13

 E26: V2,V14

 E27: V3,V15

 E28: V4,V16

 E29: V5,V17

 E30: V6,V18

 E31: V7,V19

 E32: V8,V20

 E33: V9,V21

 E34: V10,V22

 E35: V11,V23

 E36: V12,V24

Vertex, Edge, and Face Information for 
Problem 9.1

Table 9.1

c. Sweep 360° about the Y axis.

d. Sweep 360° about the X axis.

e. Sweep 90° about the �X axis.

f. Sweep 270° about the –Y axis.

P r o b l e m s
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472 PART 2  Fundamentals of Technical Graphics

g. Sweep 360° about a Y axis offset 2 units in �X 

direction.

h. Sweep 180° about an X axis offset 3 units in 

�Y direction.

i. Sweep the profi le about 2 different axes to cre-

ate two objects. Combine the two objects to cre-

ate a new single object.

 9.4 Create a coffee mug, using sweep operations. 

In a sketch, clearly defi ne the profi le shapes to 

be used and the axes about which they will be 

swept.

 9.5 Problem 9.3 demonstrated that the same profi le 

turned about different axes will create markedly 

different shapes. In Figure 9.104, there are 12 ob-

jects swept, using 12 different profi les. Match the 

objects with the same profi le used to create 3-D 

objects. (Hint: Unlike Problem 9.3, the profi les 

may not always be swept at axes perpendicular to 

each other.)

 9.6 Model the primitives in Figure 9.105A, using ei-

ther general modeling techniques or specialized 

parametric primitive modeling tools and a scale 

assigned by your instructor.

a. Using purely additive techniques, combine the 

primitives to create the objects in Figure 9.99B.

b. Create at least fi ve other objects, using combina-

tions of the primitives. Use fi ve or more primi-

tives in each of the new objects.

 9.7 Figures 9.106A through C contain groups of three 

overlapping primitives shown in wireframe. On 

separate sheets of isometric grid paper, sketch 

the objects resulting from the following Boolean 

operations:

  Figure 9.106A:

a. (A � B) � C

b. (A � B) � C

c. (A � B) � C

(A)

X

Y

Z
(B)

X

Y

Z
(C)

X

Y

Z

(F)

X

Y

Z

(E)

X

Y

Z
(D)

X

Y

Z

Figure 9.103

Profi les to be swept
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1. 2. 3. 4. 5. 6.

7. 8. 9. 10. 11. 12.

2-D profile swept to
create 3-D object

X

Y

Z
(I)

X

Y

Z
(J)

X

Y

Z
(K)

X

Y

Z
(L)

X

Y

Z
(A)

X

Y

Z
(B)

X

Y

Z
(C)

X

Y

Z
(D)

X

Y

Z
(E)

X

Y

Z
(F)

X

Y

Z
(G)

X

Y

Z
(H)

Figure 9.104

Match 2-D profi les to 3-D objects
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(A) Model these primitives

(B) Combine the primitives to make these objects

(1) (2) (3)

(4) (5)

Half sphere

Figure 9.105

Primitives to be modeled

(B)(A) (C)

C

B A A
CB B

A

C

Figure 9.106

Groups of three overlapping primitives shown in wireframe
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  Figure 9.106B.

a. (A � B) � C

b. (A � B) � C

c. B � (A � C)

  Figure 9.106C.

a. (C � A) � B

b. (A � C) � B

c. (A � C) � B

 9.8 Model the primitives in the positions shown in 

Figures 9.107A and B. Create new objects by fi rst 

performing the following transformations and then 

performing the Boolean operation A � B on prim-

itive A. For example, in part (a), translate primitive 

B zero units in the �X direction. Next do a Bool-

ean subtraction of B from A.

  Figure 9.107A.

a. Translate 0 units in �X.

b. Translate 3 units in �X.

c. Translate 5 units in �X.

d. Rotate 45° about �Z.

(A)

Y

Z
X

(A) Profile

X

Y

Z

A B

(B) Profile

X

Y

Z

A B

(B)

Y

Z
X

Figure 9.107

Primitive objects to be modeled
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e. Rotate 90° about �Z.

f. Rotate 45° about �Z, translate 1 unit in –X.

Figure 9.107B.

a. Translate 1 unit in –X.

b. Translate 2 units in �Y and translate 2 units in 

–X.

c. Rotate 90° about �Z.

d. Rotate 45° about �Z and translate 1 unit in –X.

e. Translate 4 units in –X and rotate 90° about 

�Z.

f. Translate 4 units in �X and rotate 90° about 

�Z.

 9.9 Create the objects in Figure 9.108, using wireframe 

or solid modeling techniques and a scale assigned 

by your instructor.

a. Print or plot an isometric pictorial, displayed as 

a wireframe.

b. Print or plot an isometric pictorial, with hidden 

lines removed.

c. Capture both standard orthographic views and 

an isometric view of the object. Organize these 

views in a standard border with a title block, 

and print or plot the drawing.

d. Same as (c) except add dimensions and notes to 

the drawing.

 9.10 Create the objects in Figure 9.109, using wireframe 

or solid modeling techniques and a scale assigned 

by your instructor.

a. Print or plot an isometric pictorial displayed 

with hidden lines removed.

b. Capture both standard orthographic views and 

an isometric view of the object. Use auxiliary 

and section views as appropriate. Organize 

these views in a standard border with a title 

block and print or plot the drawing.

c. Same as (b) except add dimensions and notes to 

the drawing.

 9.11 Model the assembly shown in Figure 9.110.

a. Organize an exploded assembly from the parts. 

Capture the following views of the object, place 

the captured views in a standard border with a 

title block, and notate appropriately.

(i)     Axonometric view.

(ii)  Axonometric view, rendered with color to 

code the parts.

(A) (B)

(D) (F)(E)

(C)

Figure 9.108

Create 3-D models of the objects. All holes are through.
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(C)(A) (B)

(F)(E)(D)

(H)(G) (I)

(K)(J) (L)

Figure 9.109

Create 3-D models of the objects. All holes are through unless otherwise indicated with dashed lines.
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(N)(M) (O)

A-A

A-A

(P) (R)(Q)

Figure 9.109

Create 3-D models of the objects. All holes are through unless otherwise indicated with dashed lines. (Continued)

  10
MM

7

8

9

2

1

2

5

4

3

6

Y

Z X

Figure 9.110

Assembly to be modeled
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1 FT

B

D1

C

D2

A

Figure 9.111

Create a 3-D model of this production facility

b. Organize the parts in their assembled position. 

Capture the following views of the object, place 

the captured views in a standard border with a 

title block, and notate appropriately.

(i)   Axonometric pictorial view.

(ii)   Front orthographic view, sectioned.

(iii)  Axonometric pictorial view, rendered and 

using transparency techniques to reveal in-

terior detail.

c. With the front and back housing (parts 3 and 6) 

fi xed, the shaft (1) rotates the cylinder (5), which, 

in turn, actuates the “L” pin (7). The screw (8) 

attaches the “L” pin to a vertical slider (not pic-

tured). Analyze how far the shaft would have to 

rotate in order to move the vertical slider 5 mm. 

The “L” pin is vertical when the cylinder is in 

the position shown in the fi gure. Represent this 

analysis as follows:
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(i)    As an axonometric pictorial, using phan-

tom lines to show the movement.

(ii)    As a pair of orthographic views looking 

down the primary axis, showing the mecha-

nism in its two positions.

(iii) As a computer animation.

 9.12 Model the production facility shown in Figure 

9.111. Before beginning the modeling process on 

the computer, divide the facility into a series of 

logical parts, giving each one a name. You may fi nd 

it helpful to create sketches of the individual parts. 

Using the completed model, do the following:

a. Render with color to code the parts.

b. By manipulating the view control of the model-

ing software, create a “walkthrough” that simu-

lates a worker walking around the base of the 

platform, up the stairs, and to the front of the 

control panel (labeled C).

c. Using the view control, analyze whether a 

worker standing at control panel C could see the 

following:

(i)  Material leaving the input pipe at A.

(ii) The pressure indicator B.

  Capture the views as seen by the worker. In addi-

tion, create orthographic views showing the line 

of sight of the worker. Assume 5.75 feet from 

fl oor to eye level and a 35° cone of vision. Print 

or plot a set of drawings depicting this analysis.

d. Do an analysis similar to the one done in (c), 

except evaluate how far down into the main re-

actor tank a worker can see when standing on 

the upper catwalk.

e. A new 0.5-foot diameter pipe has to be run 

from the base at D1 into the side of the reactor 

tank at D2. The pipe carries a material at high 

temperatures. Design a path for the pipe which 

maximizes the distance from worker traffi c and 

other pipes. The pipe needs a minimum 1-foot 

clearance from workers or other pipes if it is to 

be uninsulated. Evaluate how much of the pipe 

needs to be insulated. Print or plot a set of draw-

ings depicting this analysis.

 9.13 Figure 9.112 shows a plan (top) view of a collection 

of polygonal prisms on a base. The number in the 

middle of each prism indicates height, in 10-cm 

units. By manipulating the view control, create a 

7

9

2

6

5

4

8

6

5

10CM

D

10

C
E

B

A

Figure 9.112

Plan (top) view of a collection of polygonal prisms on a base
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series of views looking horizontally from the vec-

tors A through E. Those letters that are over a prism 

are assumed to be at the top of it. Perform the fol-

lowing changes to the view control, and capture the 

result using either wireframe, hidden line removal, 

or shading:

a. Parallel projection.

b. Perspective projection with the default angle of 

view.

c. Perspective projection with the widest and then 

the narrowest angle of view.

d. A shaded model and an infi nite light source 

held at a constant location.

e. Same as (d), except with shadow casting.

 9.14 (Figures 9.113 through 9.116) Assign different 

Boolean operations to the eight assembled primi-

tive parts, then do the following:

a. Sketch the resulting composite solids.

b. Use a solid modeling software to create the 

primitives with the given dimensions, then ver-

ify your sketches by performing the same Bool-

ean operations on the computer.

A B

C

2.0
4.0

2.0

6.0

5.0
7.0

ø4.0

A

B

C

A

B

C

Figure 9.113

Assembled primitive parts for Boolean operations

A B

C

1.25

1.5

.50

2.5

0.5

ø2.0

2.0
2.5

3.0

C

A

B

Figure 9.114
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ø1.50

ø2.00

1.50

3.00
3.00

.50

3.50
1.75

A

C

B

A

C

B

3.25

.25

Figure 9.115

A

B

C

6
3

4

1.5

2
A B

C

ø1.5

4

6

A

B

C

Figure 9.116

 9.15 (Figures 9.117 through 9.126) Using the given 

information for feature-based modeling, do the 

following:

a. Using a scale assigned by your instructor, mea-

sure the profi les and workpiece. On isometric 

grid paper, sketch the resulting workpiece after 

the feature-based modeling is performed.

b. Do the same operations with CAD and compare 

the results with your sketch.
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Figure 9.117
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Figure 9.118
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Figure 9.119
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Figure 9.120
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Figure 9.121
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3.00

2.25

ø2.25

.75

.50

2.50

C

C
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B

B

A
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C

Figure 9.122

(A)

1  Mill thru

Workpiece

  Mill thru
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Figure 9.123

Feature-based modeling information
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Chapter Ten

Multiview 
Drawings

C
hapter Ten

Objectives
After completing this chapter, you will be 
able to:

 1. Explain orthographic and multiview 

projection.

 2. Identify frontal, horizontal, and 

profi le planes.

 3. Identify the six principal views and 

the three space dimensions.

 4. Apply standard line practices to 

multiview drawings.

 5. Create a multiview drawing using 

hand tools or CAD.

 6. Identify normal, inclined, and oblique 

planes in multiview drawings.

 7. Represent lines, curves, surfaces, 

holes, fi llets, rounds, chamfers, 

runouts, and ellipses in multiview 

drawings.

 8. Apply visualization by solids and 

surfaces to multiview drawings.

 9. Explain the importance of multiview 

drawings.

 10. Identify limiting elements, hidden 

features, and intersections of two 

planes in multiview drawings.

As lines, so loves oblique, may well

Themselves in every angle greet;

But ours, so truly parallel,

Though infi nite, can never meet.

—Andrew Marvell
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Introduction
Chapter 10 introduces the theory, techniques, and stan-

dards of multiview drawings, which are standard meth-

ods for representing engineering designs. The chapter 

describes how to create one-, two-, and three-view draw-

ings with traditional tools and CAD. Also described are 

standard practices for representing edges, curves, holes, 

tangencies, and fi llets and rounds. The foundation of multi-

view drawings is orthographic projection, based on paral-

lel lines of sight and mutually perpendicular views.

10.1 Projection Theory
Engineering and technical graphics are dependent on pro-

jection methods. The two projection methods primarily 

used are perspective and parallel (Figure 10.1). Both meth-

ods are based on projection theory, which has taken many 

years to evolve the rules used today.

Projection theory comprises the principles used to 

graphically represent 3-D objects and structures on 2-D 

media. An example of one of the methods developed to ac-

complish this task is shown in Figure 10.2 on page 491, 

which is a pictorial drawing with shades and shadows to 

give the impression of three dimensions.

All projection theory is based on two variables: line 

of sight and plane of projection. These variables are de-

scribed briefl y in the following paragraphs.

10.1.1 Line of Sight (LOS)

Drawing more than one face of an object by rotating the 

object relative to your line of sight helps in understanding 

the 3-D form (Figure 10.3 on page 491). A line of sight 
(LOS) is an imaginary ray of light between an observer’s 

eye and an object. In perspective projection, all lines of 

sight start at a single point (Figure 10.4 on page 492); 

in parallel projection, all lines of sight are parallel (Fig-

ure 10.5 on page 492).

10.1.2 Plane of Projection

A plane of projection (i.e., an image or picture plane) is 

an imaginary fl at plane upon which the image created by 

the lines of sight is projected. The image is produced by 

connecting the points where the lines of sight pierce the 

projection plane. (See Figure 10.5.) In effect, the 3-D ob-

ject is transformed into a 2-D representation (also called 

a projection). The paper or computer screen on which a 

sketch or drawing is created is a plane of projection.

10.1.3 Parallel versus Perspective Projection

If the distance from the observer to the object is infi nite (or 

essentially so), then the projectors (i.e., projection lines) 

are parallel and the drawing is classifi ed as a parallel pro-

jection. (See Figure 10.5.) Parallel projection requires 

that the object be positioned at infi nity and viewed from 

multiple points on an imaginary line parallel to the object. 

If the distance from the observer to the object is fi nite, then 

the projectors are not parallel and the drawing is classifi ed 

as a perspective projection. (See Figure 10.4.) Perspective 
projection requires that the object be positioned at a fi nite 

distance and viewed from a single point (station point).

Perspective projections mimic what the human eye 

sees; however, perspective drawings are diffi cult to create. 

Parallel projections are less realistic, but they are easier to 

draw. This chapter will focus on parallel projection. Per-

spective drawings are covered in Chapter 12.

Orthographic projection is a parallel projection tech-

nique in which the plane of projection is positioned be-

tween the observer and the object and is perpendicular 

to the parallel lines of sight. The orthographic projection 

technique can produce either pictorial drawings that show 

all three dimensions of an object in one view or multi-

views that show only two dimensions of an object in a 

single view (Figure 10.6 on page 493).

10.2 Multiview Projection Planes
Multiview projection is an orthographic projection for 

which the object is behind the plane of projection, and the 

object is oriented such that only two of its dimensions are 

shown (Figure 10.7 on page 493). As the parallel lines of 

sight pierce the projection plane, the features of the part 

are outlined.

Multiview drawings employ multiview projection 

techniques. In multiview drawings, generally three views 

of an object are drawn, and the features and dimensions in 

each view accurately represent those of the object. Each 

view is a 2-D fl at image, as shown in Figure 10.8 on page 

493. The views are defi ned according to the positions of 

the planes of projection with respect to the object.

10.2.1 Frontal Plane of Projection

The front view of an object shows the width and height 
dimensions. The views in Figures 10.7 and 10.8 are front 

views. The frontal plane of projection is the plane onto 

which the front view of a multiview drawing is projected.
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The Attributes of Each Projection Method

Projection Method

Linear Perspective
-One-Point
-Two-Point
-Three-Point

Oblique Projection
-Cavalier
-Cabinet
-General

Orthographic Projection
Axonometric

-Isometric
-Dimetric
-Trimetric

Multiview Projection
-Third Angle

-First Angle

Lines of
Sight

One principal
plane parallel

to plane of
projection

Application

(preferred)

Converging;
inclined to
plane of
projection

Parallel;
normal to
plane of
projection

Parallel;
inclined to
plane of
projection

Parallel;
normal to
plane of
projection

Sometimes

Always

Never

For all
principal

views

Single view
pictorial

Single view
pictorial

Single view
pictorial

Multiview
drawings

One-Point
Perspective

Three-Point
Perspective

Two-Point
Perspective

Cabinet
Projection

Cavalier
Projection

General
Projection

Isometric
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r

a

b
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b
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oq ≠ or ≠ og
a ≠   b ≠   c

First-angle projection

Third-angle projection
RSF

T

T
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T

F

RS F

T

RS

Aerial Perspective
Object features appear

less focused at a distance

Depth
Varies

Full
Depth

Half
Depth

oq = or ≠ og
a =   b ≠   c

Projections

Perspective or Central
Projections P

Linear
Perspectives

Aerial
Perspectives

Orthographic
Projections
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Multiview
Projections

a
b

c

Parallel Projections

Figure 10.1

Projection methods
Projection techniques developed along two lines: parallel and perspective.
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Figure 10.2

Pictorial illustration
This is a computer-generated pictorial illustration with shades 
and shadows. These rendering techniques help enhance the 
3-D quality of the image.

(© Courtesy of Zagato Centrostile.)

Orthographic

Revolved

Tipped forward

Paper
(Plane of projection)

Parallel lines of sight

Figure 10.3

Changing viewpoint
Changing the position of the object relative to the line of sight creates different views of the same object.

491
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Picture plane

(paper or computer screen)

Nonparallel lines of sight
radiating from a point

Observer (Station point)
One viewpoint

View of object projected onto

picture plane

Figure 10.4

Perspective projection
Radiating lines of sight produce a perspective projection.

Parallel lines of sight

Observer (Station point)
Infinite viewpoint

Picture plane

(paper or computer screen)

View of object projected onto

picture plane

Figure 10.5

Parallel projection
Parallel lines of sight produce a parallel projection.
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  CHAPTER 10  Multiview Drawings 493

10.2.2 Horizontal Plane of Projection

The top view of an object shows the width and depth dimen-

sions (Figure 10.9 on page 495). The top view is projected 

onto the horizontal plane of projection, which is a plane 

suspended above and parallel to the top of the object.

Isometric MultiviewOblique

Figure 10.6

Parallel projection
Parallel projection techniques can be used to create multiview 
or pictorial drawings.

Plane ofprojection(frontal)

Projectors perpendicular to
plane

(A)

Plane ofprojection(frontal)

Lines of sight
perpendicular to plane
of projection
Object’s depth is not represented 
in this view, but width and height are shown.

Front
view

(B)

Depth

Figure 10.7

Orthographic projection
Orthographic projection is used to create this front multiview drawing by projecting details onto a projection plane that is parallel 
to the view of the object selected as the front.

10.2.3 Profi le Plane of Projection

The side view of an object shows the depth and height 
dimensions. In multiview drawings, the right side view is 

the standard side view used. The right side view is pro-

jected onto the right profi le plane of projection, which 

Width

Height

Figure 10.8

Single view
A single view, in this case the front view, drawn on paper or 
computer screen makes the 3-D object appear 2-D; one dimen-
sion, in this case the depth dimension, cannot be represented 
since it is perpendicular to the paper.
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494

This case study describes the design of headsets made 

specifi cally for NFL coaches by Motorola using 3-D 

modeling and CAD. In this case study, you will see ex-

amples of how the design process is used and the impor-

tance of 3-D modeling in the design process to improve 

on the design and visual appeal of a product that is worn 

by NFL coaches.

The Motorola NFL Headset Generation II is a high-

tech wireless communication device that serves the 

communication needs of NFL coaches while heighten-

ing consumer awareness of the Motorola brand. Operat-

ing procedure is intuitive, and the single ear version may 

be used on either ear by swiveling the boom around.

This project fi rst was conceived when Motorola be-

came an offi cial sponsor of the NFL (National Football 

League). The project presented a unique branding oppor-

tunity for Motorola. Unlike previous NFL sponsors who 

simply imprinted their logo on the side of an existing 

headset, Motorola wanted to leverage their capabilities as 

a major manufacturer to create an entirely new product.

Design challenges were numerous: The television 

medium required a dramatic design that would support 

the Motorola image and multi-year brand awareness pro-

gram. A modest headset with a subtle logo would get lost 

in the fast-paced, visually complex context of a football 

game. Product details required a high degree of bold 

elements, special color palettes, and logo treatments that 

would show up effectively on TV. Colors and materials 

had to project the Motorola high-tech image, but also 

compliment the various team colors.

In addition to heightening the Motorola brand, it 

was important that the device respond to the commu-

nication, comfort, and image needs of NFL coaches. 

Motorola’s marketing efforts wouldn’t be achieved if the 

NFL coaches were uncomfortable and wouldn’t wear 

the newly designed headsets. All of these issues were 

at stake when placed against a looming, non-fl exible re-

lease date: kick-off of the NFL Season.

The modifi ed Motorola NFL Headset Generation II 

supports and showcases Motorola consumer product-

design efforts. Projecting a high-tech, rugged, and cool 

appearance, this headset represents the leading edge of 

wireless communication devices.

The overall appearance of the Motorola NFL Head-

set offers superior elements and a daring new profi le to 

stand out against the backdrop of vivid team colors and 

a myriad of screaming fans. Design details include:

■ Product cues that tie in with other Motorola branded 

products

■ Customized shapes—bold color contrast for TV 

zoom

■ High-impact logo placement on fi ve different angles

■ Soft, comfortable mesh-foam headband

■ Variety of sizes ensures comfort—fi t for any head 

size

■ Redesigned earphone with temple support to maxi-

mize “wearability”

■ Bi-directional orientation allows placement on either 

side of head

■ Elongated form to spread pressure across head

■ Temple pad inserts to achieve balance and further re-

duce pressure

■ Positive clamping force over ears with top able to lift 

away from head

■ Floating structure to promote airfl ow and add to 

comfort

The result of this project is a high-tech headset for 

the new millennium that provides visual excitement and 

awareness of the Motorola brand. Introducing such a new 

dramatic look with such a high-tech appeal into a tradi-

tion-bound atmosphere, such as football, was risky—but 

it paid off as this new design represents the latest in wire-

less communication devices without ignoring the mud 

and guts of professional football.
© Motorola, Inc.

Motorola NFL Headset Generation II

Double-ear version
(© Motorola, Inc.)

© NFL Enterprises LLC. NFL and the NFL shield design are registered 

trademarks of the National Football League.
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  CHAPTER 10  Multiview Drawings 495

is a plane that is parallel to the right side of the object 

(Figure 10.10 on page 495).

10.2.4 Orientation of Views from Projection Planes

The views projected onto the three planes are shown to-

gether in Figure 10.11. The top view is always positioned 

above and aligned with the front view, and the right side 

view is always positioned to the right of and aligned with 

the front view, as shown in the fi gure.

10.3 Advantages of Multiview Drawings
In order to produce a new product, it is necessary to 

know its true dimensions, and true dimensions are not 

adequately represented in most pictorial drawings. To 

 illustrate, the photograph in Figure 10.12 on the next page 

is a pictorial perspective image. The image distorts true 

distances, which are essential in manufacturing and con-

struction. Figure 10.13 on the next page demonstrates how 

a perspective projection distorts measurements. Note that 

the two width dimensions in the front view of the block 

appear different in length; equal distances do not appear 

equal on a perspective drawing.

In the pictorial drawings in Figure 10.14 (next page), an-

gles are also distorted. In the isometric view, right angles are 

not shown as 90 degrees. In the oblique view, only the front 

Top View

Top view

Plane of

projection

(horizontal)

Line of

sight

Perpendicular
to plane

Depth

Width

Figure 10.9

Top view
A top view of the object is created by projecting onto the horizontal plane of projection.

Right side view

Plane of projection

(profile
)

Right side view

Line ofsight

Depth

Height

Perpendicular
to plane

Figure 10.10

Profi le view
A right side view of the object is created by projecting onto 
the profi le plane of projection.

Top view

Front view Right side view

Figure 10.11

Multiview drawing of an object 
For this object three views are created: front, top, and right 
side. The views are aligned so that common dimensions are 
shared between views.
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496 PART 2  Fundamentals of Technical Graphics

surfaces and surfaces parallel to the front surface show true 

right angles. In isometric drawings, circular holes appear as 

ellipses; in oblique drawings, circles also appear as ellipses, 

except on the front plane and surfaces parallel to the front 

surface. Changing the position of the object will minimize 

the distortion of some surfaces, but not all.

Since engineering and technology depend on exact size 

and shape descriptions for designs, the best approach is to 

use the parallel projection technique called orthographic 

projection to create views that show only two of the three 

dimensions (width, height, depth). If the object is correctly 

positioned relative to the projection planes, the dimensions 

of features will be represented in true size in one or more 

of the views (Figure 10.15). Multiview drawings provide 

the most accurate description of three-dimensional objects 

and structures for engineering, manufacturing, and con-

struction requirements.

In the computer world, 3-D models replace the mul-

tiview drawing as the source of information about the 

geometry. These models are interpreted directly from the 

database, without the use of dimensioned drawings (Fig-

ure 10.16). See Chapter 9.

Figure 10.12

Perspective image
The photograph shows the road in perspective, which is how 
cameras capture images. Notice how the telephone poles 
appear shorter and closer together off in the distance.

(Photo courtesy of Anna Anderson.)

Lines of sight
Front View

Lines of sight
Side View

WIDTH

HL

Front View
What you see

Side View
What you see

1 2 3 4 5

1 2 3 40

SP

WIDTH

SP

1

2

WIDTH

Figure 10.13

Distorted dimensions
Perspective drawings distort true dimensions.

Right angle does
not measure 90°

Isometric

Right angle
does not
measure 90°

Isometric

Figure 10.14

Distorted angles
Angular dimensions are distorted on pictorial drawings.
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10.4 The Six Principal Views
The plane of projection can be oriented to produce an in-

fi nite number of views of an object. However, some views 

are more important than others. These principal views 

are the six mutually perpendicular views that are produced 

8

R 9.5

 ø 10
 ø 14

11.1

R 7

3X ø 5

38
19

4

2X R 9.5

Figure 10.15

Multiview drawing
Multiview drawings produce true-size features, which can be used for dimensionally accurate representations.

by six mutually perpendicular planes of projection. If you 

imagine suspending an object in a glass box with major 

surfaces of the object positioned so that they are paral-

lel to the sides of the box, the six sides of the box become 

projection planes showing the six views (Figure 10.17 on 

the next page). The six principal views are front, top, left 

side, right side, bottom, and rear. To draw these views on 

2-D media, that is, a piece of paper or a computer monitor, 

imagine putting hinges on all sides of the front glass plane 

and on one edge of the left profi le plane. Then cut along 

all the other corners, and fl atten out the box to create a six-

view drawing, as shown in Figure 10.18 on page 499.

The following descriptions are based on the X, Y, and 

Z coordinate system. In CAD, width can be assigned the 

X axis, height assigned the Y axis, and depth assigned the 

Z axis. This is not universally true for all CAD systems 

but is used as a standard in this text.

The front view is the one that shows the most features 

or characteristics. All other views are based on the ori-

entation chosen for the front view. Also, all other views, 

except the rear view, are formed by rotating the lines 

of sight 90 degrees in an appropriate direction from the 

front view. With CAD, the front view is the one created 

by looking down the Z axis (in the negative Z viewing 

direction), perpendicular to the X and Y axes.

The top view shows what is the top of the object once 

the position of the front view is established. With CAD, 

the top view is created by looking down the Y axis (in the 

negative Y viewing direction), perpendicular to the Z and 

X axes.

Figure 10.16

CAD data used directly by machine tool
This computer-numeric-control (CNC) machine tool can inter-
pret and process 3-D CAD data for use in manufacturing, to 
create dimensionally accurate parts.

(Courtesy of Intergraph Corporation.)
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498 PART 2  Fundamentals of Technical Graphics

The right side view shows what is the right side of the 

object once the position of the front view is established. 

With CAD, the right side view is created by looking down 

the X axis from the right (in the negative X viewing di-

rection), perpendicular to the Z and Y axes.

The left side view shows what is the left side of the 

object once the position of the front view is established. 

The left side view is a mirror image of the right side view, 

except that hidden features are different. With CAD, the 

left side view is created by looking down the X axis from 

the left (in the positive X viewing direction), perpendicu-

lar to the Z and Y axes.

The rear view shows what becomes the rear of the ob-

ject once the front view is established. The rear view is at 

90 degrees to the left side view and is a mirror image of 

the front view, except that hidden features are different. 

With CAD, the rear view is created by looking down the 

Z axis from behind the object (in the positive Z viewing 

direction), perpendicular to the Y and X axes.

The bottom view shows what becomes the bottom of 

the object once the front view is established. The bottom 

view is a mirror image of the top view, except that hidden 

features are different. With CAD, the bottom view is cre-

ated by looking down the Y axis from below the object 

(positive Y viewing direction), perpendicular to the Z and 

X axes.

The concept of laying the views fl at by “unfolding the 

glass box,” as shown in Figure 10.18, forms the basis for 

two important multiview drawing standards:

 1. Alignment of views

 2. Fold lines

 
 

F P DEPTH

WIDTH

HEIGHT

Observer at
infinity

Multiple parallel
lines of sight

FRONTAL PLANE

RIGHT SIDE VIEW

PROFILE PLANE

HORIZONTAL PLANE

TOP VIEW

FRONT VIEW

H

F

Figure 10.17

Object suspended in a glass box, producing the six principal views
Each view is perpendicular to and aligned with the adjacent views.
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Figure 10.18

Unfolding the glass box to produce a six-view drawing
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500 PART 2  Fundamentals of Technical Graphics

The top, front, and bottom views are all aligned vertically 

and share the same width dimension. The rear, left side, 

front, and right side views are all aligned horizontally and 

share the same height dimension.

Fold lines are the imaginary hinged edges of the glass 

box. The fold line between the top and front views is la-

beled H/F, for horizontal/frontal projection planes; the 

fold line between the front and each profi le view is la-

beled F/P, for frontal/horizontal projection planes. The 

distance from a point in a side view to the F/P fold line 

is the same as the distance from the corresponding point 

in the top view to the H/F fold line. Conceptually, then, 

the fold lines are edge-on views of reference planes. Nor-

mally, fold lines or reference planes are not shown in en-

gineering drawings. However, they are very important for 

auxiliary views and spatial geometry construction, cov-

ered in Chapters 13 and 14.

Practice Exercise 10.1
Hold an object at arm’s length or lay it on a fl at surface. Close 

one eye, then view the object such that your line of sight is 

perpendicular to a major feature, such as a fl at side. Concen-

trate on the outside edges of the object and sketch what you 

see. Move your line of sight 90 degrees, or rotate the object 

90 degrees, and sketch what you see. This process will show 

you the basic procedure necessary to create the six principal 

views.

10.4.1 Conventional View Placement

The three-view multiview drawing is the standard used 

in engineering and technology, because many times the 

other three principal views are mirror images and do 

Historical Highlight
Multiview Drawings

Rudimentary plan views of buildings have been used since 

ancient times. See Figure 1.15. However, elevations or mul-

tiviews of buildings would take many more years before they 

were in common use. Albrecht Dürer (1471–1528) is known 

mainly for his beautiful engravings (Figure 1.17) but he dem-

onstrated the principles of multiview drawings in a book that 

(a) Dürer’s systematic use of orthographic 

projection to defi ne the human head and its 

features’ proportions. Most of the dimensions 

given should be read as their reciprocals, taking 

the whole man’s height as unity.

500
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not add to the knowledge about the object. The standard 

views used in a three-view drawing are the top, front, and 

right side views, arranged as shown in Figure 10.19. The 

width dimensions are aligned between the front and top 

views, using vertical projection lines. The height dimen-

sions are aligned between the front and profi le views, us-

ing horizontal projection lines. Because of the relative 

positioning of the three views, the depth dimension can-

not be aligned using projection lines. Instead, the depth 

dimension is measured in either the top or right side view 

and transferred to the other view, using either a scale, mi-

ter line, compass, or dividers (Figure 10.20 on page 502).

The arrangement of the views may only vary as shown 

in Figure 10.21 on page 502. The right side view can be 

placed adjacent to the top view because both views share 

the depth dimension. Note that the side view is rotated so 

that the depth dimension in the two views is aligned.

did not have much appeal to those who would have benefi ted 

most from his work. Toward the end of his life he wrote a book 

on geometry that was mainly a summary of what was already 

known but did contain some interesting drawings. In this 

book were elementary drawings such as sections through 

cones and the principles of orthographic projection.

Dürer began another series of books on geometry titled 

The Four Books on Human Proportions, published posthu-

mously in 1528. For this book he made careful measure-

ments of the proportions of human fi gures, then averaged 

them before recording his fi ndings. The problem he faced 

was how to graphically represent these human proportions. 

Dürer chose to use orthogonal multiview drawings to repre-

sent human proportions as shown in Figure 1. His drawings 

bear a lot of similarity to multiview drawings used today, but 

it was very new at his time. Although Dürer demonstrated 

the usefulness of orthogonal multiview drawings, they were 

not widely practiced until Gaspard Monge refi ned this pro-

jection system in 1795.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, 

Chatto & Windus, London, England, 1963.

(b) A foot defi ned in terms of its three orthographic 

projections systematically arranged. Notice that 

Dürer arranged these in “fi rst angle” while his 

heads in (a) are in “third angle.” The two shapes “f” 

and “e” to the right are vertical sections through 

the foot at f and e in the elevation and plan.

WIDTH
(X)

DEPTH
(Z)

HEIGHT

DEPTH
(Z)

(Y)

Projection line

Multiple parallel
projectors

Figure 10.19

Three space dimensions
The three space dimensions are width, height, and depth. A 
single view on a multiview drawing will only reveal two of the 
three space dimensions. The 3-D CAD systems use X, Y, and Z 
to represent the three dimensions.
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502 PART 2  Fundamentals of Technical Graphics

10.4.2 First- and Third-Angle Projection

Figure 10.22A shows the standard arrangement of all six 

views of an object, as practiced in the United States and 

Canada. The ANSI standard third-angle symbol shown in 

the fi gure commonly appears on technical drawings to de-

note that the drawing was done following third-angle pro-

jection conventions. Europe and other countries use the 

fi rst-angle projection and a different symbol, as shown in 

Figure 10.22B. To understand the difference between fi rst- 

and third-angle projection, refer to Figure 10.23 on page 

504, which shows the orthogonal planes. Orthographic 

projection can be described using these planes. If the fi rst 

quadrant is used for a multiview drawing, the results will 

be very different from those of the third quadrant (Fig-

ure 10.24 on page 505). Familiarity with both fi rst- and 

third-angle projection is valuable because of the global 

nature of business in our era. As an example, Figure 10.25 

on page 506 shows an engineering drawing produced in 

the United States for a German-owned company, using 

fi rst-angle projection.

10.4.3 Adjacent Views

Adjacent views are two views separated by 90 degrees of 

viewing rotation. In adjacent views two orthographic views 

are placed next to each other such that the dimension they 

share in common is aligned, using parallel projectors. The 

top and front views share the width dimension; therefore, 

the top view is placed directly above the front view, and 

vertical parallel projectors are used to ensure alignment of 

the shared width dimension. The right side and front views 

share the height dimension; therefore, the right side view is 

placed directly to the right of the front view, and horizon-

tal parallel projectors are used to ensure alignment of the 

shared height dimension.

The manner in which adjacent views are positioned il-

lustrates the fi rst rule of orthographic projection: Every 

45°

(A) Scale (B) Dividers (C) Miter Line

0 1

0
1

MITER LINE

Figure 10.20

Transferring depth dimensions from the top view to the right side view, using a scale, dividers, or a 45-degree triangle and 
a miter line

Central view

Related views

RIGHT SIDE

FRONT

TOP

DEPTH

Projection line

Figure 10.21

Alternate view arrangement
In this view arrangement, the top view is considered the 
central view.
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(B) ISO Standard First-Angle Projection

(A) U.S. Standard Third-Angle Projection

LEFT

LEFT

BOTTOM

BOTTOM

RIGHT

RIGHT

FRONT

FRONT

TOP

TOP

REAR

REAR

Figure 10.22

Standard arrangement of the six principal views for third- and fi rst-angle projection
Third- and fi rst-angle drawings are designated by the standard symbol shown in the lower right corner of parts (A) and (B). The 
symbol represents how the front and right-side views of a frustum of a cone would appear in each standard.
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point or feature in one view must be aligned on a  parallel 

projector in any adjacent view. In Figure 10.26 on page 

506, the hole in the block is an example of a feature 

shown in one view and aligned on parallel projectors in 

the adjacent view.

Principles of Orthographic Projection Rule 1:

Alignment of Features

Every point or feature in one view must be aligned on a 

parallel projector in any adjacent view.

The distance between the views is not fi xed, and it can 

vary according to the space available on the paper and the 

number of dimensions to be shown.

10.4.4 Related Views

Two views that are adjacent to the same view are called re-
lated views; in related views, distances between common 

features are equal. In related views the two views are sepa-

rated by two 90-degree viewing rotations. In Figure 10.26, 

for example, the distance between surface 1 and surface 2 

is the same in the top view as it is in the right side view; 

therefore, the top and right side views are related views. 

The front and right side views in the fi gure are also related 

views, relative to the top view.

Principles of Orthographic Projection Rule 2:

Distances in Related Views

Distances between any two points of a feature in related 

views must be equal.

10.4.5 Central View

The view from which adjacent views are aligned is the 

central view. In Figure 10.26, the front view is the cen-

tral view. In Figure 10.21, the top view is the central view. 

Distances and features are projected or measured from 

the central view to the adjacent views.

10.4.6 Line Conventions

The alphabet of lines is a set of standard linetypes 

established by the American Society of Mechanical 

Engineers (ASME) for technical drawing. Figure 10.27 on 

page 507 shows the alphabet of lines, and the approximate 

dimensions used to create different linetypes, which are 

referred to as linestyles when used with CAD. ASME 

Y14.2M–1992 has established these linetypes as the stan-

dard for technical drawings. Two line weights are suffi cient 

to follow the standards, a 0.6 mm and a 0.3 mm. These ap-

proximate widths are intended to differentiate between 

thin and thick lines and are not for control of acceptance or 

rejection of drawings. Thick lines are drawn using soft 

lead, such as F or HB. Thin lines are drawn using a harder 

lead, such as H or 2H. Construction lines are very light and 

are drawn using 4H or 6H lead. A good rule of thumb for 

creating construction lines is to draw them so that they are 

diffi cult to see if your drawing is held at arm’s length.

Listed below are the standard linetypes and their appli-

cations in technical drawings:

Center lines are used to represent symmetry and paths of 

motion and to mark the centers of circles and the axes 

of symmetrical parts, such as cylinders and bolts.

Break lines come in two forms: a freehand thick line and 

a long, ruled thin line with zigzags. Break lines are 

used to show where an object is broken to save draw-

ing space or reveal interior features.

Dimension and extension lines are used to indicate the 

sizes of features on a drawing.

Section lines are used in section views to represent sur-

faces of an object cut by a cutting plane.

PROFILE PLANE

HORIZONTAL PLANE

SECOND
QUADRANT

THIRDQUADRANT FOURTH
QUADRANT

FIRSTQUADRANT

FRONTAL PLANE

Figure 10.23

The principal projection planes and quadrants used to 
create fi rst- and third-angle projection drawings
These planes are used to create the six principal views of 
fi rst- and third-angle projection drawings.
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(A) Third-Angle Projection  (B)  First-Angle Projection

First-Angle Projection
(ISO)

2nd
1st3rd
4th

HORIZONTAL PLANE

FRONTAL PLANE

RIGHT PROFILE
PLANE

Third-Angle Projection
(U.S.)

FRONTAL PLANE

RIGHT PROFILE
PLANE

HORIZONTAL PLANE

FRONT VIEW

TOP VIEW

RIGHT SIDE
VIEW

FRONT VIEW

TOP VIEW

R
IG
H
T 
S
ID
E

V
IE
W

Figure 10.24

Pictorial comparison between fi rst- and third-angle projection techniques
Placing the object in the third quadrant puts the projection planes between the viewer and the object. When placed in the fi rst quad-
rant, the object is between the viewer and the projection planes.
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A

A

Ø1.5

Ø1.5

DIMENSION LINE .3mm

EXTENSION LINE .3mm

HIDDEN LINE
.3mm

SHORT
BREAK LINE .6mm

CUTTING PLANE LINE .6mm

CENTER LINE .3mm

SECTION LINE .3mm

ARROWHEAD .35mm

VISIBLE LINE .6mm

PHANTOM LINE .3mm

CENTER LINE .3mm

LEADER .3mm

NOTE .5mm

7.0

SECT. A–A

1
16

1
8 1

CENTER – THIN

LONG BREAK LINE – THIN

SECTION LINE – THIN

.3mm

.3mm

.3mm

DIMENSION & EXTENSION LINE – THIN

.3mm

SHORT BREAK LINE – THICK

.6mm

VISIBLE LINE – THICK

.6mm

PHANTOM LINE – THIN

.3mm

1
32

1
8

HIDDEN LINE – THIN

.3mm

CUTTING PLANE LINE – THICK

1
32

1
8 1

.6mm

CUTTING PLANE LINE – THICK

1
4

1
16

.6mm

STITCH LINE – THIN

.3mm

STITCH LINE – THIN

.3mm

CHAIN LINE – THICK

.6mm

SYMMETRY LINE

THICK .6mm

THIN .3mm

CHAIN LINE .6mm

1

Figure 10.27

The alphabet of lines
The alphabet of lines is a set of ASME standard linetypes used on technical drawings. The approximate dimensions shown on 
some linetypes are used as guides for drawing them with traditional tools. The technical drawing at the top shows how different 
linetypes are used in a drawing.
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508 PART 2  Fundamentals of Technical Graphics

Cutting plane lines are used in section drawings to show 

the locations of cutting planes.

Visible lines are used to represent features that can be 

seen in the current view.

Hidden lines are used to represent features that cannot be 

seen in the current view (Figure 10.28).

Phantom lines are used to represent a moveable feature 

in its different positions.

Stitch lines are used to indicate a sewing or stitching 

process.

Chain lines are used to indicate that a surface is to receive 

additional treatment.

Symmetry lines are used as an axis of symmetry for a 

particular view.

It is important that you understand and remember these 

different linetypes and their defi nitions and uses, because 

they are referred to routinely throughout the rest of this book.

CAD software provides different linestyles for creat-

ing standard technical drawings. Figure 10.29 shows the 

linestyle menu for a typical CAD system. The thicknesses 

of lines on a CAD drawing are controlled by two differ-

ent means: (1) controlling the thickness of the lines drawn 

on the display screen and (2) controlling the plotted out-

put of lines on pen plotters by using different pen num-

bers for different linestyles, where different pen numbers 

have different thicknesses, such as a 0.7 mm and 0.3 mm. 

Figure 10.30 is a CAD produced drawing showing many 

different linestyles.

One- and Two-View Drawings  Some objects can be 

adequately described with only one view (Figure 10.31). A 

sphere can be drawn with one view because all views will 

be a circle. A cylinder or cube can be described with one 

view if a note is added to describe the missing feature or 

dimension. Other applications include a thin gasket or a 

printed circuit board. One-view drawings are used in elec-

trical, civil, and construction engineering.

Other objects can be adequately described with two 

views. Cylindrical, conical, and pyramidal shapes are 

examples of such objects. For example, a cone can be de-

scribed with a front and a top view. A profi le view would 

be the same as the front view (Figure 10.32 on page 510).

Three-View Drawings  The majority of objects require 

three views to completely describe the objects. The follow-

ing steps describe the basics for setting up and developing 

a three-view multiview drawing of a simple part.

Creating a Three-View Drawing
Step 1. In Figure 10.33 on page 510, the isometric view of 

the part represents the part in its natural position; it ap-

pears to be resting on its largest surface area. The front, 

right side, and top views are selected such that the few-

est hidden lines would appear on the views.

Step 2. The spacing of the views is determined by the total 

width, height, and depth of the object. Views are carefully 

spaced to center the drawing within the working area of 

the drawing sheet. Also, the distance between views can 

vary, but enough space should be left so that dimensions 

can be placed between the views. A good rule of thumb 

is to allow about 1.5� (36 mm) between views. For this 

SURFACE
C

C
A

C
B

C

Figure 10.28

Hidden features
The dashed lines on this drawing indicate hidden features. 
The vertical dashed line in the front view shows the location 
of plane C. The horizontal dashed lines in the front and top 
views show the location of the hole.

Figure 10.29

AutoCAD’s linestyle menu showing some of the linetypes 
available
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  CHAPTER 10  Multiview Drawings 509

 example, use an object with a width of 4�, height of 3�, 

and a depth of 3�. To determine the total amount of space 

necessary to draw the front and side views in alignment, 

add the width (4�) of the front view and the depth (3�) 

of the side view. Then add 1.5� to give 8.5� as the total 

amount of space needed for the front and side views and 

the space between. If the horizontal space on the paper 

is 10�, subtract 8.5� to get 1.5�; divide the result by 2 to 

get 0.75�, which is the space left on either side of the two 

views together. These distances are marked across the 

paper, as shown in Figure 10.34A on page 511.

In a similar manner, the vertical positioning is deter-

mined by adding the height of the front view (3�) to the 

depth of the top view (3�) and then adding 1.5˝ for the 

space between the views. The result is 7.5�. The 7.5� is 

subtracted from the working area of 9�; the result is di-

vided by 2 to get 0.75�, which is the distance across the 

top and bottom of the sheet (Figure 10.34B).

Step 3. Using techniques described previously in this text, 

locate the center lines in each view, and lightly draw the 

arc and circles (Figure 10.34C).

Step 4. Locate other details, and lightly draw horizontal, 

vertical, and inclined lines in each view. Normally, the 

front view is constructed fi rst because it has the most de-

tails. These details are then projected to the other views 

using construction lines. Details that cannot be projected 

Figure 10.30

Linestyles represented on a CAD drawing

PC BoardBushing Sphere Plot PlanWasher

THICKNESS

O.D. I.D. I.D.

LENGTH DIAMETER

THICKNESS=X.X

O.D.

LENGTH

O.D.

Figure 10.31

One-view drawings
Applications for one-view drawings include some simple cylindrical shapes, spheres, thin parts, and map drawings.
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510 PART 2  Fundamentals of Technical Graphics

directly must be measured and transferred or projected 

using a miter line. For example, dividers can be used to 

measure and transfer details from the top view to the right 

side view (Figure 10.34D). A miter line can also be con-

structed by drawing a 45-degree line from the intersec-

tion of the top and side view and drawing the projection 

lines as shown in Figure 10.34C.

Step 5. Locate and lightly draw hidden lines in each view. 

For this example, hidden lines are used to represent the 

limiting elements of the holes.

Step 6. Following the alphabet of lines, darken all object 

lines by doing all horizontal, then all vertical, and fi nally 

all inclined lines, in that order. Darken all hidden and cen-

ter lines. Lighten or erase any construction lines that can 

be easily seen when the drawing is held at arm’s length. 

The same basic procedures can be used with 2-D CAD. 

However, construction lines do not have to be erased. 

Instead, they can be placed on a separate layer, then 

turned off.

Cylindrical parts Cams

Conical parts

I.D.
O.D.

L

R1

R2

R3

ø1

W3

W1

W2

ø2

ø H

Figure 10.32

Two-view drawings
Applications for two-view drawings include cylindrical and conical shapes.

RIGHTSIDE

T
O

P

FRONT

Figure 10.33

Selecting the views for a multiview drawing
The object should be oriented in its natural position, and 
views chosen should best describe the features.
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10.4.7 Multiviews from 3-D CAD Models

The computer screen can be used as a projection 

plane displaying the 2-D image of a 3-D CAD 

model. The user can control the line of sight and the type 

of projection (parallel or perspective). Most 3-D CAD 

software programs have automated the task of creating 

multiview drawings from 3-D models. With these CAD 

systems, the 3-D model of the object is created fi rst (see 

Figure 10.33). Most CAD programs have predefi ned view-

points that correspond to the six principal views (Fig-

ure 10.35 on page 514). The views that will best represent 

the object in multiview are selected, the viewpoint is 

changed, a CAD command converts the projection of the 

3-D model into a 2-D drawing, and the fi rst view is cre-

ated (Figure 10.36 on page 514). This view is then saved 

as a block or symbol. The second view is created by 

changing the viewpoint again and then converting the 

new projection to a 2-D drawing of the object (Fig-

ure 10.37 on page 515). These steps are repeated for as 

many views as are necessary for the multiview drawing.

After the required number of 2-D views are created, 

the views are arranged on a new drawing by retrieving the 

blocks or symbols created earlier. Care must be taken to 

10.00

.75 4.00 1.50 3.00

TOP
VIEW

FRONT
VIEW

RIGHT SIDE
VIEW

.75

3.00

1.50

9.00

3.00

Dividers used to transfer
depth dimensions
between the top and right
side views

(A) (B)

(C) (D)

Miter
Line

Figure 10.34

Steps to center and create a three-view multiview drawing on an A-size sheet
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Designing Tennis Equipment

The engineering design process 

is used in many types of jobs 

from the design of consumer prod-

uct packaging to the design of tennis 

gear. An understanding of the design 

process, multiview drawings, and vi-

sualization along with formal educa-

tion in a fi eld of engineering can lead 

to exciting job opportunities, such as 

the one described here of an engineer 

who started off at a sporting goods 

company as a co-op student and be-

came their primary performance ten-

nis racket engineer.

Tennis

“Growing up, I wanted to design roller 

coasters. It was my dream. As I be-

gan researching how to get there, 

I learned it would take a degree in 

engineering to fulfi ll this dream. My 

grandfather was an engineer, so I felt 

I already knew a little bit about what it 

would take to be an engineer.

“During my freshman year at Pur-

due University, a required class deal-

ing with all the various disciplines of 

engineering introduced me to my ma-

jor, mechanical engineering. Mechan-

ical seemed to be the most versatile 

form of engineering, and that really 

appealed to me.

“At Purdue, the top one-third of the 

class is offered the opportunity to be 

in a cooperative education (co-op) 

program. Following your freshman 

year, a student can enroll in the co-

op program and alternate semesters 

between working at a company and 

going to school; basically, turning 

a four-year program into a fi ve-year 

Dream High Tech Job

program, but you graduate with valu-

able work experience. Wilson Sport-

ing Goods was my fi rst choice, be-

cause tennis has always been one of 

my passions. I played competitively 

through high school and worked as 

an assistant tennis professional giv-

ing lessons at a local country club. My 

tennis experience and knowledge of 

racquets, along with my performance 

in the classroom at Purdue, helped 

me get the Wilson co-op position.

“As a co-op student, I was involved 

in the testing and analyzing of rac-

quets and tennis balls. I measured the 

physical properties, such as length, 

weight, and inertia, to determine how 

a new design was going to perform. 

There is so much to learn in this indus-

try that I was constantly fascinated by 

the dynamics of the design process.

“After receiving my degree from 

Purdue I began working full-time 

as a design engineer in January of 

2003. Wilson employs three design 

engineers: the performance racquet 

engineer, an accessories engineer, 

and an indoor sports (racquetball/

badminton/squash) engineer. On 

any given day, I often combine the 

knowledge I acquired at school with 

the skills I learned while working as 

a co-op, to arrive at the best answer 

or solution. Only 18 months after 

graduation, I am now Wilson’s pri-

mary performance racquet engineer. 

Performance racquets are the rac-

quets sold in sporting goods stores 

and pro shops without strings. These 

racquets are typically more expen-

sive and used by serious recreational 

players or professionals. I give my 

input regarding the design from start 

to fi nish, watching the design process 

from prototype through production.”

If tennis is your passion, as an 

engineer, you can design racquets, 

strings, balls, and other new equip-

ment to advance the game and 

reduce injuries. Every year, manufac-

turers come out with multiple racquet 

designs to make the game better for 

the professionals and more enjoyable 

for the recreational players. String 

materials made from cow gut to syn-

thetics are designed to give more 

power or greater control, and more 

than 70 million tennis balls are manu-

factured and sold in stores every year. 

There is a wealth of opportunity in the 

tennis industry.

D O N A L D  L O E F F L E R ,  E I T

Performance Racquet Design Engineer, Wilson 

Sporting Goods.

(Courtesy of Karl Weatherly/Getty Images.)
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Tennis Balls

In tennis, ball design is a complex 

subject. Professional players can hit 

serves as fast as 135 mph. When a 

ball is hit with that much force, an 

engineer must understand what hap-

pens during the impact. How does 

the ball deform and how does that 

affect its resulting performance char-

acteristics? After considerable defor-

mation, can the ball be used the next 

day? Will it offer the same spin ability 

or, more important, will it impact the 

present match?

To answer some of these ques-

tions, the United States Tennis As-

sociation (USTA) uses a Stevens ma-

chine to compress the tennis balls. 

Each ball is squash-tested, or com-

pressed, for 10 seconds and then 

checked for deformation. If the ball 

does not return to a round shape, it is 

rejected by the USTA.

Engineers often test tennis ball 

aerodynamics in a wind tunnel, which 

blows air over the tennis ball to de-

termine how the forces act on it. For 

example, if the tunnel blows air over 

the tennis ball at 135 mph, it simu-

lates a ball served at 135 mph. Wind 

tunnels are fascinating and provide 

the engineer with important aero-

dynamic data that would be close 

to impossible to obtain any other 

way.

To understand the basic physics of 

tennis and to learn how speed, spin, 

height, and altitude determine the 

fl ight of a tennis ball, visit http://wings

.avkids.com. This interactive software 

program is part of the Aeronautics 

Internet Textbook and offers a wealth 

of information on all things aeronauti-

cal, from tennis ball trajectories to ca-

reers that use aeronautics.

Tennis Racquets

To a person who doesn’t play tennis, 

a racquet is a device to hit a tennis 

ball over the net. To a tennis racquet 

designer, a tennis racquet is a work of 

art that presents a constant challenge 

in creating the “perfect” racquet for 

each level of player ability. Many years 

ago, the average racquet weighed 

two to three pounds. A few years ago, 

the average racquet weighed 11–12 

ounces. Today, racquets made with 

high-tech alloys weigh only seven or 

eight ounces. What do you think hap-

pens to the player and to the game 

when the weight is lowered or redis-

tributed? More mass or weight usu-

ally equals more power. How would 

you maintain the power of a stroke 

despite a lower racquet weight?

The answer to the problem lies in 

determining the correct string ten-

sion. The strings on a racquet are 

another feat of science and engi-

neering in racquet design. By chang-

ing the position of the strings or by 

designing different string geometry 

confi gurations, the “sweet spot” can 

be enlarged and more power can be 

delivered to off-center hits. An aver-

age or low-strength player can still 

whack the ball profi ciently with a well-

designed racket.

Engineers Who Do This:

■ Aeronautical/Aerospace Engi-

neers—May design tennis balls 

and/or racquets and research the 

aerodynamics of tennis play.

■ Civil Engineers—May design 

courts and other tennis venues.

■ Materials Engineers—May look 

for new materials to make the game 

more fun or challenging, such as 

racquet components (e.g., strings 

and grips) or balls (cores and cover 

materials), and may work with civil 

engineers to design new court sur-

faces that reduce injury while also 

slowing or speeding up the game.

■ Mechanical Engineers—May 

design tennis racquets or the ma-

chines that produce them, or be 

involved in the manufacturing pro-

cesses of racquets, ball launchers, 

or line-call systems that determine 

whether a ball is hit in or out of 

play.

More Resources:
■ Aeronautics Internet Textbook—

http://wings.avkids.com

■ International Sports Engineer-

ing Association—www.sports-

engineering.co.uk

■ International Tennis Federation—

www.itftennis.com

■ Racquet Research—www.racquet

research.com

■ Tennis Server—www.tennisserver

.com

■ United States Tennis Associa-

tion—www.usta.com

■ United States Racquet Stringers 

Association—www.tennisone.com

Portions reprinted with permission from “High Tech 
Hot Shots,” 2004. © 2004 IEEE.

This tennis racquet by Head is made of 

lightweight magnesium.

(Courtesy of Jules Frazier/Getty Images.)
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Figure 10.35

Predefi ned multiviews on a CAD system

TITLE:

DRAWING NO.: DATE:

DRAWN BY

SHEET  OF

REVISIONS

Figure 10.36

Changing the viewpoint on a 3-D CAD model to create a front view
This view is captured, then placed in a title block and border line.
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  CHAPTER 10  Multiview Drawings 515

 1. Determine the best position of the object. The object 

must be positioned within the imaginary glass box 

such that the surfaces of major features are either 

perpendicular or parallel to the glass planes (Fig-

ure 10.39 on page 516). This will create views with 

a minimum number of hidden lines. Figure 10.40 

on page 516 shows an example of poor positioning: 

the surfaces of the object are not parallel to the glass 

planes, resulting in many more hidden lines.

 2. Defi ne the front view. The front view should show 

the object in its natural or assembled state and be 

bring the views in at the proper scale and correct align-

ment. The views must then be edited to change solid lines 

to hidden lines and to add center lines. Other changes may 

be required so that the views are drawn to accepted stan-

dards (Figure 10.38).

10.5 View Selection
Before a multiview drawing is created, the views must be 

selected. Four basic decisions must be made to determine 

the best views:

TITLE:

DRAWING NO.: DATE:

DRAWN BY

SHEET  OF

REVISIONS

Figure 10.37

Changing the viewpoint on the 3-D model to 
create a right side view
This view is captured, then placed in a title 
block and border line.

TITLE:

DRAWING NO.: DATE:

DRAWN BY

SHEET  OF

REVISIONS

Figure 10.38

Creating a multiview drawing of the 3-D 
model
The previously captured views are brought 
together with a standard border and title block 
to create the fi nal drawing.
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516 PART 2  Fundamentals of Technical Graphics

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW
RIGHT SIDE

VIEW

PROFILE PLANEFRONTAL PLANE

Figure 10.39

Good orientation
Suspend the object in the glass box such that major surfaces 
are parallel or perpendicular to the sides of the box (projection 
planes).

FRONTAL PLANE

RIGHT SIDE

VIEW

PROFILE PLANE

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW

No!

Figure 10.40

Poor orientation
Suspending the object such that surfaces are not parallel to the 
sides of the glass box produces views with many hidden lines.

the most descriptive view (Figure 10.41). For exam-

ple, the front view of an automobile would show the 

automobile in its natural position, on its wheels.

 3. Determine the minimum number of views needed 

to completely describe the object so it can be pro-

duced. For our example, three views are required 

to completely describe the object (Figure 10.42).

 4. Once the front view is selected, determine which 

other views will have the fewest number of hidden 

lines. In Figure 10.43, the right side view is selected 

over the left side view because it has fewer hidden 

lines.

Practice Exercise 10.2
Using any of the objects in Figure 10.94 in the back of this 

chapter, generate three multiview sketches. Each sketch 

should use a different view of the object as the front view. 

What features of the object become hidden or visible as you 

change the front view?

10.6 Fundamental Views of Edges 
and Planes
In multiview drawings, there are fundamental views for 

edges and planes. These fundamental views show the 

edges or planes in true size, not foreshortened, so that 

Natural Position

Unnatural Position
No!

Figure 10.41

Natural position
Always attempt to draw objects in their natural position.
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NO!

Figure 10.42

Minimum number of views
Select the minimum number of views needed to completely describe an object. Eliminate views that are mirror images of other 
views.

No!

Figure 10.43

Most descriptive views
Select those views which are the most descriptive and have the fewest hidden lines. In this example, the right side view has fewer 
hidden lines than the left side view.
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518 PART 2  Fundamentals of Technical Graphics

true measurements of distances, angles, and areas can 

be made.

10.6.1 Edge Lines

An edge line is the intersection of two planes and is rep-

resented as a line on multiview drawings. A normal line, 

or true-length line, is an edge line that is parallel to a 

plane of projection and thus perpendicular to the line of 

sight. In Figure 10.44, edge line 1–2 in the top and right 

side views is a normal edge.

Principles of Orthographic Projection Rule 3:

True Length and Size

Features are true length or true size when the lines of sight 

are perpendicular to the feature.

An edge line appears as a point in a plane of projec-

tion to which it is perpendicular. Edge line 1–2 is a point 

in the front view of Figure 10.44. The edge line appears 

as a point because it is parallel to the line of sight used to 

create the front view.

1

2

3

4

TOP VIEW

FRONTAL PLANE
PROFILE PLANE

HORIZONTAL PLANE

RIGHT SIDE VIEW

FRONT VIEW

Top View

Line of sight

perpendicular to

line 1–2

Front View

Line of sight

parallel to
 line

1–2

1

2

3 4

TOP

FRONT RIGHT SIDE

1 2

3

4

4

1,2

3

Figure 10.44

Fundamental views of edges
Determine the fundamental views of edges on a multiview drawing by the position of the object relative to the current line of sight 
and the relationship of the object to the planes of the glass box.
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An inclined line is parallel to a plane of projection but 

inclined to the adjacent planes, and it appears foreshort-

ened in the adjacent planes. In Figure 10.44, line 3–4 is 

inclined and foreshortened in the top and right side view, 

but is true length in the front view because it is parallel to 

the frontal plane of projection.

An oblique line is not parallel to any principal plane 

of projection; therefore, it never appears as a point or in 

true length in any of the six principal views. Instead, an 

oblique edge will be foreshortened in every view and will 

always appear inclined. Line 1–2 in Figure 10.45 is an 

oblique edge.

1

2

FRONTAL PLANE
PROFILE PLANE

HORIZONTAL PLANE

1

2

1

2 2

1

Figure 10.45

Oblique line
Oblique line 1–2 is not parallel to any of 
the principal planes of projection of the 
glass box.
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520 PART 2  Fundamentals of Technical Graphics

Principles of Orthographic Projection Rule 4:

Foreshortening

Features are foreshortened when the lines of sight are not 

perpendicular to the feature.

10.6.2 Principal Planes

A principal plane is parallel to one of the principal planes 

of projection and is therefore perpendicular to the line of 

sight. A principal plane or surface will be true size and 

shape in the view where it is parallel to the projection 

plane and will appear as a horizontal or vertical line in the 

adjacent views. In Figure 10.46, surface A is parallel to the 

frontal projection plane and is therefore a principal plane. 

Because surface A appears true size and shape in the front 

view, it is sometimes referred to as a normal plane in that 

view. In this fi gure, surface A appears as a horizontal edge 

in the top view and as a vertical edge in the right side view. 

This edge representation is an important characteristic in 

multiview drawings. Principal planes are categorized by 

FRONTAL PLANE

RIGHT SIDE

VIEW

PROFILE PLANE

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW

A
E

B

D

C

E

D

C

A
E

B D

E

RIGHT SIDEFRONT

Edge
View
of A

Edge View of B

Edge View of D

TOP

Edge View of B

Edge View of A

Edge View of C

B

D

E

E

D

CE

A

Figure 10.46

Fundamental views of surfaces
Surface A is parallel to the frontal plane of projection. 
Surface B is parallel to the horizontal plane of projec-
tion. Surface C is parallel to the profi le plane of projec-
tion. Surface D is an inclined plane and is on edge in 
one of the principal views (the front view). Surface E is 
an oblique plane and is neither parallel nor on edge in 
any of the principal planes of projection.
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the view in which the plane appears true size and shape: 

frontal, horizontal, or profi le.

A frontal plane is parallel to the front plane of projec-

tion and is true size and shape in the front view. A frontal 

plane appears as a horizontal edge in the top view and a 

vertical edge in the profi le views. In Figure 10.46, sur-

face A is a frontal plane.

A horizontal plane is parallel to the horizontal planes 

of projection and is true size and shape in the top (and bot-

tom) view. A horizontal plane appears as a horizontal edge 

in the front and side views. In Figure 10.46, surface B is a 

horizontal plane.

A profi le plane is parallel to the profi le (right or left 

side) planes of projection and is true size and shape in the 

profi le views. A profi le plane appears as a vertical edge 

in the front and top views. In Figure 10.46, surface C is a 

profi le plane.

10.6.3 Inclined Planes

An inclined plane is perpendicular to one plane of projec-

tion and inclined to adjacent planes and cannot be viewed 

in true size and shape in any of the principal views. An 

inclined plane appears as an edge in the view where it 

is perpendicular to the projection plane and as a fore-

shortened surface in the adjacent views. In Figure 10.46, 

plane D is an inclined surface. To view an inclined plane 

in its true size and shape, create an auxiliary view, as 

described in Chapter 13.

10.6.4 Oblique Planes

An oblique plane is not parallel to any of the princi-

pal planes of projection. In Figure 10.46, plane E is an 

oblique surface. An oblique surface does not appear in 

its true size and shape, or as an edge, in any of the prin-

cipal views; instead, an oblique plane always appears as a 

foreshortened plane in the principal views. A secondary 

auxiliary view must be constructed, or the object must be 

rotated, in order to create a normal view of an oblique 

plane. (See Chapter 14.)

Practice Exercise 10.3
Using stiff cardboard, cut out the following shapes:

■ Rectangle

■ Circle

■ Trapezoid

■ Irregular shape with at least six sides, at least two of 

which are parallel to each other

Sketch the following multiviews of each shape:

■ The line of sight perpendicular to the face

■ Rotated 45 degrees about the vertical axis

■ Rotated 90 degrees about the vertical axis

■ Rotated 45 degrees about the horizontal axis

■ Rotated 90 degrees about the horizontal axis

■ Rotated 45 degrees about both the vertical and horizon-

tal axes

Which views represent true-size projections of the surface? 

In what views is the surface inclined, oblique, or on edge? 

What is the shape of a circle when it is foreshortened? For 

the inclined projections, how many primary dimensions of 

the surface appear smaller than they are in true-size projec-

tion? What is the relationship between the foreshortened di-

mension and the axis of rotation? Identify the parallel edges 

of the surface in the true-size projection. Do these edges 

stay parallel in the other views? Are these edges always seen 

in true length?

10.7 Multiview Representations
Three-dimensional solid objects are represented on 

2-D media as points, lines, and planes. The solid 

geometric primitives are transformed into 2-D geometric 

primitives. Being able to identify 2-D primitives and the 

3-D primitive solids they represent is important in visual-

izing and creating multiview drawings. Figure 10.47 on 

the next page shows multiview drawings of common geo-

metric solids.

10.7.1 Points

A point represents a specifi c position in space and has no 

width, height, or depth. A point can represent

The end view of a line.
The intersection of two lines.
A specifi c position in space.

Even though a point does not have width, height, or depth, 

its position must still be marked. On technical drawings, a 

point marker is a small symmetrical cross. (See Chapter 8.)

10.7.2 Planes

A plane can be viewed from an infi nite number of van-

tage points. A plane surface will always project as either 

a line or an area. Areas are represented in true size or are 

foreshortened and will always be similar in confi guration 

(same number of vertices and edges) from one view to an-

other, unless viewed as an edge. For example, surface B 
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Rectangular prism Cone Sphere

Pyramid Cylinder

Truncated cone Partial sphere

Prism and cube

Prism and partial cylinder

Prism and cylinder
Prism and negative

cylinder (hole)

Figure 10.47

Multiview drawings of solid primitive shapes
Understanding and recognizing these shapes will help you understand their application in technical drawings. Notice that the 
cone, sphere, and cylinder are adequately represented with fewer than three views.
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in Figure 10.48 is always an irregular four-sided polygon 

with two parallel sides (a trapezoid), in all the principal 

views. Since surface B is seen as a foreshortened area in 

the three views, it is an oblique plane.

Principles of Orthographic Projection Rule 5:

Confi guration of Planes

Areas that are the same feature will always be similar in con-

fi guration from one view to the next, unless viewed on edge.

In contrast, area C in Figure 10.48 is similar in shape 

in two of the orthographic views and is on edge in the 

third. Surface C is a regular rectangle, with parallel sides 

labeled 3, 4, 5, and 6. Sides 3–6 and 4–5 are parallel in 

both the top view and the right side view. Also, lines 3–4 

and 5–6 are parallel in both views. Parallel features will 

always be parallel, regardless of the viewpoint.

Principles of Orthographic Projection Rule 6:

Parallel Features

Parallel features will always appear parallel in all views.

A plane appears as an edge view or line when it is paral-

lel to the line of sight in the current view. In the front view 

of Figure 10.48, surfaces A and D are shown as edges.

RIGHT SIDE
VIEW

Front View

Line of sight

PARALLEL to

surface D

1

2

3

4

TOP VIEW

FRONT

VIEW

Top View

Line of sight

INCLINED to

surface C

Front View

Line of sight

PARALLEL to

surface C
H

B

A

F

D
E

G

C

Top View
Line of sight

PERPENDICULAR to

surface D
6

5

1

2

3 4

5,4

1,2 6,3 6,1 2

3

4

6 5

5

A

D

B

C

H

F

G

B

C

H

D

E

G
A

B
G

C

E
F

H

A

D

E

TOP

FRONT RIGHT SIDE

F

Figure 10.48

Rule of confi guration of planes
Surface B is an example of the Rule of Confi guration of Planes. The edges of surface C, 3–4 and 5–6, are examples of the Rule 
of Parallel Features.
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Principles of Orthographic Projection Rule 7:

Edge Views

Surfaces that are parallel to the lines of sight will appear as 

lines or edge views.

A foreshortened plane is neither parallel nor perpen-

dicular to the line of sight. There are two types of fore-

shortened planes, oblique and inclined, as described in 

Sections 10.6.3 and 10.6.4. Surface B is foreshortened in 

all views of Figure 10.48.

Practice Exercise 10.4
Hold an object that has at least one fl at surface (plane) at 

arm’s length. Close one eye, and rotate the object so that 

your line of sight is perpendicular to the fl at surface. What 

you see is a true-size view of the plane. Slowly rotate the 

object while focusing on the fl at plane. Notice that the fl at 

plane begins to foreshorten. As you continue to rotate the 

object slowly, the plane will become more foreshortened 

until it disappears from your line of sight and appears as 

a line or edge. This exercise demonstrates how a fl at plane 

can be represented on paper in true size, foreshortened, or 

as a line.

10.7.3 Change of Planes (Edge Lines)

A change of planes, or edge lines, occurs when two non-

parallel surfaces meet, forming a corner, line, or edge 

(Figure 10.48, Line 3–4). Whenever there is a change in 

plane, a line must be drawn to represent that change. The 

lines are drawn as solid or continuous if visible in the cur-

rent view or dashed if they are hidden.

10.7.4 Angles on Planes

An angle is represented in true size when it is in a normal 

plane. If an angle is not in a normal plane, then the angle 

will appear either larger or smaller than true size. For 

example, in Figure 10.49A, the 135-degree angle is mea-

sured as 135 degrees in the front view, which is parallel 

to the plane containing the angle. In Figure 10.49B, the 

angle is measured as less than true size in the front view 

because the plane containing the angle is not parallel to 

the frontal plane and is foreshortened. Right angles can 

be measured as 90° in a foreshortened plane if one line is 

true length (Figure 10.49C).

10.7.5 Curved Surfaces

Curved surfaces are used to round the ends of parts and 

to show drilled holes and cylindrical features. Cones, 

cylinders, and spheres are examples of geometric primi-

tives that are represented as curved surfaces on technical 

drawings.

Only the far outside boundary, or limiting element, of a 

curved surface is represented in multiview drawings. For 

example, the curved surfaces of the cone and cylinder in 

Figure 10.50 are represented as lines in the front and side 

views. Note that the bases of the cone and cylinder are rep-

resented as circles when they are positioned perpendicular 

to the line of sight.

Practice Exercise 10.5
Hold a 12-ounce can of soda at arm’s length so that your line 

of sight is perpendicular to the axis of the can. Close one eye; 

the outline of the view should be a rectangle. The two short 

sides are edge views of the circles representing the top and 

bottom of the can. The two long sides represent the limiting 

elements of the curved surface. Hold the can at arm’s length 

such that your line of sight is perpendicular to the top or bot-

tom. Close one eye; the outline should look like a circle.

Foreshortened
surface

True
size surface

135°

(A) (B) (C)

Not
true
angle

True length

90°

Figure 10.49

Angles
Angles other than 90 degrees can only be measured in views 
where the surface that contains the angle is perpendicular to 
the line of sight. A 90-degree angle can be measured in a 
foreshortened surface if one edge is true length.
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Partial cylinders result in other types of multiview rep-

resentations. For example, the rounded end of the object 

in Figure 10.51 is represented as an arc in the front view. 

In the adjacent views, it is a rectangle because the curve 

is tangent to the sides of the object. If the curve were not 

tangent to the sides, then a line representing a change of 

planes would be needed in the profi le and top views (Fig-

ure 10.52).

An ellipse is used to represent a hole or circular fea-

ture that is viewed at an angle other than perpendicular or 

Cone Cylinder

Area

Limiting
elements

Axis
(Center line)

Area

Area

Limiting
elements

Axis
(Center line)

Area

Figure 10.50

Limiting elements
In technical drawings, a cone is represented as a circle in one view and a triangle in the other. The sides of the triangle represent 
limiting elements of the cone. A cylinder is represented as a circle in one view and a rectangle in the other.

Figure 10.51

Tangent partial cylinder
A rounded-end, or partial, cylinder is represented as an arc 
when the line of sight is parallel to the axis of the partial 
cylinder. No line is drawn at the place where the partial 
cylinder becomes tangent to another feature, such as the 
vertical face of the side.

FRONT

No line
indicates
tangency

Figure 10.52

Nontangent partial cylinder
When the transition of a rounded end to another feature is not 
tangent, a line is used at the point of intersection.

FRONT

Line indicates
no tangency
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526 PART 2  Fundamentals of Technical Graphics

parallel. Such features include handles, wheels, clock 

faces, and ends of cans and bottles. Figure 10.53 shows the 

end of a cylinder, viewed fi rst with a perpendicular line of 

sight and then with a line of sight at 45 degrees. For the 

perpendicular view, the center lines are true length, and 

the fi gure is represented as a circle (Figure 10.54). How-

ever, when the view is tilted, one of the center lines is fore-

shortened and becomes the minor axis of an ellipse. The 

center line that remains true length becomes the major axis 

True length
center lines Ellipse

Minor axis
(foreshortened)

Major axis
(true length)

Cylinder viewed at
90° to its top

surface

Cylinder viewed at
30° to its top

surface

Figure 10.53

Elliptical representation of a circle
An elliptical view of a circle is created when the circle is 
viewed at an oblique angle.

(D) What you see: ELLIPSE 

Line of sight 30°
30°

(C) What you see: ELLIPSE 

Line of sight 45°
45°

Fore-
shortened Fore-

shortened

(B) What you see: ELLIPSE 

Line of sight 80 °

80°

Minor Diameter

Major Diameter

Foreshortened

(A) What you see: TRUE SIZE

Edge of circle

Line of sight 90°

Minor Diameter
Major Diameter Minor Diameter

Major Diameter

Figure 10.54

Viewing angles for ellipses
The size or exposure of an ellipse is determined by the angle of the line of sight relative to the circle.

of the ellipse. As the viewing angle relative to the circle in-

creases, the length of the minor axis is further foreshort-

ened (Figure 10.54). Ellipses are also produced by planes 

intersecting right circular cones and circular cylinders, as 

described in Section 8.6.

10.7.6 Holes

Figure 10.55 shows how to represent most types of ma-

chined holes. A through hole, that is, a hole that goes all 

the way through an object, is represented in one view as 

two parallel hidden lines for the limiting elements and is 

shown as a circle in the adjacent view (Figure 10.55A). 

A blind hole, that is, one that is not drilled all the 

way through the material, is represented as shown in 

Figure 10.55B. The bottom of a drilled hole is pointed 

because all drills used to make such holes are pointed. 

The depth of the blind hole is measured to the fl at, as 

shown, then 30-degree lines are added to represent the 

drill tip.

A drilled and counterbored hole is shown in Fig-

ure 10.55C. Counterbored holes are used to allow the 

heads of bolts to be fl ush with or below the surface of 

the part. A drilled and countersunk hole is shown in Fig-

ure 10.55D. Countersunk holes are commonly used for fl at-

head fasteners. Normally, the countersink is  represented 
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Figure 10.55

Representation of various types of machined holes
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by drawing 45-degree lines. A spotfaced hole is shown in 

Figure 10.55E. A spotfaced hole provides a place for the 

heads of fasteners to rest, to create a smooth surface on cast 

parts. For countersunk, counterbored, and spotfaced holes, 

a line must be drawn to represent the change of planes that 

occurs between the large diameter and the small diameter 

of the hole. Figure 10.55F shows a threaded hole, with two 

hidden lines in the front view and a solid and a hidden line 

in the top view.

10.7.7 Fillets, Rounds, Finished Surfaces, and Chamfers

A fi llet is a rounded interior corner, normally found on 

cast, forged, or plastic parts. A round is a rounded ex-
terior corner, normally found on cast, forged, or plastic 

parts. A fi llet or round can indicate that both intersecting 

surfaces are not machine fi nished (Figure 10.56). A fi llet 

or round is shown as a small arc.

With CAD, corners are initially drawn square, then fi l-

lets and rounds are added using a FILLET command.

Fillets and rounds eliminate sharp corners on objects; 

therefore, there is no true change of planes at these places 

on the object. However, on technical drawings, only cor-

ners, edge views of planes, and limiting elements are rep-

resented. Therefore, at times it is necessary to add lines 

to represent rounded corners for a clearer representation 

of an object (Figure 10.57). In adjacent views, lines are 

added to the fi lleted and rounded corners by projecting 

Projected to 
adjacent 
view to 
locate line

Figure 10.57

Representing fi llet and rounded corners
Lines tangent to a fi llet or round are constructed and then 
extended, to create a sharp corner. The location of the sharp 
corner is projected to the adjacent view to determine where to 
place representative lines indicating a change of planes.

Removed rough
surface

Finished

F
inished

Sharp
corner

R
ough

Rough
Round

R
ough

Finished

Fillet

Round

R
ough

Fillet

Rough

Removed rough
surface

Sharp
corner

Figure 10.56

Representation of fi llets and rounds
Fillets and rounds indicate that surfaces of metal objects have not been machine fi nished; therefore, there are rounded corners.
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from the place where the two surfaces would intersect if 

the fi llets or rounds were not used (Figure 10.58). This is 

a conventional practice used to give more realistic repre-

sentation of the object in a multiview drawing.

When a surface is to be machined to a fi nish, a fi nish 
mark in the form of a small v is drawn on the edge view 

of the surface to be machined, that is, the fi nished sur-

face. Figure 10.59 shows different methods of represent-

ing fi nish marks and the dimensions used to draw them.

A chamfer is a beveled corner used on the openings of 

holes and the ends of cylindrical parts, to eliminate sharp 

corners (Figure 10.60 on the next page). Chamfers are 

represented as lines or circles to show the change of plane. 

Chamfers can be internal or external and are specifi ed by a 

No!

Yes!

Figure 10.58

Examples representing fi llet and rounded corners
Lines are added to parts with fi llets and rounds, for clarity. Lines are used in the top views of these parts to represent changes of 
planes that have fi llets or rounds at the corners.

Edge view of
finished surface

Finish marks

60°
3 1

16
3

168

3
8

60°

Figure 10.59

Finish mark symbols
Finish marks are placed on engineering drawings to indicate machine fi nished surfaces.
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linear and an angular dimension. With CAD, chamfers are 

added automatically to square corners using a CHAMFER 

command.

10.7.8 Runouts

A runout is a special method of representing fi lleted sur-

faces that are tangent to cylinders (Figure 10.61). A runout 

is drawn starting at the point of tangency, using a radius 

equal to that of the fi lleted surface with a curvature of ap-

proximately one-eighth the circumference of a circle. Ex-

amples of runout uses in technical drawings are shown in 

Figure 10.62. If a very small round intersects a cylindrical 

surface, the runouts curve away from each other (Figure 

10.62A). If a large round intersects a cylindrical surface, 

the runouts curve toward each other (Figure 10.62C).

10.7.9 Elliptical Surfaces

If a right circular cylinder is cut at an acute angle to the 

axis, an ellipse is created in one of the multiviews (Fig-

ure 10.63 on page 532). The major and minor diameters 

Internal Chamfer External Chamfer

Figure 10.60

Examples of internal and external chamfers
Chamfers are used to break sharp corners on ends of cylinders 
and holes.

Point of
tangency

Detail A

Fillets

No fillets

Runout

Fillets

No fillets

Line

No line No line

Fillets

No fillets

Fillets

No fillets

Runout

A

Figure 10.61

Runouts
Runouts are used to represent corners with fi llets that intersect cylinders. Notice the difference in the point of tangency with and 
without the fi llets.
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(E) (F) (G)

Rounded Flat

(H) (I) (J) (K) (L)

(A) (B) (C) (D)

Flat Rounded RoundedFlat

Flat

Figure 10.62

Examples of runouts in multiview drawings

can be projected into the view that shows the top of the 

cylinder as an ellipse. The ellipse can then be constructed 

using the methods described in Section 8.6.3 (Figure 10.64 

on the next page).

10.7.10 Irregular or Space Curves

Irregular or space curves are drawn by plotting points 

along the curve in one view and then transferring or pro-

jecting those points to the adjacent views (Figure 10.65 on 

the next page). The intersections of projected points locate 

the path of the space curve, which is drawn using an ir-

regular curve. With CAD, a SPLINE command is used to 

draw the curve.

10.7.11 Intersecting Cylinders

When two dissimilar shapes meet, a line of intersection 

usually results. The conventional practices for repre-

senting intersecting surfaces on multiview drawings are 
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Major
diameter

Minor
diameter

True Size

Figure 10.63

Right circular cylinder cut to create an ellipse
An ellipse is created when a cylinder is cut at an acute angle 
to the axis.
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Figure 10.64

Creating an ellipse by plotting points
One method of drawing an ellipse is to plot points on the 
curve and transfer those points to the adjacent views.
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Figure 10.65

Plotting points to create a space curve

inders are of the same diameter, the intersecting surface 

is drawn as straight lines (Figure 10.66C).

10.7.12 Cylinders Intersecting Prisms and Holes

Figure 10.67 shows cylinders intersecting with prisms. 

Large prisms are represented using true projection (Fig-

ure 10.67B and C); small prisms are not (Figure 10.67A). 

Figure 10.68 on page 534 shows cylinders intersected 

with piercing holes. Large holes and slots are represented 

using true projection (Figure 10.68B and D); small holes 

and slots are not (Figure 10.68A and C).

10.8 Multiview Drawing Visualization
With suffi cient practice, it is possible to learn to read 2-D 

engineering drawings, such as the multiview drawings in 

Figure 10.69 on page 535, and to develop mental 3-D im-

ages of the objects. Reading a drawing means being able 

to look at a two- or three-view multiview drawing and 

form a clear mental image of the three-dimensional ob-

ject. A corollary skill is the ability to create a  multiview 

drawing from a pictorial view of an object. Going from 

demonstrated in Figure 10.66, which shows two cylin-

ders intersecting. When one of the intersecting cylinders 

is small, true projection is disregarded (Figure 10.66A). 

When one cylinder is slightly smaller than the other, some 

construction is required (Figure 10.66B). When both cyl-
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pictorial to multiview and multiview to pictorial is an im-

portant process performed every day by technologists. 

The following sections describe various techniques for 

improving your ability to visualize multiview drawings. 

Additional information on visualizing 3-D objects is 

found in Chapter 5.

10.8.1 Projection Studies

One technique that will improve multiview drawing vi-

sualization skills is the study of completed multiviews of 

various objects, such as those in Figure 10.69. Study each 

object for orientation, view selection, projection of visible 

and hidden features, tangent features, holes and rounded 

surfaces, inclined and oblique surfaces, and dashed line 

usage.

10.8.2 Physical Model Construction

The creation of physical models can be useful in learn-

ing to visualize objects in multiview drawings. Typically, 

these models are created from modeling clay, wax, or 

Styrofoam. The two basic techniques for creating these 

models are cutting the 3-D form out of a rectangular 

No curve

R

r

r = R

(A) (B) (C)

Figure 10.66

Representing the intersection of two cylinders
Representation of the intersection of two cylinders varies according to the relative sizes of the cylinders.

Tangent no
line

(A) (B) (C)

Figure 10.67

Representing the intersection between a cylinder and a prism
Representation of the intersection between a cylinder and a prism depends on the size of the prism relative to the cylinder.
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shape (Figure 10.70 on page 536) and using analysis of 

solids (Figure 10.71 on page 536) to divide the object into 

its basic geometric primitives and then combining these 

shapes. (See Section 10.8.8 for more information on anal-

ysis of solids.)

Practice Exercise 10.6
Figure 10.70 shows the steps for creating a physical model 

from a rectangular block of modeling clay, based on a multi-

view drawing.

Step 1. Create a rectangular piece of clay that is propor-

tional to the width, height, and depth dimensions shown 

on the multiview drawing.

Step 2. Score the surface of the clay with the point of the 

knife to indicate the positions of the features.

Step 3. Remove the amount of clay necessary to leave the 

required L-shape shown in the side view.

Step 4. Cut along the angled line to remove the last piece 

of clay.

Step 5. Sketch a multiview drawing of the piece of clay. 

Repeat these steps to create other 3-D geometric forms.

10.8.3 Adjacent Areas

Given the top view of an object, as shown in Figure 10.72 

on page 538, sketch isometric views of several possible 

3-D forms. Figure 10.73 on page 538 shows just four of 

the solutions possible and demonstrates the importance 

of  understanding adjacent areas when reading multiv-

iew drawings. Adjacent areas are surfaces that reside 

next to each other. The boundary between the surfaces 

(B) Large Hole(A) Small Hole

(D) Large Slot(C) Small Slot

Figure 10.68

Representing the intersection between a cylinder and a hole
Representation of the intersection between a cylinder and a hole or slot depends on the size of the hole or slot relative to the 
cylinder.
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Figure 10.69

Examples of the standard representations of various geometric forms
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is  represented as a line indicating a change in planes. No 

two adjacent areas can lie in the same plane. Adjacent ar-

eas represent

 1. Surfaces at different levels

 2. Inclined or oblique surfaces

 3. Cylindrical surfaces

 4. A combination of the above

Going back to Figure 10.72, the lines separating sur-

faces A, B, and C represent three different surfaces at 

different heights. Surface A may be higher or lower than 

surfaces B and C; surface A may also be inclined or cy-

lindrical. This ambiguity emphasizes the importance of 

using more than one orthographic view to represent an 

object clearly.

Orthographic (A) (B)

(C) (D) (E)

Figure 10.70

Creating a real model
Using Styrofoam or modeling clay and a knife, model simple 3-D objects to aid the visualization process.

Figure 10.71

Analysis of solids
A complex object can be visualized by decomposing it into 
simpler geometric forms.
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Create a three-view sketch of the object using the grid. 

The front, top, and right side views have been blocked 

in for you.

Pract ice Problem 10.1

Depth

Depth

Right Side
ViewFront View

Top View Depth

Width
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Top

Front Right side

Isometric

? ?

?
A

B

C

Figure 10.72

Adjacent areas
Given the top view, make isometric sketches of possible 3-D 
objects.

Figure 10.73

Possible solutions to Figure 10.72

10.8.4 Similar Shapes

One visualization technique involves identifying those 

views in which a surface has a similar confi guration and 

number of sides. (See Section 10.7.2, Rule 5, confi guration 

of planes, and Rule 6, parallel features.) Similar shape or 

confi guration is useful in visualizing or creating multi view 

drawings of objects with inclined or oblique surfaces. For 

example, if an inclined surface has four edges with oppo-

site edges parallel, then that surface will appear with four 

sides with opposite edges parallel in any orthographic 

view, unless viewing the surface on edge. By remembering 

this rule you can visually check the accuracy of an ortho-

graphic drawing by comparing the confi guration and num-

ber of sides of surfaces from view to view. Figure 10.74 

shows objects with shaded surfaces that can be described 

by their shapes. In Figure 10.74A, the shaded surface is 

L-shaped and appears similar in the top and front views, 

but is an edge in the right side view. In Figure 10.74B, the 

shaded surface is U-shaped and is confi gured similarly 

in the front and top views. In Figure 10.74C, the shaded 

surface is T-shaped in the top and front views. In Figure 

10.74D, the shaded surface has eight sides in both the front 

and top views.

10.8.5 Surface Labeling

When multiview drawings are created from a given picto-

rial view, surfaces are labeled to check the accuracy of 

the solution. The surfaces are labeled in the pictorial view 

and then in each multiview, using the pictorial view as 

a guide. Figure 10.75 is the pictorial view of an object, 

with the visible surfaces labeled with a number; for ex-

ample, the inclined surface is number 5, the oblique sur-

(A) (B) (C) (D)

Figure 10.74

Similar-shaped surfaces
Similar-shaped surfaces will retain their basic confi guration in all views, unless viewed on edge. Notice that the number of edges 
of a face remains constant in all the views and that edges parallel in one view will remain parallel in other views.
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face is number 8, and the hole is number 4. The multi-

view drawing is then created, the visible surfaces in each 

view are labeled, and the results are checked against the 

pictorial.

10.8.6 Missing Lines

Another way of becoming more profi cient at reading and 

drawing multiviews is by solving missing-line problems. 

Figure 10.76 is a multiview drawing with at least one line 

missing. Study each view, then add any missing lines to 

the incomplete views. Lines may be missing in more than 

one of the views. It may be helpful to create a rough iso-

metric sketch of the object when trying to determine the 

location of missing lines.

Locating Missing Lines in an Incomplete 
Multiview Drawing
Step 1. Study the three given views in Figure 10.76.

Step 2. Use analysis by solids or analysis by surfaces, as 

described earlier in this text, to create a mental image of 

the 3-D form.

Step 3. If necessary, create a rough isometric sketch of 

the object to determine the missing lines.

Step 4. From every corner of the object, sketch construc-

tion lines between the views. Because each projected 

corner should align with a feature in the adjacent view, 

this technique may reveal missing details. For the fi gure, 

corner A in the right side view does not align with any 

feature in the front view, thus revealing the location of the 

missing line.

3 5

98

4

2

6

8

7

5

1
8

1

7

3
2

9

6

8

5

4

Figure 10.75

Surface labeling
To check the accuracy of multiview drawings, surfaces can be 
labeled and compared to those in the pictorial view.

A

Completed multiview

A

Missing feature

Figure 10.76

Missing line problems
One way to improve your profi ciency is to solve missing-line problems. A combination of holistic visualization skills and system-
atic analysis is used to identify missing features.
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10.8.7 Vertex Labeling

It is often helpful to label the vertices of the isomet-

ric view as a check for the multiview drawing. In the 

isometric view in Figure 10.77, the vertices, including 

hidden ones, are labeled with numbers; then the corre-

sponding vertices in the multiviews are numbered. In the 

multiviews, hidden vertices are lettered to the right of the 

numbered visible vertices. For example, the vertices of 

surface A are numbered 1, 2, 3, and 4. In the front view, 

surface A appears on edge, and vertices 1 and 4 are in 

front of vertices 3 and 2. Therefore, in the front view, the 

vertices of surface A are labeled 4, 3 and 1, 2.

10.8.8 Analysis by Solids

A common technique for analyzing multiview drawings 

is analysis by solids, in which objects are decomposed 

into solid geometric primitives such as cylinders, negative 

cylinders (holes), square and rectangular prisms, cones, 

spheres, etc. These primitives are shown in Figure 10.47 

earlier in this chapter. Their importance in the under-

standing and visualization of multiview drawings cannot 

be overemphasized.

Figure 10.78 is a multiview drawing of a 3-D object. 

Important features are labeled in each view. Planes are la-

beled with a P subscript, holes (negative cylinders) with an 

H subscript, and cylinders (positive) with a C subscript.

Analysis by Solids
Step 1. Examine all three views in Figure 10.78 as a whole 

and then each view in detail. In the top view is a rect-

angular shape labeled AP and three circles labeled GH, 

HC, and IH. On the left end of the rectangular area are 

dashed lines representing hidden features. These hidden 

features are labeled DP, EC, and FH.

Step 2. In the front view is an L-shaped feature labeled BP. 

At opposite ends of the L-shaped area are dashed lines 

representing hidden features and labeled GH and FH. On 

top of the L-shaped area is a rectangular feature with 

dashed lines representing more hidden features. The 

rectangular feature is labeled Hc and the hidden feature 

is labeled IH.

Step 3. In the right side view are two rectangular areas, 

and a U-shaped area with a circular feature. The rectan-

gular feature adjacent to and above the U-shaped area is 

labeled CP and has hidden lines labeled GH. The rectan-

gular feature above CP is labeled HC and contains dashed 

lines labeled IH. The U-shaped area is labeled DP, and the 

arc is labeled EC. The circular feature in the U-shaped 

area is labeled FH.

  This general examination of the views reveals some 

important information about the 3-D form of the object. 

Adjacent views are compared with each other, and paral-

lel projectors are drawn between adjacent views to help 

further analysis of the object.

Step 4. In the top view, rectangular area AP extends the full 

width of the drawing, can only be aligned with area BP in 

the front view, and appears as an edge in the front and 

right side views. Area BP in the front view is aligned with 

area CP in the right side view. BP appears as a vertical 

edge in the right side view and a horizontal edge in the 

top view. The conclusion is that areas AP, BP, and CP are 

top, front, and right side views, respectively, of a rectan-

gular prism, which is the main body of the part.
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4
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9,8 10,7

12 11
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12,13 11,5 4,1
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A

Top view

A

A A

Front view Right side

7

Figure 10.77

Numbering the isometric pictorial and the multiviews to 
help visualize an object
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Step 5. Circular area GH in the top view is aligned with the 

hidden lines labeled GH in the front view. Because these 

hidden lines go from top to bottom in the front view, it is 

concluded that the circle represents a hole. This can be 

verifi ed by the dashed lines GH in the right side view.

Step 6. In the front view, rectangular area HC projects 

above the main body of the part; therefore, it should be 

visible in the top view. This rectangular area is in align-

ment with circular area HC in the top view and with rect-

angular area HC in the right side view. The conclusion is 

that area HC is a cylinder because it appears as a circle 

in one view and as a rectangle in the other two views.

Step 7. The circle IH in the top view is aligned with dashed 

lines IH in the front view and is inside cylinder HC. This 

indicates that circle IH in the top view is a negative cyl-

inder (hole) centered within cylinder HC. The dashed line 

labeled Z in the front and right side views shows the 

depth of the negative cylinder IH.

Step 8. In the top view, the dashed lines at the left end of 

rectangular area AP represent one or more feature(s) 

below the main body of the part. Hidden line DP in the 

top view is aligned with visible line DP in the front view, 

and dashed lines FH in the top view are directly above 

dashed lines FH in the front view. Area EC in the top view 

is aligned with area EC in the front view. So the fea-

tures hidden in the top view must be DP and EC in the 

front view.

  DP and EC in the front view are aligned with DP and EC 

in the right side view. The right side view appears to be 

the most descriptive view of these features. In this view, 

area EC is a partial cylinder represented by arc EC. The 

side view also reveals that dashed lines FH in the top and 

front views represent the diameter of hole FH. Therefore, 

area DP and partial cylinder EC are a U-shaped feature 

with a hole whose width is revealed in the front and top 

views.

Analysis by solids should result in a clear mental image 

of the 3-D form represented in a 2-D multiview drawing. 

IH
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AP

CP

CP CP

GH

GH

BP

BP

BP

DP DP

DP
EC

EC

FH

IH

HC

HC

Z

EC

GH
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FH

FH

AP

IH
Z

Figure 10.78

Visualizing a multiview drawing using analysis by solids
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Figure 10.79 is a pictorial view of the object in the multi-

view drawing, and it should be similar to the mental image 

created after following the preceding eight steps.

10.8.9 Analysis by Surfaces

Figure 10.79 lends itself to analysis by solids because 

there are no inclined or oblique surfaces. With inclined 

and oblique surfaces, such as those shown in Figure 10.80, 

analysis by surfaces may be more useful.

Analysis by Surfaces
Step 1. Examine all three views in Figure 10.80. There are 

no circular or elliptical features; therefore, all the areas 

must be bounded by planar surfaces. In the top view, ar-

eas A and B are separated by lines; therefore, they are 

not in the same plane. The same is true for areas C and D 

in the front view and areas E and F in the right side view. 

The reason for this is that no two contiguous (adjacent) 

areas can lie in the same plane. If they were in the same 

plane, a line would not be drawn to separate them. This 

is an example of Rule 8.

Step 2. The lines of projection between the top and front 

views indicate that area B corresponds to area D. Areas 

B and D are also similar in shape in that they both have 

six sides, thus reinforcing the possibility that areas B 

and D are the same feature. Similarly, areas A and C are 

aligned and are similar in shape, so they could be the 

same feature. However, before accepting these two pos-

sibilities, the side view must be considered.

Step 3. Area D aligns with area F, but they are not similar 

in shape; area F is three-sided and area D is six-sided. 

FRONT

VIEW

RIGHT SIDE
VIEW

TOPVIEW

CP

DP
B

P

A
P

HC

IH

G
H

FH

EC

Figure 10.79

A pictorial view of the multiview drawing in Figure 10.78, revealing its three-dimensional form

A

B

C

D

E

F

Figure 10.80

Visualizing a multiview drawing using analysis by surfaces
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Therefore, areas D and F are not the same feature. In the 

right side view, area D must be represented as an edge 

view separating areas E and F; therefore, area D is the 

inclined plane in the right side view. Area C aligns with 

area E, but they are not similar in shape; area C is four-

sided, and area E is three-sided. In the right side view, 

area C must be represented as an edge view and is the 

vertical line on the left side of the view.

Step 4. Areas E and F are not represented in the top or 

front views; therefore, areas E and F are edge views in 

the front and top views (Figure 10.81). Because areas E 

and F are visible in the right side view, they are at the 

right end of the front and top views. Therefore, they must 

be located at the right end of the object.

Step 5. Based on alignment and similarity of shape, sur-

faces B and D must be the same surface.

Step 6. Area A in the top view is an edge view represented 

as a horizontal line in the front and side views. Area C in 

the front view is a horizontal edge view in the top view 

and a vertical edge view in the right side view. Areas A 

and C are therefore not the same.

Figure 10.82 is a pictorial view of the object. Areas B 

and D are the same inclined plane, area A is a horizontal 

plane, and areas C, E, and F are vertical planes.

Principles of Orthographic Projection Rule 8:

Contiguous Areas

No two contiguous areas can lie in the same plane.

A

B = D

C

D = B

E

F

C

E

A

C

A

D

E

F

F

Figure 10.81

Conclusions drawn about Figure 10.80

10.9 ANSI Standards for Multiview Drawings
Standards form the common language used by en-

gineers and technologists for communicating infor-

mation. The standard view representations developed by 

ANSI for multiview drawings are described in the follow-

ing paragraphs.

10.9.1 Partial Views

A partial view shows only what is necessary to com-

pletely describe the object. Partial views are used for 

symmetrical objects, for some types of auxiliary views, 

and for saving time when creating some types of multi-

view drawings. A break line (shown as a jagged line) or 

center line for symmetrical objects may be used to limit 

the partial view (Figure 10.83). If a break line is used, it 

A

EC

F

B = D

Figure 10.82

A pictorial view of Figure 10.80, revealing its three-
dimensional form

Center line Break line

Figure 10.83

A partial view used on a symmetrical object
The partial view is created along a center line or a break line.
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is placed where it will not coincide with a visible or hid-

den line.

Partial views are used to eliminate excessive hidden 

lines that would make reading and visualizing a drawing 

diffi cult. At times it may be necessary to supplement a par-

tial view with another view. For example, in Figure 10.84, 

two partial profi le views are used to describe the object 

better. What has been left off in the profi le views are de-

tails located behind the views.

10.9.2 Revolution Conventions

At times, a normal multiview drawing will result in views 

that are diffi cult to visualize and read. This is especially 

true of objects with ribs, arms, or holes that are not aligned 

with horizontal and vertical center lines. Figure 10.85 

shows an object with ribs and holes that are equally spaced, 

with the two bottom holes not aligned with the center line 

of the object. True projection produces an awkward pro-

fi le view that is diffi cult to draw because all but one rib are 

foreshortened (Figure 10.85A). ANSI standard revolution 
conventions allow the profi le view to be drawn as shown 

in Figure 10.85B. You must visualize the object as if the 

ribs are revolved into alignment with the vertical center 

line in the front view. This will produce a profi le view that 

is easier to visualize and draw.

Revolution conventions can also be used on parts that 

have bolt circles. Figure 10.86 shows the true projection 

of a plate with a bolt circle. Notice that the profi le view 

becomes diffi cult to read because of so many hidden lines. 

As shown in Figure 10.86, revolution conventions dictate 

that only two of the bolt circle holes must be represented 

Partial ViewTrue View Partial View True View

Figure 10.84

Use of two partial profi le views to describe an object and eliminate hidden lines

(A) True projection (B) Preferred

Figure 10.85

Revolution conventions used to simplify the representation of ribs and webs
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in the profi le view. These two bolt circle holes are aligned 

with the vertical center line in the front view and are then 

represented in that position in the profi le view.

Figure 10.87 shows another example of revolution con-

ventions. The inclined arms in the fi gure result in a fore-

shortened profi le view, which is diffi cult and time con-

suming to draw. Revolution conventions allow the arms to 

be shown in alignment with the vertical center line of the 

front view to create the profi le view shown in the fi gure.

Objects similar to those described in the preceding 

paragraphs are frequently represented as section views. 

When revolution techniques are used with section views, 

the drawings are called aligned sections. (See Chapter 16.)

Revolution conventions were developed before CAD.

With the advent of 3-D CAD and the ability to ex-

PreferredTrue projection 

Figure 10.86

Revolution conventions used on objects with bolt circles to 
eliminate hidden lines and improve visualization

True projection Preferred

Figure 10.87

Revolution conventions used to simplify the representation 
of arms

tract views automatically, it is possible to create a true-

projection view, such as that shown in Figure 10.87, quickly 

and easily. You are cautioned that, even though a view can 

be automatically produced by a CAD system, this does not 

necessarily mean that the view will be easy to visualize by 

the user.

Practice Exercise 10.7
In Figures 10.85 through 10.87, a new revolved view was 

created to replace a true projection in the profi le view. This 

was done in order to represent the features of the object 

more clearly. Sketch new front views as if the new profi le 

views represented true projections.

10.9.3 Removed Views

At times, it is important to highlight or enlarge part of a 

multiview. A new view is drawn that is not in alignment 

with one of the principal views, but is removed and placed 

at a convenient location on the drawing sheet. A removed 
view is a complete or partial orthographic view that shows 

details more clearly. A new viewing plane is used to defi ne 

the line of sight used to create the removed view, and both 

the viewing plane and the removed view are labeled, as 

shown in Figure 10.88.

10.10 Summary
Multiview drawings are an important part of techni-

cal graphics. Creating multiview drawings takes a high 

degree of visualization skill and considerable practice. 

Multiview drawings are created by closely following 

View A
SCALE –      1

4

A

Figure 10.88

A scaled removed view (view A)
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 orthographic projection techniques and ANSI standards. 

The rules of orthographic projection are listed here for 

your reference.

Rule 1: Every point or feature in one view must be aligned 

on a parallel projector in any adjacent view.

Rule 2: Distances between any two points of a feature in 

related views must be equal.

Rule 3: Features are true length or true size when the 

lines of sight are perpendicular to the feature.

Rule 4: Features are foreshortened when the lines of sight 

are not perpendicular to the feature.

Rule 5: Areas that are the same feature will always be 

similar in confi guration from one view to the next, un-

less viewed as an edge.

Rule 6: Parallel features will always appear parallel in all 

views.

Rule 7: Surfaces that are parallel to the lines of sight will 

appear as lines or edge views.

Rule 8: No two contiguous areas can lie in the same 

plane.

Online Learning Center (OLC) Features
There are number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 

retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline

■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Stapler Design Problem
■ Visualization Exercises

Questions for Review
 1. Defi ne orthographic projection.

 2. How is orthographic projection different from per-

spective projection? Use a sketch to highlight the 

differences.

 3. Defi ne multiview drawings. Make a simple multiview 

sketch of an object.

 4. Defi ne frontal, horizontal, and profi le planes.

 5. List the six principal views.

 6. Defi ne fold lines.

 7. List the space dimensions found on a front view, top 

view, and profi le view.

 8. Defi ne a normal plane.

 9. Defi ne an inclined plane.

 10. Defi ne an oblique plane.

 11. List the eight rules of orthographic projection.
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 10.1 (Figure 10.89) Draw or sketch the front, top, and 

right side views of the object shown in the pictorial. 

Number each visible surface in each of the multi-

views to correspond to the numbers given in the 

pictorial view.

 10.2 (Figure 10.90) Draw or sketch the front, top, and 

right side views of the object shown in the pictorial. 

Number each visible surface in each of the multi-

views to correspond to the numbers given in the 

pictorial view.

 10.3 (Figure 10.91) Given the front view shown in 

the fi gure, design at least six different solutions. 

Sketch your solutions in pictorial and in front and 

side views.

 10.4 (Figure 10.92) Given the two views of a multi-

view drawing of an object, sketch or draw the given 

views, freehand or using instruments or CAD, and 

then add the missing view. As an additional exer-

cise, create a pictorial sketch of the object.

 10.5 (Figure 10.93) Given three incomplete views of 

a multiview drawing of an object, sketch or draw 

the given views, freehand or using instruments or 

9

8
5

10 14
15

17

12

3

1

7 6

4

2

16

11

13

Figure 10.89

Solid object for Problem 10.1

3

1

5

64

14

13

16
26

12

19 17

24
20

23

21

10

9

8

7
112

22

15

18

25

Figure 10.90

Solid object for Problem 10.2

CAD, and then add the missing line or lines. As an 

additional exercise, create a pictorial sketch of the 

object.

 10.6 (Figure 10.94) Sketch, or draw with instruments 

or CAD, multiviews of the objects shown in the 

pictorials.

EXAMPLE

Figure 10.91

Front view for Problem 10.3

P r o b l e m s
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(3)(2)

(4) (5) (6)

(7) (8) (9)

(10) (11)

(1)

(12)

Figure 10.92

Two-view drawings of several objects for Problem 10.4
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(13) (14) (15)

(16) (17) (18)

(19) (20) (21)

(22) (23) (24)

Figure 10.92

Two-view drawings of several objects for Problem 10.4 (Continued)
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(28) (29) (30)

(26) (27)

(31) (32)

(34) (35)

(33)

(25)

(36)

Figure 10.92

Two-view drawings of several objects for Problem 10.4 (Continued)
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(2) (3)

(4) (5) (6)

(7) (8) (9)

(10) (11)

(1)

(12)

Figure 10.93

Three incomplete views of a multiview drawing of an object for Problem 10.5
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(13) (14) (15)

(16) (17) (18)

(19) (20) (21)

(22) (23) (24)

Figure 10.93

Three incomplete views of a multiview drawing of an object for Problem 10.5 (Continued)
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(12)

(1) (2) (3)

(4) (5) (6)

(7) (8) (9)

(10) (11)

Figure 10.94

Pictorials of several objects for Problems 10.6 and 10.13
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(24)(23)

(13) (14) (15)

(16) (17) (18)

(19) (20) (21)

(22)

Figure 10.94

Pictorials of several objects for Problems 10.6 and 10.13 (Continued)
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(33)

(25) (26) (27)

(28) (29) (30)

(31) (32)

(34) (35) (36)

Figure 10.94

Pictorials of several objects for Problems 10.6 and 10.13 (Continued)
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2X ø .75

7.004.50
2.00

2.00

1.00

5.00

1.00

1.50

1.50

4.50

.50

.75

2.00

Figure 10.95

Tool block

 10.7 (Figures 10.95 through 10.154) Sketch, draw with 

instruments or CAD, or create 3-D CAD models 

for the parts shown.

 10.8 On square grid paper, sketch a series of multiviews 

of a cube, at least eight squares on a side. Visualize 

the following modifi cations to the cube and draw 

the resulting multiviews:

a. Looking at the front view, drill a hole 3 squares 

in diameter and parallel to the line of sight.

ø 2.00

1.00
.50

4.00

2.00

3.50

3.00
6.00

.50

Figure 10.96

Wedge support

.570

.125

40°
.160

R .340

R .560

.125

R .1875

Figure 10.97

Ratchet stop

4.50

ø .313

.75

.062

.375

R .844

45°

R .906

5°

1.000

.50

R 1.118
1.00

R .063

.375 THICK

Figure 10.98

Lever

ø .458

.750

ø .144

.255

.02 X 45°

.780

.630

.06

.06

R .315

.25

R .59

.375

Figure 10.99

Coupling
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4.00 ø 2.00

ø 1.50

5X .03 X 45°

ø 2.375
4.625

2.125

R .50

.70

Figure 10.100

Retainer

3.50
6.50

9.50

ø 7.00

ø 4.00

ø 3.50

Figure 10.101

Half pin

R .125NECK ø .447-MINIMUM

.406

.188

.625

.031 CHAMFER
ø .5

31

.063 X 45°

ø .3
125-18 TAP

ø .5
31

.018 Thick

Figure 10.102

Latch nut

6.00

R .750
2X ø .6250

2.250

2.00

.125 TYP.

76°

1.500

.500

4.50

1.625

.4034

5.00

BEND RADIUS .125

8.00

Figure 10.103

Top bracket

3.00

R .250

1.50

3.4375

3.00

ø .500

.75

108°

1.50

6.184

1.50

Figure 10.104

Snubber

ø .5000ø .4370

ø .3748.5000

1.6250

.3750

1.0000

.125 x 45°

4 x .1457
.1875

ø .250

Figure 10.105

Dial extension
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2X ø 20.60

100.00
68.00

70.00

32.0019.00

106.00

20.00
30.00

70.00
R 6.40

15.80
180.00

264.20

R 5.00 4X
METRIC

Figure 10.106

Motor plate

1.00

60°

.6250

R .2500

.3660

.500

R 1.00
R .8148

1.1250

ø 1.8125Spherical ø 2.3783
Spherical ø 2.0000

60°

Figure 10.107

Release

#1#4
#5

#8

#7

#2

#6
#3

CENTRAL AXIS

CENTRAL AXIS TUBE

Central axis tube height = 11.000"

Central axis tube I.D. = 7.250"

Central axis tube O.D. = 8.000"

Central axis tube flange dia = 10.000"

Central axis tube flange width = .500"

All flange diameters = tube diameter + 1.5"

All flange widths = .500"

All tube I.D.'s = Tube diameter - .500"

 Tube  #
Elevation from base
(on the central axis)

4.000"

7.000"

7.000"

4.000"

2.750"

9.125"

4.625"

4.500"

Azimuth angle from tube
#1 (around central axis)

0°
180°
110°
70°
310°
310°
205°
230°

Offset distance from
central axis

0.000"

0.000"

0.000"

2.000"

0.500"

0.750"

0.125"

0.250"

Angle of elevation
from the base of

the part

0°
0°

-45°
-10°

30°

0°
-30°

Length of tube from end of
flange to apparent intersection

with central axis

Outer diameter of
tube

3.000"

2.500"

3.500"

1.750"

1.750"

1.750"

1.750"

1.750"

0°

14.000"

11.000"

9.250"

9.500"

5.000"

5.500"

6.000"

7.500"

1

2

3

4

6

7

8

5

Figure 10.108

Evaporator

b. Take the result of (a) and drill another hole 

2 squares in diameter to the right of the fi rst 

hole.

c. Take the result of (a) and drill another hole 

3 squares in diameter above the fi rst hole.

d. Take the result of (a) and drill a hole 5 squares 

in diameter in the same location as the fi rst hole, 

but only half-way through the cube.

e. Instead of drilling a 3-square diameter hole 

through the object, create a cylinder projecting 

558 PART 2  Fundamentals of Technical Graphics
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2.2
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6.7
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3.010.4

9.4 4.7

ø 1.6ø 3.6
1.0

3.0

2.4

33.230.021.8
3.8

5°

1.6

4.8

2.2

2X ø .8

.8 X 45°

5.0.6

3.6

3.2

2.4

4.8

ø 1.2

CL

1.00

Figure 10.109

Manifold

16 TYP

3X R 21

2X R 30

8

82

28

42

82

3X ø 20

54
70

3X ø 24

84
R 16

150

42

59

70

METRIC

Figure 10.110

Cutoff

METRIC

10

120°

ø 52

4868

R 36ø 88

16

55°

R 58

12

36

48

20°

35°
ø 12

82

R 12

R 14

32

3X R 49

Figure 10.111

Spline pilot

2 squares out of the cube and parallel to the line 

of sight of the front view. Compare this with the 

views in (a).

f. Same as (e), except raise the cylinder along the 

line of sight of the top view.

g. Same as (a), except remove a square feature 

rather than a round hole. Compare this with the 

views in (a).

h. Same as (a), except place the center 2 squares 

to the right. Enlarge the drill to a diameter of 

5 squares; 7 squares; 9 squares.

i. Find the midpoints of the top and right side edges 

of the front view. Draw a line connecting these 

points and project it along the line of sight for the 

front view to create a cutting plane. Remove this 

corner of the cube.

  CHAPTER 10  Multiview Drawings 559
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ø 1.20

.05 X 45°

1.20

.20.20

ø 2.00

15°

ø 1.40

.20

.30

ø 2.00

.20

ø .40

ø .60

.30

1.702.30

.80

ø 4.00

ø 3.75

Figure 10.112

Index

METRIC

1.310.8
ø 14.8

R 9.2

R 1.8

18.4

5.2

11.0

3.6

3.6

R 2.6

ø 8.0

12.8

5.2

14.1

15.7
17.9

45.3

68.9

11.5

Figure 10.113

Arm support

TAB ON BOTH SIDES

2.25

R .25 4X

2X ø .38

R .31 4X

.94

1.88

4.44

.25.50

.88

4.31

2.63.50
1.13

.44.88
.25 TYP

12.38

.44

2.36 .94

ø .50
.25

2.38

.44

Figure 10.114

Control back

j. Same as (i), except rotate the cutting plane to 

be 15 degrees, 30 degrees, 60 degrees, and 

75 degrees to the horizontal. Compare the di-

mensions of the inclined surface projections 

at each of these angles (including the original 

45- degree angle).

k. Same as (i), except move the cutting plane to-

ward the lower left corner of the front view, in 

2-square increments. When is the inclined sur-

face the largest?

l. Same as (i), except the cutting plane is defi ned 

by the midpoints of the top and right side edges 

of the front view and the midpoint of the top 

edge of the right side view.

m. Same as (l), except move the cutting plane in 

2-square increments toward the opposite corner 

of the cube.
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16 22 R 112
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Figure 10.115

Inlet

METRIC

5X R 30

8
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ø 24
3

5X 72°

R 58

8

Figure 10.116

Gear index

1.88
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ø 2.26

4X ø .50

2.38
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7.502.38

R 1.13

1.13

Figure 10.117

Speed spacer

.63

ø 1.50

4.13

3.38

2.00

ø .63

1.38

1.25

.63

R .25

Figure 10.118

Shaft support

.50

.88

.50

1.75

1.00

ø .63

R .25

1.76

1.00

Figure 10.119

Stop base

.50

ø .62

.75 1.00 1.75

.375
.875

1.25

.625

1.50 1.37

1.62

3.50
1.38

.50

Figure 10.120

Tool holder
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Dryer clip

 10.9 Same as 10.8 (a through k), except use a cylinder 8 

squares in diameter, 8 squares deep, and seen in its 

circular form in the front view.

 10.10 Using any of the objects shown in the exercises in 

the back of this chapter, decompose the objects 

into primitive geometric shapes. Color code these 

shapes to show whether they represent positive ma-

terial added to the object or negative material re-

moved from it. This can be done by:

  ■  Drawing isometric pictorial sketches of the 

objects.

  ■  Overdrawing on top of photocopies of the 

drawings.

  ■  Tracing over the drawings.

 10.11 Using either a photocopy or a tracing of the object 

in Figure 10.89, color, number, or letter each face 

  CHAPTER 10  Multiview Drawings 563
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Locating base

(surface) of the object. Pick a surface that will be 

seen in its true size and shape in the front view 

and sketch its representation in the three primary 

 multiviews. Use projection lines to align the sur-

face in all three views. Label it the same as you 

did in the pictorial. Then, pick another surface that 

shares an edge with the one you just sketched, and 

sketch the new surface in the three views. Repeat 

the process until you have sketched all the faces 

contiguous with the original one. How many of 

these faces are contiguous with each other? How 

many are also seen in their true size and shape in 

the front view? In other views?

 10.12 Using the object in Figure 10.89, identify the nor-

mal, inclined, and oblique planar surfaces. Either 

letter, number, or color code the surfaces on a trac-

ing paper copy or a photocopy of the pictorial.

a. Create a multiview of the object and identify the 

same surfaces in all three views. In which views 

are individual surfaces seen in their true size and 

shape? In which views are individual surfaces 

foreshortened? (Which dimension is foreshort-

ened?) In which views are individual features 

seen as edges?

b. For the inclined surfaces, identify which edges 

show up as normal or non-normal (angled) edges 

on normal surfaces. How does the inclined sur-

face appear in the view where a non-normal 

edge is present?

c. For the oblique surfaces, are there any normal 

edges? Is there any view in which any of these 

surfaces are seen as edges?

d. Visualize a view which would allow an inclined 

or oblique surface to be seen in its true size and 

shape, and try to sketch that view. What hap-

pens to the surfaces which were normal in the 

principal views?

 10.13 Using any of the objects from Figure 10.94, sketch 

them on tracing paper or make a photocopy. Sketch 

cutting planes which would divide all or part of 

each object into symmetrical halves. Sketch multi-

views of each half of each object.
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Dryer gear
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Drive base

Classic Problems
The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by 

Thomas E. French, Charles J. Vierck, and Robert Foster. 

All fi llets and rounds .125’’ or 2 mm unless otherwise indi-

cated. Figure 10.155

 1. Pieces to be drawn freehand in orthographic 

projection.

 2. Draw three views of the bearing rest. Figure 10.156

 3. Draw three views of the swivel yoke. Figure 10.157

 4. Draw three views of the wire thimble. Fig-

ure 10.158

 5. Make a unit-assembly working drawing of the 

wing-nose rib. Figure 10.159

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

Figure 10.155
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(M) (N) (O) (P)

(Q)

Figure 10.155

Continued

Figure 10.156

Bearing rest

Figure 10.157

Swivel yoke

Figure 10.158

Wire thimble

570

ber28376_ch10.indd   570ber28376_ch10.indd   570 1/2/08   3:06:48 PM1/2/08   3:06:48 PM



Figure 10.159

Wing-nose rib
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3-D Solid Part Models and Multiview 
Documentation from Technical Sketches
The technical sketches in Figures 10.160 through 10.168 

are designed to be used to construct fully constrained 3-D 

solid part models. Any available parametric solid mod-

eling software may be used. Refer to Chapter 9 Three-
Dimensional Modeling as needed for a review of con-

struction or datum plane set up, profi les, and part bodies 

using standard extrusion, revolution, or lofting methods. 

Use appropriate geometric and dimensional constraints 

to fully constrain each part. Apply 3-D features, such as 

holes, fi llets, chamfers, ribs, and thin wall operations (as 

required) to create a logical, easy to edit history tree.

Use the fi nished part model to generate associated 

 multiview drawings containing appropriate drawing views 

to fully describe the part (ie; front, top, right side, isomet-

ric views). As an option, make parametric changes to key 

dimensions and features in the part model and use these 

revisions to the model to update the associated multiview 

drawing.

Problems designated “FOR 3-D ASSEMBLY 
MODEL” are designed to be used as parts within 3-D 

Assembly Models contained at the end of chapter prob-

lems for Chapter 20 Working Drawings.

Figure 10.160

Hoist Hook

572 PART 2  Fundamentals of Technical Graphics
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Figure 10.161

Robotic Arm E-01—for 3-D assembly model

Figure 10.162

Faucet Base—for 3-D assembly model
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Figure 10.163

Cordless Cover

Figure 10.164

Carabiner Clip Body
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Figure 10.165

Faucet Tube—for 3-D assembly model

Figure 10.166

Soap Mold Form
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Figure 10.167

Intake Wand

576

Figure 10.168

Crank Shaft—for 3-D assembly model
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Chapter Eleven

Axonometric 
and Oblique 
Drawings

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne axonometric, isometric, dimet-

ric, and trimetric projection.

 2. Explain the difference between an 

isometric projection and an isometric 

drawing.

 3. Create an isometric drawing.

 4. Use the true ellipse, four-center, and 

ellipse template methods to draw a 

circle in an isometric drawing.

 5. Apply the theory of oblique projec-

tion to create oblique drawings and 

sketches.

 6. Create a one-point perspective 

drawing.

 7. Create a two-point perspective 

drawing.

Introduction
Pictorial drawings show several faces of 

an object at once. Such drawings are used 

by any industry that designs, sells, manu-

factures, repairs, installs, or maintains a 

product. Axonometric and oblique pictorial 

drawings use a parallel projection technique 

A picture shows me at a glance what 

it takes dozens of pages of a book to 

expound.

—Ivan S. Turgenev, 
Fathers and Sons, 1862

Chapter E
leven
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and are frequently used in technical documents, sales lit-

erature, maintenance manuals, and documentation supple-

ments in technical drawings. Perspective pictorial draw-

ings use a converging projection technique and are more 

commonly found in architectural drawings.

Pictorial drawings do not have the limitation of multi-

view drawings, which show only two dimensions of the 

object in each view and must be mentally combined to 

form a 3-D image of the object. This chapter explains the 

projection theory and standard practices used to create 

axonometric and oblique drawings.

11.1 Axonometric Drawings
The Greek word axon means axis and metric means to 

measure. Axonometric projection is a parallel projection 

technique used to create a pictorial drawing of an object 

by rotating the object on an axis relative to a projection, 
or picture plane (Figure 11.1). Axonometric projection 

is one of the four principal projection techniques: multi-

view, axonometric, oblique, and perspective (Figure 11.2). 

In multiview, axonometric, and oblique projection, the 

observer is theoretically infi nitely far away from the pro-

jection plane. In addition, for multiviews and axonomet-

ric projections the lines of sight are perpendicular to the 

plane of projection; therefore, both are considered ortho-
graphic projections. The differences between a multiview 

drawing and an axonometric drawing are that, in a multi-

view, only two dimensions of an object are visible in each 

view and more than one view is required to defi ne the 

object, whereas, in an axonometric drawing, the object is 

rotated about an axis to display all three dimensions, and 

only one view is required. The axonometric projection is 

produced by multiple parallel lines of sight perpendicu-

lar to the plane of projection, with the observer at infi nity 

and the object rotated about an axis to produce a pictorial 

view (Figure 11.2B).

11.1.1 Axonometric Drawing Classifi cation

Axonometric drawings are classifi ed by the angles be-

tween the lines comprising the axonometric axes. The 
axonometric axes are axes that meet to form the corner 

of the object that is nearest to the observer. Figure 11.3 on 

page 580 shows the axonometric axes on an object and 

contains three different axonometric views of that object. 

Although there are an infi nite number of positions that 

can be used to create such a drawing (Figure 11.4 on page 

580), only a few of them are useful.

When all three angles are unequal, the drawing is clas-

sifi ed as a trimetric projection. Trimetric drawings are 

the most pleasing to the eye and are also the most diffi cult 

to produce. When two of the three angles are equal, the 

drawing is classifi ed as a dimetric projection. Dimetric 

drawings are less pleasing to the eye but are easier to pro-

duce than trimetric drawings. When all three angles are 

equal, the drawing is classifi ed as an isometric (equal 
measure) projection. The isometric is the least pleasing 

Y

X Y

X

Projected
Image

Parallel Lines of
Sight

Object
Rotated
about the
Y-axis

PICTURE PLANE

Figure 11.1

Axonometric view
An axonometric view is created by rotating the object about one or more axes.
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to the eye but is the easiest to draw and dimension and is, 

therefore, the one that will be described in the following 

sections.

11.2 Isometric Axonometric Projections
An isometric projection is a true representation of the iso-

metric view of an object. An isometric view of an object is 

created by rotating the object 45 degrees about a vertical 

axis, then tilting the object (in this case, a cube) forward 

until the body diagonal (AB) appears as a point in the front 

view (Figure 11.5 on page 581). The angle the cube is tilted 

forward is 35 degrees 16 minutes. The three axes that meet 

at A,B form equal angles of 120 degrees and are called the 

isometric axes. Each edge line of the cube is parallel to 

one of the isometric axes. Any line that is parallel to one 

of the legs of the isometric axis is an isometric line. The 

planes of the cube faces and all planes parallel to them are 

isometric planes.

A

B

C

D

PICTURE PLANE

A

B

C

D

OBSERVER AT

INFINITY

LINE OF SIGHT

Parallel Lines of Sight Perpendicular
to Picture Plane

(A)  Multiview Projection

A
B

C

D

Parallel Lines of Sight Perpendicular
to Picture Plane

A
B

CD

PICTURE PLANE

(B)  Axonometric Projection

A

B

C

D

A

B

C

D

Parallel Lines of Sight
Oblique to Picture Plane

PICTURE PLANE

(C)  Oblique Projection (D)  Perspective Projection

A

B

C

D

Lines of Sight Converge at the
Observer's Eye (Station Point)

PICTURE PLANE

VP

A
B

C
D

Observer at a Finite
Distance from the Object

SP

OBSERVER AT
INFINITY

LINE OF SIGHT

OBSERVER AT

INFINITY

LINE OF SIGHT

HL

Figure 11.2

Projection techniques: Multiview, axonometric, oblique, and perspective
Perspective is the only technique that does not use parallel lines of sight.
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Figure 11.3

Angles that determine the type of axonometric drawing produced
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Figure 11.4

An axonograph of a part, showing some of the views that can be created by rotating about two of the axes

580
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The forward tilt of the cube causes the edge lines and 

planes of the cube to become foreshortened as it is pro-

jected onto the picture plane. The lengths of the projected 

lines are equal to the cosine of 35 degrees 16 minutes, 

or 0.81647 times the true length. In other words, the pro-

jected lengths are approximately 80 percent of the true 

lengths. A view produced using a scale of 0.816 is called 

an isometric projection and is a true representation of 

the object. However, if the drawing is produced using 

full scale, it is called an isometric drawing, which is the 

same proportion as an isometric projection but is larger 

by a factor of 1.23 to 1 (Figure 11.6). Isometric drawings 

are almost always preferred over isometric projections for 

technical drawings because they are easier to produce.

Figure 11.7 on the next page shows an isometric scale 

produced by positioning a regular scale at 45 degrees to the 

horizontal and projecting lines vertically to a 30-degree 

line. This foreshortens the true distances, creating an 

isometric scale along the 30-degree line, which can then 

be used to create a true isometric projection of an object. 

A ¾ scale can also be used to approximate an isometric 

scale.

With CAD, isometric projections of a 3-D model can 

be created automatically by using the angular rotations 

of 45 degrees on one axis and 35 degrees 16 minutes on 

another axis to change the viewpoint.

Practice Exercise 11.1
Place a 12�  �  12� sheet of clear, rigid plastic or glass 

between you and a cube. Brace the glass against a desk or 

other piece of furniture. Position the cube such that one of 

(A) Orthographic views of a cube.

B

A

B

A

Body diagonal
line AB

A

B

Axis

A

B

A

B

Projected
image

BA

B

A

B

A

B

B

A

(B) Cube rotated 45° about axis. (C) Cube rotated forward 35°16' (35.27°).
Isometric axis

A

A, B
A B

Point view of
line AB

35°16'

80%

A
B

A, B

A

B

Figure 11.5

Theory of isometric projection 
The object is rotated 45 degrees about one axis and 35 degrees 16 minutes on another axis.

Full scale
isometric drawing

80% isometric
projection

Figure 11.6

The different scales of an isometric projection and an 
isometric drawing
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582 PART 2  Fundamentals of Technical Graphics

the faces is parallel with the glass. Draw the contour of the 

cube on the glass, using a water-based marker. Move the 

cube a few inches to the left or right, rotate it 45 degrees 

about a vertical axis, then tilt it forward approximately 30 de-

grees, using your 30/60 triangle as a guide. Brace the cube 

in its new position, and draw the contour of the cube on the 

glass. This new view is an isometric projection of the cube on 

the glass. Compare the measurements of the vertical lines in 

the isometric projection with the original projection. The iso-

metric projection should be slightly smaller than the original 

(multiview) projection.

11.2.1 Isometric Axonometric Drawings

As previously defi ned, an isometric drawing is an axo-

nometric pictorial drawing for which the angle between 

each axis equals 120 degrees and the scale used is full 

scale (Figure 11.8). Isometric axes can be positioned in 

a number of ways to create different views of the same 

object. Figure 11.9A is a regular isometric, in which the 

viewpoint is looking down on the top of the object. In a 

regular isometric, the axes at 30 degrees to the horizontal 

are drawn upward from the horizontal. The regular iso-

metric is the most common type of isometric drawing.

For the reversed axis isometric, shown in Fig-

ure 11.9B, the viewpoint is looking up on the bottom of the 

object, and the 30-degree axes are drawn downward from 

the horizontal. For the long-axis isometric, the view-

point is looking from the right (Figure 11.9C) or from the 
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30°

45°
FULL S

CALE

ISOMETRIC SCALE

Figure 11.7

Creating an isometric scale

left (Figure 11.9D) of the object, and one axis is drawn at 

60 degrees to the horizontal.

In an isometric drawing, true-length distances can only 

be measured along isometric lines, that is, lines that run 

parallel to any of the isometric axes. Any line that does not 

run parallel to an isometric axis is called a non isometric 
line (Figure 11.10). Nonisometric lines include inclined 

and oblique lines and cannot be measured directly. In-

stead, they must be created by locating two endpoints.

Figure 11.11 is an isometric drawing of a cube. As pre-

viously defi ned, the three faces of the isometric cube are 

isometric planes because they are parallel to the isomet-

ric surfaces formed by any two adjacent isometric axes. 

Planes that are not parallel to any isometric plane are 

called nonisometric planes (Figure 11.12).

30

Isometric projection

Isometric drawing
approximately 20%
larger

°30°

Figure 11.8

Size comparison of isometric drawing and true isometric 
projection

30

(A) Regular isometric (B) Reversed axis isometric

(C) Long axis isometric (D) Long axis isometric

30°

120°

120° 120°
°

60°60°

Figure 11.9

Positions of isometric axes and their effect on the view 
created
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  CHAPTER 11  Axonometric and Oblique Drawings 583

Standards for Hidden Lines, Center Lines, and Dimensions  In 

isometric drawings, hidden lines are omitted unless they 

are absolutely necessary to completely describe the ob-

ject. Most isometric drawings will not have hidden lines. 

To avoid using hidden lines, choose the most descriptive 

viewpoint. However, if an isometric viewpoint cannot be 

found that clearly depicts all the major features, hidden 

lines may be used (Figure 11.13).

Center lines are drawn only for showing symmetry or 

for dimensioning. Normally, center lines are not shown 

because many isometric drawings are used to communi-

cate to nontechnical people and not for engineering pur-

poses (Figure 11.14).

Nonisometric lines

Isometric lines

Isometric axis

Figure 11.10

Isometric and nonisometric lines

Isometric
axis

Isometric planes

Figure 11.11

Isometric planes relative to isometric axes

Nonisometric plane

Isometric axis

Isometric plane

Figure 11.12

Nonisometric plane

Figure 11.13

An isometric drawing with hidden lines for details not 
otherwise clearly shown

Figure 11.14

Center lines used for dimensioning
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584 PART 2  Fundamentals of Technical GraphicsHistorical Highlight
Isometric Drawings

The Reverend William Farish is generally accepted as the 

person who systematized the use of isometric drawings. 

William Farish was born in 1759 in England and was a brilliant 

mathematician and professor of chemistry at Cambridge 

University. Farish refi ned what was known about isometric 

projection at that time. He used isometric projections to cre-

ate pictorial drawings of mechanical devices to supplement 

his lectures at Cambridge (Plate 2). Although he called his 

drawings “isometrical perspectives,” they are in fact isomet-

ric drawings based on orthographic projection and not per-

spective. The term “perspective” was often loosely used to 

describe any type of drawing which was pictorial.

Plate 1 shows in great detail the use of ellipses in isomet-

ric drawings. Farish’s isometric drawings method languished 

Plate 2 from Farish’s Isometrical Perspective 1820. It shows in isometric projection some of the demonstration apparatus assembled to illustrate 

power transmission principles.

Dimensioned isometric drawings used for production 

purposes must conform to ANSI Y14.4M–1989 standards 

(Figure 11.15). These standards state that

 1. Dimensions and tolerances shall be per ANSI 

Y14.4M standards.

 2. Dimension lines, extension lines, and lines being 

dimensioned shall lie in the same plane.

 3. All dimensions and notes should be unidirectional, 

reading from the bottom of the drawing upward, 

and should be located outside the view whenever 

possible. The text is read from the bottom, using 

horizontal guide lines.

Dimensioned drawings used for illustration purposes 

may use the aligned method (Figure 11.16 on page 586). 

Extension lines, dimension lines, and lettering are all 

drawn in the plane of one of the faces of the object. In 

the aligned system, text takes on more of a pictorial look. 

Many of the illustrations at the end of Chapters 10 and 20 

584
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  CHAPTER 11  Axonometric and Oblique Drawings 585for many years hidden in the Cambridge Philosophical So-

ciety Transactions manuscript. Slowly the technique began 

to be used, especially in architectural drawings. Although 

Farish is acknowledged as the fi rst person to systematically 

deal with isometric drawings, there is evidence of isometric 

drawings being used as early as the 15th century in both the 

Western and Arabic worlds.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, Chatto 

& Windus, London, England, 1963.

Plate 1 from Farish’s Isometrical Perspective 1820. His fi gures are: 1, Drawing board, T-square and special 30 degree ruler; 2, The isometric cube; 

3, Orientation of ellipses representing circles; 4, Scale for determining ellipse axes lengths; 5, Template to be used for tracing isometric ellipses; 

6, Construction for an isometric ellipse; 7, Compass bearings and scale for isometric maps; 8, Isometric construction lines for an urn.

are examples of isometric dimensioning practices. See 

Chapter 17 for more information.

The Boxing-In Method for Creating Isometric Drawings  The 

four basic steps for creating an isometric drawing are as 

follows:

 1. Determine the isometric viewpoint that clearly de-

picts the features of the object; then draw the iso-

metric axes that will produce that viewpoint.

 2. Construct isometric planes, using the overall width 

(W), height (H), and depth (D) of the object, such 

that the object will be totally enclosed in a box.

 3. Locate details on the isometric planes.

585
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586 PART 2  Fundamentals of Technical Graphics

 4. Darken all visible lines, and eliminate hidden lines 

unless absolutely necessary to describe the object.

These steps describe the boxing-in method, which is es-

pecially useful for irregularly shaped objects.

Constructing an isometric drawing using the 
boxing-in method
Figure 11.17 shows a dimensioned multiview drawing and 

the steps used to create an isometric drawing of the object, 

using the boxing-in method.

Step 1. Determine the desired view of the object; then draw 

the isometric axes. For this example, it is determined that 

the object will be viewed from above (regular isometric), 

and the axes shown in Figure 11.9A are used.

Step 2. Construct the front isometric plane using the W 

and H dimensions. Width dimensions are drawn along 

30-degree lines from the horizontal. Height dimensions 

are drawn as vertical lines.

Step 3. Construct the top isometric plane using the W and 

D dimensions. Both the W and D dimensions are drawn 

along 30-degree lines from the horizontal.

Step 4. Construct the right side isometric plane using the 

D and H dimensions. Depth dimensions are drawn along 

30-degree lines and height dimensions are drawn as ver-

tical lines.

Step 5. Transfer some distances for the various features 

from the multiview drawing to the isometric lines that 

make up the isometric rectangle. For example, dis-

tance A is measured in the multiview drawing, then trans-

ferred to a width line in the front plane of the isometric 

rectangle. Begin drawing details of the block by draw-

ing isometric lines between the points transferred from 

the multiview drawing. For example, a notch is taken out 

of the block by locating its position on the front and top 

planes of the isometric box.

Step 6. Transfer the remaining features from the multiview 

drawing to the isometric drawing. Block in the details by 

connecting the endpoints of the measurements taken 

from the multiview drawing.

Step 7. Darken all visible lines, and erase or lighten the 

construction lines to complete the isometric drawing of 

the object.

Nonisometric Lines  Normally, nonisometric lines will be 

the edge lines of inclined or oblique planes of an object as 

represented in a multiview drawing. It is not possible to 

measure the length or angle of an inclined or oblique line 

in a multiview drawing and then use that measurement to 

draw the line in an isometric drawing. Instead, nonisomet-

ric lines must be drawn by locating the two endpoints, then 

connecting the endpoints with a line. One process used is 

called offset measurement, which is a method of locating 

one point by projecting another point.

20
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30

10

R3

ø10

ø15

4 X R5

20

60

Figure 11.15

ANSI standard unidirectional isometric dimensioning
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20
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ø10

ø15

10

4 x R5

20

Figure 11.16

Aligned isometric dimensioning used for illustrations
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  CHAPTER 11  Axonometric and Oblique Drawings 587

To create an isometric drawing of an object with noni-

sometric lines, use the following procedure (Figure 11.18 

on the next page).

Constructing nonisometric lines
Step 1. Determine the desired view of the object; then draw 

the isometric axes. For this example, it is determined that 

the object will be viewed from above, and the axes shown 

in Figure 11.9A are used.

Step 2. Construct the front isometric plane using the W and 

H dimensions.

Step 3. Construct the top isometric plane using the W and 

D dimensions.

Step 4. Construct the right side isometric plane using the 

D and H dimensions.

Step 5. Transfer the distances for C and A from the multi-

view drawing to the top and right side isometric rect-

angles. Draw line 1–2 across the top face of the isomet-

ric box. Draw an isometric construction line from the 

W
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Step 1 Step 2 Step 3 Step 4
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Step 5 Step 6 Step 7

FA

B
E

G
H

A B
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H
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Figure 11.17

Constructing an isometric drawing using the boxing-in method
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Constructing an isometric drawing having nonisometric lines
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  CHAPTER 11  Axonometric and Oblique Drawings 589

endpoint marked for distance C. This in effect projects 

distance C along the width of the box.

Step 6. Along these isometric construction lines, mark off 

the distance B, thus locating points 4 and 3. Connect 

points 4–3.

Step 7. Connect points 1–4 and 2–3 to draw the non-

isometric lines.

Figure 11.19 is another example of how to locate points 

to make an isometric drawing of an irregular object. De-

termine dimensions A and B in the multiview drawing. 

Construct an isometric box equal to dimensions W, H, 

and D, as measured in the multiview drawing. Locate di-

mensions A and B along the base of the isometric box; 

then project them along the faces to the edges of the top 

face, using vertical lines. Project the points of intersec-

tion across the top face, using isometric lines. Point V is 

located at the intersection of these last two projections. 

Locate the remaining points around the base and draw 

the fi gure.

Oblique Planes  The initial steps used to create an isomet-

ric drawing of an object with an oblique plane are the same 

as the steps used to create any isometric view. The sides of 

the oblique plane will be nonisometric lines, which means 

that their endpoints will be located by projections along 

isometric lines. After each endpoint is located, the oblique 

plane is drawn by connecting the endpoints.

The following steps describe how to create an isomet-

ric view of the multiview drawing with an oblique plane 

shown in Figure 11.20 on the next page.

Constructing oblique planes in an isometric drawing
Step 1. Determine the desired view of the object; then draw 

the isometric axes. For this example, it is determined that 

the object will be viewed from above, and the axes shown 

in Figure 11.9A are used.

Step 2. Construct the front isometric plane using the width 

and height dimensions.

Step 3. Construct the top isometric plane using the width 

and depth dimensions.

Step 4. Construct the right side isometric plane using the 

depth and height dimensions.

Step 5. Locate the slot across the top plane by measuring 

distances E, F, and G along isometric lines.

Step 6. Locate the endpoints of the oblique plane in the top 

plane by locating distances A, B, C, and D along the lines 

created for the slot in Step 5. Label the endpoint of line A 

as 5, line B as 1, line C as 4, and line D as 7. Locate dis-

tance H along the vertical isometric line in the front plane 

of the isometric box and label the endpoint 6. Then locate 

D

A

B
V

A

H

W

V

V

D

BA

H

W

V
E

E

Figure 11.19

Locating points to create an isometric drawing of an irregular object
In this example, point V is located by boxing in the object, then measuring distances on the sides of the box.
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590 PART 2  Fundamentals of Technical Graphics

distance I along the isometric line in the profi le isometric 

plane and label the endpoint 8. Connect endpoints 5–7 

and endpoints 6–8. Connect points 5–6 and 7–8.

Step 7. Draw a line from point 4 parallel to line 7–8. This 

new line should intersect at point 3. Locate point 2 by 

drawing a line from point 3 parallel to line 4–7 and equal 

in length to the distance between points 1 and 4. Draw a 

line from point 1 parallel to line 5–6. This new line should 

intersect point 2.

Step 8. Darken lines 4–3, 3–2, and 2–1 to complete the 

isometric view of the object.

The shaded surface in Step 8 has the same confi gu-

ration as the shaded surface in the multiview drawing. 

Lines 5–6 and 7–8 are parallel lines that lie on the paral-

lel front and rear plane. Also, lines 5–7 and 6–8 are not 

parallel; they lie on nonparallel faces of the isometric 
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Figure 11.20

Constructing an isometric drawing having an oblique surface
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box. Two principles of orthographic projection are thus 

demonstrated: (1) Rule 5, confi guration of planes, and 

(2) Rule 6, parallel features. See Chapter 10 for a more 

complete explanation of these and other principles of 

orthographic projection.

Angles  Angles can only be drawn true size when they 

are perpendicular to the line of sight. In isometric draw-

ings, this is usually not possible; therefore, angles cannot 

be measured directly in isometric drawings. To draw an 

angle in an isometric drawing, locate the endpoints of the 

lines that form the angle, and draw the lines between the 

endpoints.

Figure 11.21 and the following steps demonstrate the 

method for drawing an isometric angle.

Constructing angles in an isometric drawing
Step 1. Determine the desired view of the object; then draw 

the isometric axes.

Step 2. Construct the front isometric plane using the W and 

H dimensions. Construct the top isometric plane using 

the W and D dimensions. Construct the right side isomet-

ric plane using the D and H dimensions.

Step 3. Determine dimensions X and Y from the front view 

and transfer them to the front face of the isometric draw-

ing. Project distance X along an isometric line parallel 

to the W line. Project distance Y along an isometric line 

parallel to the H line. Point Z will be located where the 

projectors for X and Y intersect.

Step 4. Draw lines from point Z to the upper corners of the 

front face. Project point Z to the back plane of the box on 

an isometric line parallel and equal in length to the D line. 

Draw lines to the upper corner of the back plane to com-

plete the isometric drawing of the object.

Notice that the 45-degree angles do not measure 

45 degrees in the isometric view. This is an example of 

why no angular measures are taken from a multiview to 

construct an isometric drawing.
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W

Step 1

D
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H

Step 2

Y
X

Z

Step 3 Step 4

Figure 11.21

Constructing angles in an isometric sketch
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592 PART 2  Fundamentals of Technical Graphics

Irregular Curves  Irregular curves are shown in isometric 

drawings by constructing points along the curve in the 

multiview drawing, locating those points in the isomet-

ric view, and then connecting the points using a drawing 

instrument such as a French curve. The multiview draw-

ing of the curve is divided into a number of segments by 

creating a grid of lines and reconstructing the grid in the 

isometric drawing. The more segments chosen, the longer 

the curve takes to draw, but the curve will be more accu-

rately represented in the isometric view.

Constructing irregular curves in an isometric 
drawing
Figure 11.22 and the following steps describe how to create 

an irregular isometric curve.
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Figure 11.22

Constructing irregular curves in an isometric sketch
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Step 1. On the front view of the multiview drawing of the 

curve, construct parallel lines, and label the points 1–12. 

Project these lines into the top view until they intersect 

the curve. Label these points of intersection 13–18, as 

shown in Figure 11.22. Draw horizontal lines through 

each point of intersection, to create a grid of lines.

Step 2. Use the W, H, and D dimensions from the multi-

view drawing to create the isometric box for the curve. 

Along the front face of the isometric box, transfer dimen-

sion A to locate and draw lines 1–2, 3–4, 5–6, 7–8, 9–10, 

and 11–12.

Step 3. From points 2, 4, 6, 8, 10, and 12, draw isometric 

lines on the top face parallel to the D line. Then, measure 

the horizontal spacing between each of the grid lines in 

the top multiview as shown for dimension B, and transfer 

those distances along isometric lines parallel to the W 

line. The intersections of the lines will locate points 13 

through 18.

Step 4. Draw the curve through points 13 through 18, us-

ing an irregular curve. From points 13 through 18, drop 

vertical isometric lines equal to dimension H. From points 

1, 3, 5, 7, 9, and 11, construct isometric lines across the 

bottom face to intersect with the vertical lines dropped 

from the top face, to locate points 19 through 24. Con-

nect points 19 through 24 with an irregular curve.

Step 5.  Erase or lighten all construction lines to complete 

the view.

Circular Features  A circular feature will appear elliptical 

if the line of sight is neither perpendicular nor parallel to 

the circular face. Circles that lie on any face of an isomet-

ric cube will appear as ellipses with a 35 degrees 16 min-

utes exposure, as shown in Figure 11.23. In Figure 11.24, 

the center lines for a circle, the axis of a cylinder, and the 

major and minor axes of an ellipse are drawn for the front, 

35°16'
ELLIPSES

Top Plane Front Plane Right Side Plane

Figure 11.23

Representing circular features in an isometric drawing
Circles appear as ellipses with a 35 degrees 16 minutes exposure on all three isometric planes.

Multiview Isometric

MINOR
DIAMETER

MAJOR
DIAMETER

Multiview
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MINOR
DIAMETER

MAJOR
DIAMETER

Multiview Isometric

MINOR
DIAMETER

MAJOR
DIAMETER

Top Plane Right Side Plane Front Plane

Figure 11.24

Location of center lines and the major and minor axes of isometric ellipses
Notice that the minor axis always coincides with the long axis of the cylinder and the major axis is perpendicular to the long axis.
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594 PART 2  Fundamentals of Technical Graphics

right side, and top planes in an isometric drawing. Note 

that the minor diameter of the ellipse always coincides 

with the axis of the cylinder, and the major diameter of 

the ellipse is always at right angles to the minor diameter. 

Also, the center lines for the circle never coincide with the 

major or minor axis of the ellipse.

Ellipses  Isometric ellipses representing circular features 

are drawn using one of three methods:

 1. True ellipse construction

 2. Approximate four-center ellipse construction

 3. Isometric ellipse templates

A true ellipse is constructed by drawing multiple ran-

domly spaced, parallel and perpendicular lines across 

the circle in the multiview drawing. The lines form a grid 

similar to the one created for drawing an irregular curve 

in isometric.

Figure 11.25 and the following steps demonstrate us-

ing true ellipse construction to draw a short isometric 

cylinder.

Constructing a true isometric ellipse
Step 1. Construct multiple randomly spaced lines paral-

lel to the vertical center line of the circle in the multiview 

drawing. Construct horizontal lines through the points of 
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Figure 11.25

Drawing a true ellipse
The more points that are plotted the more accurate the ellipse.
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intersection on the circumference of the circle. Label all 

the points of intersection on the circle 1 through 12.

Step 2. Draw the isometric box, using the diameter of the 

circle as the sides and distance D as the depth dimen-

sion. Transfer the measurements from the multiview 

drawing to the isometric drawing. Construct isomet-

ric lines through the points to create a grid and locate 

points at the intersections. These points lie along the 

ellipse.

Step 3. Connect the points with an irregular curve to cre-

ate a true isometric ellipse.

Step 4. Draw isometric lines equal to distance D from each 

point to create that part of the ellipse which can be seen 

in the isometric drawing. Use an irregular curve to con-

nect the points, and draw tangent lines to represent the 

limiting elements of the cylinder.

The four-center construction technique creates an 

approximate isometric ellipse by creating four center 

points from which arcs are drawn to complete the ellipse. 

This method is suffi ciently accurate for most isometric 

drawings.

Constructing an ellipse using the four-center method
Figure 11.26 demonstrates the four-center ellipse construc-

tion method to construct an isometric cylinder.

Step 1. On the front plane, construct an isometric equilat-

eral parallelogram whose sides are equal to the diameter 

of the circle.

Step 2. Find the midpoint of each side of the parallelogram. 

From the midpoint of each side, draw a line to the closest 

endpoint of the opposite side. These lines are perpendic-

ular to the sides and they intersect at two points, which 

are the centers for two arcs used to create the approxi-

mate ellipse. The perpendicular bisect points are points 

of tangency for the ellipse.

Step 3. Draw two small arcs with radius r and centers 

located at points A and B. Draw two large arcs with 

radius R, using the two corners C and D as the centers.

X

Multiview

DIA

DIA

Step 1

C

D

A

B

X
T
Point of
angency

Step 2

D

C
R

r

R

Step 3

A

B

C

D

A'

B'

C'

D'

Step 4

Tangent
Lines

Step 5

Figure 11.26

Constructing an ellipse using the four-center method
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r

r

R

r

R

R

Figure 11.27

Four-center ellipses drawn on the three faces of an 
isometric cube

Four-center ellipse

True ellipse

Figure 11.28

Difference between a true ellipse and a four-center ellipse

Figure 11.29

Application for which four-center technique is not used
In this example, the ellipses should be tangent, but they are 
not because the four-center technique is not accurate.

Step 4. To complete the cylinder, draw the isometric box. 

Project arc center points A�, B�, and D� by drawing iso-

metric lines equal to length X.

Step 5. Using radius R with point D� and radius r with points 

A� and B�, construct the isometric ellipse on the rear 

face. Add tangent limiting element lines to complete the 

cylinder.

Figure 11.27 shows the construction needed to create 

a four-center ellipse on any of the isometric planes. All 

surfaces use perpendicular bisectors from the sides of the 

parallelogram to the closest corners to locate the center 

points for two of the four arcs. Figure 11.28 shows that 

the four-center ellipse is not the same as a true isometric 

ellipse, but it is close enough for use on most drawings.

However, whenever isometric circles are tangent or 

are intersecting, the four-center technique is not recom-

mended. This is demonstrated by Figure 11.29, which 

shows the pitch diameters of a train of gears in isometric, 

drawn using the approximate four-center technique. The 

pitch diameters of the gears do not appear tangent, but they 

should be if the gears are to mesh properly.

Isometric ellipses can also be drawn using templates 

(Figure 11.30). Make sure the template is an isometric el-

lipse template, that is, one that has an exposure angle of 
35 degrees 16 minutes. Although many different-sized 

isometric ellipses can be drawn with templates, not every 

size isometric ellipse can be found on a template. How-

ever, it may be possible to approximate a smaller size by 

leaning the pencil in the ellipse template when drawing the 

ellipse.

Constructing an ellipse using a template
The steps used to draw an isometric ellipse using a tem-

plate are as follows.

Step 1. The ellipse templates have markings which are 

used for alignment with the isometric center lines on the 

drawing (Figure 11.31). Do not align the ellipse template 

with the major or minor diameter markings. Locate the 

center of the circle; then draw the isometric center lines.

Step 2. Find the correct isometric ellipse on the template. 

Align the isometric distance markings on the ellipse with 

the center lines, and use a pencil to trace around the 

elliptical cut in the template.
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ISOMETRIC ELLIPSE TEMPLATE XZT-4597-35-16

Figure 11.30

An isometric ellipse template has an exposure angle of 35°–16�

Step 1 Step 2

2
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using a pencil

Isometric centerlines

2

30°

30°

ISOMETRIC

DISTANCE

Minor diameter
aligned on the axis

Major diameter

Alignment marks
for the isometric centerlines

Figure 11.31

Constructing an ellipse using a template

Inclined Plane Ellipse  An ellipse can be drawn on an in-

clined plane by constructing a grid of lines on the ellipse 

in the multiviews and plotting points on this grid (Fig-

ure 11.32 on the next page). The points are then trans-

ferred to the isometric drawing, using isometric grid 

lines. The grid lines produce a series of intersections that 

are points on the ellipse. These points are then connected 

with an irregular curve to create an ellipse on the inclined 

surface. Do not attempt to use an isometric ellipse tem-

plate, as the exposure angle for this type of ellipse is not 

35 degrees 16 minutes.

Constructing an ellipse on an inclined plane
The following steps describe how to draw an ellipse on an 

inclined plane (Figure 11.32).

Step 1. Draw randomly spaced lines parallel to the center 

line in the front view of the multiview drawing. Project 

those lines into the top view. Mark the intersections with 

the circumference of the circle. In the top view, draw lines 

parallel to the horizontal center line and through the inter-

sections of the projected lines with the circumference of 

the circle. You may fi nd it helpful to label the lines, inter-

section points, and distances between horizontal parallel 

lines (such as A, B, C) and vertical parallel lines (such as 

X, Y, R).

Step 2. Construct the isometric box; then draw the inclined 

plane in the box. Using distances X, Y, and R, construct 

isometric lines on the front face of the box. From their 

intersections with the inclined edge, draw isometric lines 

across the inclined plane.

Step 3. Transfer distances A, B, and C to the top edge of the 

inclined plane and project them across the inclined plane, 
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598 PART 2  Fundamentals of Technical Graphics

using nonisometric lines that are parallel to the edges of 

the inclined plane. The intersections of the two sets of 

lines on the inclined plane are points on the ellipse.

Step 4. Use an irregular curve to draw the ellipse through 

the intersection.

Arcs  Since arcs are partial circles, they appear in iso-

metric drawings as partial isometric ellipses. Therefore, 

isometric arcs are constructed using any of the three tech-

niques described for drawing ellipses: true ellipse, four-

center, or template.

Constructing arcs in isometric drawings
The four-center ellipse technique is used in Figure 11.33A.

Step 1. Construct the isometric box; then draw the iso-

metric parallelogram with the sides equal to the diameter 

(D) of the arc.

Step 2. Construct the perpendicular bisectors in the iso-

metric parallelogram. Construct the isometric half-circle 

using radii R and r from centers 1 and 2.

Step 3. Project center points 1 and 2 along isometric lines 

a distance equal to the thickness (T) of the object. Using 

the same radii R and r, construct arcs to create the par-

tial isometric ellipse on the back plane.

The true ellipse technique is used in Figure 11.33B.

Step 1. Given the radius, locate the center lines for the arc; 

then draw a line (AB) which is extended from the corner 

through the center point of the arc.

Step 2. Draw lines perpendicular to the points of tangency 

of the arc, to intersect the line AB.

Step 3. The point of intersection is the center point for 

the arc. Use radius R to construct the partial isometric 

ellipse.

Figure 11.33C shows how to create an arc using an ellipse 

template.

Step 1. Given the radius, draw the center lines for the arc.

Step 2. Draw an isometric line through the center point; 

then construct another line perpendicular to the isometric 

line at the center point.

Step 3. Use these two lines to align the ellipse template to 

draw the ellipse.

Curved Intersections  Curved intersections can be formed 

by such features as a hole drilled in an oblique surface or 

two cylinders intersecting. For a hole drilled in an oblique 

surface, the isometric drawing of the feature is created by 

developing a grid in the multiview, transferring that grid to 

A

AB
BC

C

AA

B

B

C

C

YY

BB
CC

Step 1 Step 2 Step 3 Step 4

YY

B
B

C
C

Figure 11.32

Constructing an ellipse on an inclined plane
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Step 2
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Figure 11.33

Constructing arcs in isometric drawings

the isometric view, and developing the oblique ellipse. The 

steps are as follows (Figure 11.34A on the next page).

Constructing an ellipse on an oblique surface
Step 1. Using the technique demonstrated in Figure 11.32, 

construct a series of grid lines on the oblique surface in 

the multiview drawing, marking the intersection points 

representing the hole.

Step 2. Transfer the grid lines to the oblique surface in the 

isometric drawing.

Step 3. Mark the intersection points of the grid lines and 

use an irregular curve to connect these points, creating 

the curved intersection between the hole and the oblique 

plane.

To create the isometric elliptical intersection between 

two cylinders, refer to Figure 11.34B and use the following 

steps. (It is assumed that the two cylinders have already 

been constructed, using methods described in this chapter, 

and that only the intersection remains to be constructed.)
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600 PART 2  Fundamentals of Technical Graphics

Constructing a curved intersection
Step 1. Draw a series of randomly spaced cutting planes, 

parallel to the axis of the large cylinder and through both 

the large and small cylinders. Mark where these planes 

intersect the outside edge of the top face of the small 

cylinder and the outside edge of the right side face of the 

large cylinder.

Step 2. Add the cutting plane lines to the cylinders in the 

isometric view. From the intersection points on the top 

face of the small cylinder, project vertical lines down-

ward. From the intersection points on the right side face 

of the large cylinder, project isometric lines parallel to the 

axis of the cylinder.

Step 3. Mark the points of intersection between the verti-

cal projection lines and the isometric projection lines.

Step 4. These intersection points are on the ellipse that 

forms the intersection between the two cylinders. Use an 

irregular curve to connect the intersection points.

Spheres  The true isometric projection of a sphere is the 

actual diameter of the circle. The isometric drawing of a 

sphere is 1¼ times the actual diameter of the sphere.

A
B

A

B

(A) Step 1 Step 2 Step 3

(B) Step 1 Step 2 Step 3 Step 4

Figure 11.34

Constructing ellipses on an oblique surface and constructing the curved intersection of two cylinders
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Constructing an isometric drawing of a sphere
Figure 11.35 demonstrates the development of an isometric 

drawing of a sphere.

Step 1. Construct a square around the front view of the 

sphere in the multiview drawing. Construct a diagonal 

across the face of the square, locate the intersection 

points between the diagonal and the sphere, and mark 

distances A and B.

Step 2. Construct an isometric cube, using the diameter of 

the sphere for the sides. Mark the midpoints of the top 

and bottom edges of the front face.

Step 3. Draw an isometric plane through these midpoints, 

and draw the long diagonal of the isometric plane. Mea-

sure distances A and B on the diagonal. Determine 

B

A

Dia

Diagonal

Step 1 Step 2

Dia

Midpoints

Step 3

B

A

Long

diagonal

R

Figure 11.35

Constructing an isometric drawing of a sphere

radius R, which is the distance from the center of the iso-

metric plane to point A or B. Using radius R, draw a circle 

that represents the isometric drawing of the sphere.

An alternate method of developing the isometric draw-

ing of a sphere involves constructing the isometric axes; 

using an isometric template to draw frontal, horizontal, 

and profi le isometric ellipses; and using a compass to draw 

a circle tangent to the three ellipses (Figure 11.36).

Section Views  Section views are used to reveal the inte-

rior features of parts and structures. (See Chapter 16.) Iso-

metric drawings of sections use isometric cutting planes to 

reveal interior features. Section lines are normally drawn 

2

2

2

Isometric centerlines R

Figure 11.36

Constructing an isometric drawing of a sphere using a template
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“Total” Industrial Design Strategy 

Cuts Overall Costs, Boosts Quality

This case study describes the design of the HP Jornada 

handheld PC using 3-D modeling and CAD. In this case 

study, you will see examples of how the design process 

is used and the importance of 3-D modeling to shorten 

the design cycle, create photographic realistic render-

ings, and prepare the parts for manufacturing. Here Al-

loy cuts downstream engineering costs 40 to 60 percent 

and assures manufacturing quality.

Alloy Total Product Design

Leading global technology solutions provider Hewlett-

Packard wanted to launch its next-generation hand-

held PC, the Jornada 540, at a Microsoft introduction 

of the latest Pocket PC operating system. That gave HP 

10 months to create a combined phone/personal digi-

tal assistant that would offer a host of new features in 

a smaller, more stylish housing compared to existing 

devices.

When conventional design approaches came up with 

products that either looked good but couldn’t be made 

economically, or could be made but would be diffi cult to 

sell because of their bulky design, HP brought in Alloy.

The Alloy team developed multiple design concepts, 

making use of modeling and analysis tools to check criti-

cal factors such as draft and interference as well as gen-

eral surface and model quality. Four weeks after receiv-

ing the initial technical design package, the design team 

was ready with photorealistic visualizations as well as 

physical models of four design concepts CNC machined 

from 3-D design data.

The physical models were shipped to the United 

States for design evaluation while the digital design fi les 

were transmitted to the HP engineering team in Singa-

pore via the Internet for preliminary technical feasibility 

evaluation. Alloy’s use of 3-D modeling technology was 

essential in keeping the development schedule on track. 

It allowed very fast response to large, late changes to 

some technical aspects of the design.

(Courtesy of Alloy Ltd., Total Product Design.)

At the end of the development phase, the industrial 

design data produced was integrated with engineering 

data produced with another CAD package. Thanks to 

Alloy’s total product design philosophy of anticipating 

down-stream development requirements, fi nal release 

of data for tooling was possible only two days after fi nal 

release of the industrial design data. Six months after 

Alloy started on the Jornada project, Hewlett-Packard 

was torture testing pre-production samples. By the time 

Microsoft launched its operating system, HP was ready 

with global stocks of a fully proven, reliable product. 

Business Week magazine called the Jornada “the sleek-

est and most stylish of the new Pocket PC devices.”

HP Jornada 540 with replaceable color lids: a single database 
enables external manufacturing, color visualization 
and Web-site point of sale.
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in the direction that gives the best effect, which is usually 

in the direction of the long diagonal of a square drawn on 

the section surface (Figure 11.37).

To draw a full-section isometric view, fi rst construct 

the sectioned surface (Figure 11.38). Then add the portion 

of the object that lies behind the sectioned surface.

Long Diagonal
of a Square

Figure 11.37

Constructing section lines on the right side, top, and front 
surfaces
Section lines are usually drawn parallel to the long diagonal 
of a square drawn on the isometric surface.

Figure 11.38

Full-secion isometric drawing

Figure 11.39

Half-section isometric drawing

To draw a half-section isometric view, construct the 

whole object (Figure 11.39). Add the cut surfaces to the 

drawing; then erase the portion that is to be removed. 

Darken all features; then add section lines to complete the 

section view. Half sections are used more often than full 

sections because they show more of the outside features, 

making it easier to visualize the whole object.

Screw Threads, Fillets, and Rounds  Screw threads are rep-

resented by a series of equally spaced isometric ellipses 

whose major diameter is equal to the diameter of the screw. 

The isometric ellipses are most easily drawn using a tem-

plate, but the four-center technique can also be used. It is 

important that the threads be carefully and evenly spaced. 

Even a slight variation in spacing can destroy the look of 

the screw.

Constructing isometric screw threads
Figure 11.40 on the next page shows the construction of an 

isometric drawing of a screw thread.

Step 1. Draw a cylinder equal in diameter to the diameter 

of the screw. Include the axis of the cylinder.

Step 2. Draw equally spaced lines perpendicular to the axis 

of the cylinder. These lines need not be equal to the pitch 

of the screw thread.

Step 3. With an isometric ellipse template, draw a series of 

ellipses using the perpendicular lines and the axis of the 

cylinder for alignment. Use a smaller isometric ellipse to 

represent the chamfered end of the thread.
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604 PART 2  Fundamentals of Technical Graphics

Figure 11.41 shows how fi llets and rounds are repre-

sented in isometric drawings. The techniques shown are 

intended to add more realism to the drawing. The meth-

ods used to create fi llets and rounds are shown in Fig -

ure 11.42. Arcs are drawn equal in length to the radius of 

1

Step 1 Step 2 Step 3 Finished Isometric

Figure 11.40

Constructing isometric screw threads

the fi llet or round. An isometric ellipse template is used to 

draw the arcs, or they are drawn freehand. Alternatively, 

randomly broken lines are drawn parallel to or concentric 

with the axial direction of the fi llet or round.

Assembly Drawings  Isometric assembly drawings are 

classifi ed as either assembled or exploded (Figures 11.43 

and 11.44). Such drawings are included in the instruction 

manuals that come with many household items and chil-

dren’s toys. Isometric assembly drawings used for produc-

tion purposes normally have circles, called balloons, that 

contain numbers and are attached to leader lines pointing 

to the various parts. The numbers correspond to numbers 

in a parts list (Figure 11.44). See Chapter 20 for more 

information.

Isometric assembly drawings can also be created using 

3-D CAD. Animation software can show the parts assem-

bled, then coming apart, to create an exploded assembly 

drawing. Cutting planes can also be passed through the 

assembly, to create sectioned assembly views.

Isometric Grids  An isometric grid is a grid paper set up 

using the isometric axes with vertical and diagonal lines. 

Figure 11.45 on page 607 shows an orthographic grid 

with a multiview drawing of an object and an isometric 

grid with the object drawn on it. The distance between 

grid points is normally 0.25 inch. Any size scale can be 

assigned to the grid before drawing the object.

In Figure 11.45, the number of grid marks for each fea-

ture were counted, and that number was used on the iso-

metric grid. This created a full-scale isometric drawing of 

the part.

Use the same basic steps given previously in this chap-

ter to create an isometric view of a part using isometric 

grid paper.

Figure 11.41

Marking of fi llets and rounds in isometric drawings

Figure 11.42

Creating isometric fi llets and rounds
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Figure 11.43

3-D model isometric assembly drawing
(Courtesy of IronCAD, LLC.)

Figure 11.44

Exploded isometric assembly drawing and parts list
(Courtesy of IronCAD, LLC.)

605

ber28376_ch11.indd   605ber28376_ch11.indd   605 1/2/08   3:08:32 PM1/2/08   3:08:32 PM



606 PART 2  Fundamentals of Technical Graphics

Create an isometric sketch of the three-view drawing 

using the isometric grid shown. Double the size of the 

isometric sketch by making one square grid equal to two 

isometric grids.

Pract ice Problem 11.1
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11.3 Dimetric Projection
A dimetric drawing is a three-dimensional axonometric 

representation in which two of the axes are at equal angles 

to the plane of projection and two of the three angles be-

tween the axes are equal and total more than 90 degrees 

(Figure 11.46). Also, all the axes in a dimetric drawing are 

foreshortened, but two of them are foreshortened equally, 

and the third is at a different ratio. Normally, the object is 

positioned such that one axis will be vertical. Because the 

axes are foreshortened, scales must be used to create a di-

metric drawing. The scales can be created graphically, or 

can be made from an architect’s scale by assigning values 

to the scales, then calculating the position of the axes using 

the equation:

cos a 5 2
"2h2v2 2 v4

2hv

where h is one of the equal scales, v is the third scale, and 

a is one of the two equal angles.

On dimetric drawings, two different exposure ellipses 

must be used on the horizontal and vertical planes (Fig-

ure 11.47). On isometric drawings, the same isometric 

ellipse can be used for each plane.

11.3.1 Approximate Dimetric Drawings

The most common type of dimetric drawing is made with 

the two receding axes drawn at 15 degrees from the hori-

zontal, as shown in Figure 11.46. The same foreshortened 

scale is used along these two axes, but the vertical axis 

uses another foreshortened scale.

The selection of the dimetric axes determines the re-

sulting view. A 10-degree/40-degree axis is shown in Fig-

ure 11.47 on the next page. These angles result in a view of 

the object that shows more of one face. Just as in isometric 

drawings, the axes can be reversed to get a view of the ob-

ject from below. The 40-degree/40-degree axis shows the 

greatest amount of the top of the object. The 15-degree/

15-degree axis shows the greatest amount of the front of 

the object and very little of the top. (See Figure 11.47.)

10 UNITS

5
UNITS

6 UNITS

6 UNITS
5 UNITS

6 UNITS

10 UNITS

6 UNITS

Figure 11.45

Using an isometric grid to create an isometric drawing

15° 15°

105°105°

150°

1" - 15° ellipse

1" - 45° ellipse

Figure 11.46

A dimetric drawing
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608 PART 2  Fundamentals of Technical Graphics

Figure 11.48 and the following steps describe how to create 

a dimetric drawing.

Step 1. Determine the axes and angles to be used to cre-

ate the drawing. For this example, look down on the ob-

ject from above, and use angles of 10 and 40 degrees.

Step 2. Block in the object, using the width, height, and 

depth dimensions shown.

Step 3. Locate and then block in the details of the object. 

Parallel lines in the orthographic drawing remain parallel 

in the dimetric view.

40°

10°

25°

25°
25°

25°
55°

15°

15°

45°45°

55°

40°40°

15°

Figure 11.47

Angle size determines viewpoint of object

Figure 11.49 can be used as a guide to creating approx-

imate dimetric drawings. The fi gure includes the dimetric 

angles used for the axes, the scales for each leg of the 

axes, and the ellipse exposure angle for each plane.

11.3.2 Dimetric Scales and Ellipse Angles

To accurately represent a part as a dimetric drawing, you 

must use dimetric scales. Such scales can be either pur-

chased or graphically constructed using the following 

steps. This graphical construction is based on revolving 

the foreshortened lines into the plane of projection, mak-

Step 1 Step 2 Step 3
10

6

16

10°

10

40°

16

6

Figure 11.48

Creating a dimetric drawing
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ing them true-length lines. A scale is drawn on the true-

length line and is then counter-revolved into the original 

foreshortened position, creating the required dimetric 

scale (Figure 11.50 on page 610).

Step 1. Scale construction. Construct the dimetric axes 

using any angle. For this example, use 20 degrees. 

Construct a vertical line through the intersection of the 

20-degree lines and mark the point of intersection as 

point O. Label which axes will be used to represent the 

width, height, and depth dimensions.

Step 2. Construct line XY perpendicular to the height axis, 

with X located at any convenient position on the width 

axis and Y on the depth axis.

Step 3. Construct a line from point X that is perpendicular 

to the depth axis and intersects the height axis. Construct 

a line from point Y that is perpendicular to the width axis 

and intersects the height axis. The point where the two 

new lines intersect the height axis is labeled point Z.

Step 4. Construct a semicircle using distance XY as the 

diameter. Extend the height axis until it intersects the 

semicircle, and label the point of intersection Z�. Con-

struct another semicircle using line XZ as the diameter. 

Extend the depth axis until it intersects this semicircle, 

and label the intersection point Y�.

Step 5. Draw a line from Y� to Z, X to Z�, and Y to Z�. Mark 

full-scale measurements along these three lines. Draw 

lines from the full-scale increments on lines XZ� and YZ� 

to the width and depth axes parallel to the height axis. 

This will create the dimetric scale for the width and depth 

dimensions, which are equal. Draw lines from the full-

scale increments on line Y�Z to the height axis parallel to 

the depth axis, which creates the height scale.

Ellipse determination. The angles used for the ellipses on 

the primary faces of the dimetric drawing are determined by 

additional construction. The following steps describe how 

to determine the ellipse angle for the left and right faces of 

the dimetric drawing.

Step 6. Project line XZ a convenient distance above the 

current construction. Label this new line XA.

Step 7. Project lines from points Y� and O parallel to line 

XA. Draw a line perpendicular to line XA and through point 

A that intersects the two lines drawn from points Y� and O. 

Label the new lines as Y�B and OC.
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Frequently used dimetric angles
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Creating a dimetric scale
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  CHAPTER 11  Axonometric and Oblique Drawings 611

Step 8. Strike an arc of radius AB that intersects line OC. 

Label the point of intersection as D. Measure the angle 

between lines AD and AX to determine the ellipse angle 

to be used in the dimetric drawing.

To determine the ellipse angle for the top plane, use the 

following steps.

Step 9. Project line XY to some convenient distance to the 

right of the earlier construction. Construct a line perpen-

dicular to the new line and label the point of intersection 

as E.

Step 10. Construct lines parallel to line YE from points Z� 

and O that intersect the perpendicular line from point E. 

Label the points of intersection as F and G.

Step 11. Using radius EF, construct an arc that intersects 

line OG at H. Measure the angle between lines EY and 

EH to determine the ellipse angle for the top of the dimet-

ric drawing.

11.4 Trimetric Projection
A trimetric drawing is a three-dimensional axonomet-

ric drawing in which no two axes are equal. The trimet-

ric cube shown in Figure 11.51 shows the three different 

angles and three different exposure ellipses used on each 

plane for a drawing with exposure angles of 15 degrees 

and 45 degrees. On trimetric drawings, three different 

foreshortened scales are required. Two of the most fre-

quently used trimetric drawing axes are 15 and 45 de-

grees and 25 and 35 degrees (Figure 11.52).

Because all three axes are at a different angle, all have 

a different scale for construction. The construction tech-

niques for determining the scale for a trimetric drawing 

are the same as for the dimetric, except three scales must be 

constructed instead of two. (Refer to the steps used to create 

the dimetric scales, but use Figure 11.53 on the next page.) 

All three ellipse angles are also different because all three 

axes are at different angles. To determine the ellipse angles 

for a trimetric drawing, follow Steps 6 through 11 in the pre-

vious discussion, and refer to Figure 11.53.

Trimetric drawings can be created using the approxi-

mate trimetric angles and scales shown in Figure 11.54 

on the next page.

11.5 Oblique Drawings
Oblique drawings are a form of pictorial drawing in which 

the most descriptive or natural view is treated as the front 

view and is placed parallel to the plane of projection. For 

example, oblique drawing is the pictorial method favored 

by the furniture manufacturing and cabinetmaking indus-

try (Figure 11.55 on the next page). However, because of 

the excessive distortion that occurs, oblique drawings are 

not used as commonly as other types of pictorials.

50° ellipse 25° ellipse

30° ellipse

45°

135°

15°

120°

105°

Figure 11.51

A trimetric drawing

35° 30°

15°

50°
25

°
40° 30°

45°35°
25°

   

Figure 11.52

Frequently used trimetric axes
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Figure 11.55

Typical furniture industry oblique 
drawing
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Approximate trimetric angles and scales
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  CHAPTER 11  Axonometric and Oblique Drawings 613

11.5.1 Oblique Projection Theory

Oblique projection is the basis for oblique drawing and 

sketching. Oblique projection is a form of parallel projec-

tion in which the projectors are parallel to each other but 

are not perpendicular to the projection plane. The actual 

angle that the projectors make with the plane of projec-

tion is not fi xed; thus, different angles can be used (Fig-

ure 11.56). However, angles of between 30 degrees and 

60 degrees are preferable because they result in minimum 

distortion of the object.

If the principal view of the object is placed parallel 

to the projection plane and the line of sight is something 

30° 45° 60°

Figure 11.56

Oblique drawing angles
Typical oblique drawing angles used are 30, 45, or 60 degrees from the horizontal.

other than perpendicular to the projection plane, the re-

sulting projection is an oblique pictorial. The path of the 

projectors follows the receding edges of the object. A com-

parison of orthographic projection and oblique projection 

is illustrated in Figures 11.57 and 11.58 (next page).

11.5.2 Oblique Drawing Classifi cations

There are three basic types of oblique drawings: (1) cava-
lier, (2) cabinet, and (3) general. All three types are simi-

lar in that their front surfaces are drawn true size and shape 

and parallel to the frontal plane. The receding angles can 

PICTURE PLANE PICTURE PLANE

Orthographic

Figure 11.57

Orthographic projection
In orthographic projection, the projectors are perpendicular to the projection plane.
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614 PART 2  Fundamentals of Technical Graphics

be anywhere from 0 to 90 degrees, although angles of less 

than 45 degrees or greater than 60 degrees cause extreme 

distortion. The difference between the three types relates 

to the measurements made along the receding axis. The 

cavalier oblique is drawn true length along the receding 

axis. The cabinet oblique is drawn half the true length 

along the receding axis. The general oblique can be drawn 

anywhere from greater than half length to less than full 

scale along the receding axis (Figure 11.59). The half-size 

receding axis on the cabinet oblique reduces the amount 

of distortion (Figure 11.60); therefore, the cabinet oblique 

PICTURE PLANE

Oblique

(A) (B)

PICTURE PLANE

Figure 11.58

Oblique projection
In oblique projection, the projectors are never perpendicular to the projection plane.

FULL
SCALE

Cavalier oblique Cabinet oblique General oblique

FULL
SCALE

FULL
SCALE

HALF
SCALE

GREATER THAN 
HALF BUT 

LESS THAN 
FULL SCALE

FULL
SCALE

DRAW
AT 45°

DRAW
AT 45°

DRAW
AT 45°

Figure 11.59

Types of oblique drawings

drawing is the one used for most illustrations. The angle 

of the receding axis can also be changed to reduce distor-

tion and to emphasize signifi cant features of the drawing. 

Figure 11.61 illustrates various receding axis angles for a 

cavalier oblique drawing.

11.5.3 Object Orientation Rules

In oblique projection, the object face that is placed paral-

lel to the frontal plane will be drawn true size and shape. 

Thus, the fi rst rule in creating an oblique drawing is to 
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Cabinet obliqueCavalier oblique

(B)(A)

Figure 11.60

Comparison of cavalier and cabinet oblique drawings
The cabinet oblique foreshortens the receding axis and gives a 
more realistic view.

place complex features, such as arcs, holes, or irregular 

surfaces, parallel to the frontal plane (Figure 11.62). This 

allows these features to be drawn more easily and without 

distortion.

The second rule in developing oblique drawings is that 

the longest dimension of an object should be parallel to 

the frontal plane (Figure 11.63). If there is a confl ict be-

tween these two rules, the fi rst rule takes precedence be-

cause representing complex geometry without distortion 

is more advantageous (Figure 11.64).

60° 45°

30°

Orthographic

135° 120°

150°

210°

225° 240° 300°

330°

315°

Figure 11.61

Receding axis angles
An object can be drawn with a variety of angles, to emphasize 
different features.

Parallel to frontal plane
Yes

Not parallel to frontal plane
No!
(B)(A)

Figure 11.62

Object orientation
Place holes and arcs parallel to the frontal plane whenever 
possible, to avoid distortion and minimize having to draw 
circles as ellipses.

Longest feature parallel
to frontal plane

Yes

Longest feature perpendicular
to frontal plane

No!

(B)(A)

Figure 11.63

Long dimension orientation
Place the longest dimension of the object parallel to the frontal 
plane, to avoid distortion.

Rule #1-Parallel to
frontal plane

Yes

Rule #2-Longest feature parallel
to frontal plane

No!
(B)(A)

Figure 11.64

Cylinder rule
The cylinder rule overrides the longest-dimension rule when 
creating an oblique drawing.
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616 PART 2  Fundamentals of Technical Graphics

11.5.4 Oblique Drawing Construction

To develop an oblique drawing that consists mostly of 

prisms, use the box construction technique (Figure 11.65).

Constructing an oblique drawing using the box 
technique
Determine from the given multiviews the best view for the 

front face of the oblique drawing. Decide what type of oblique 

to draw, and defi ne the angle for the receding lines. For this 

example, the front view of the object will be the front face, the 

cavalier oblique will be used, and the receding angle will be 

45 degrees.

Step 1. Determine the overall height, width, and depth di-

mensions, and begin to create the construction box. Draw 

the receding axes at 45 degrees, and lay out the depth di-

mensions (in true length).

Step 2. Draw the front view, which is identical to the or-

thographic front view, using dimensions M, N, O, and P. 

Note that the front surface with the two holes is drawn 

in the frontal plane of the oblique construction box. The 

other parts of the front view must be drawn at a distance 

P behind the frontal plane of the construction box. Dis-

tance P is measured along one of the 45-degree reced-

ing lines. Other details are added to the drawing to com-

plete the construction.

Step 3. Darken or trim the lines to complete the drawing.

If the object is composed mostly of full or partial cy-

lindrical shapes, place these shapes in the frontal plane so 

that they will be drawn true size and shape (Figure 11.66).

Constructing an oblique drawing of an object with 
circular features
From the given multiviews, determine the best view for the 

front face of the oblique drawing. Decide what type of oblique 

to draw, and defi ne the angle for the receding lines. For this 

example, the front view of the object will be the front face, the 

cavalier oblique will be used, and the receding angle will be 

45 degrees. Again, depth dimensions are drawn full-scale on 

the receding lines.

Step 1. Block in the overall width, height, and depth di-

mensions, and use 45 degrees for the receding lines.

Step 2. On the front face, locate the center A of the 1� 

radius arc and 0.625 diameter hole. Draw the arc and the 

hole on the front face of the oblique drawing.

Step 3. Locate center B of the 1� arc and the hole in the 

back plane of the oblique drawing by projecting point A 

along a line at a 45-degree angle and 1� long (the depth 

dimension). Draw another 1� radius arc using point B as 

the center. Determine points of tangency by constructing 

vertical lines from the centers to the top edges and other 

lines perpendicular to the receding line that is the bottom 

edge of the right side of the construction box.

Step 4. Mark the notch dimensions on the front face, and 

mark the depth of the notch along the top left receding 

line. Draw the notch using the dimensions marked on the 

edges of the box.

Step 5. Locate the center of the 0.25� radius arc, and mark 

the location of the slot. Draw the arc and then the slot, 

and project point C back at a 45-degree angle and 0.5� 

long. Draw the back part of the slot that is visible.

Circles  It is not always feasible to position an object such 

that all of its cylindrical features are parallel to the fron-

tal plane (Figure 11.67). In oblique drawing, an alternate 
four-center ellipse method can be used to draw circles not 

in the frontal plane. However, this method can only be used 

in cavalier oblique drawings because the receding axes are 

drawn full scale; thus, the parallelogram used to develop 

the ellipse is an equilateral parallelogram.

The regular four-center method used in isometric draw-

ing will only work with oblique drawings that have reced-

ing axes at 30 degrees (the same axis angle used in iso-

H
N

M

O P

30°

45°

W D
D

Multiview Step 1 Step 2 Step 3

H

W

O

P

30°

Figure 11.65

Constructing an oblique drawing using the boxing-in method
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Step 3 Step 4 Step 5

Finished Drawing
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Figure 11.66

Constructing an oblique drawing of an object with circular features

metric drawings). Any other receding axis angles call for 

using the alternate four-center ellipse method described in 

the following steps (Figure 11.68 on the next page).

Constructing oblique ellipses using the alternate 
four-center method
Step 1. On the surface that is not parallel to the frontal 

plane, locate the center of the circle, and draw the center 

lines.

Step 2. From the center point, draw a construction circle 

that is equal to the diameter of the circle that is being con-

structed. This construction circle will intersect the center 

lines at four points, A, B, C, and D.

Step 3. From points A and C, construct lines that are per-

pendicular to center line BD.

(B)(A)

Figure 11.67

Four-center ellipse construction
When it is not possible to place a circular feature parallel to 
the projection plane, create the circle as an ellipse using the 
four-center method.
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618 PART 2  Fundamentals of Technical Graphics

Step 4. From points B and D, construct lines that are per-

pendicular to center line AC.

Step 5. From the intersections of the perpendicular con-

struction lines, draw four circular arcs using the radii 

marked.

Curved Surfaces  Cylinders, circles, arcs, and other curved 

or irregular features can be drawn point-by-point using the 

offset coordinate method (Figure 11.69). The offset coor-

dinate method of drawing curves is a technique that uses 

a grid of equally spaced lines on the multiview to divide 

the curve into parts so that points along the curve can be 

located and transferred to the oblique view for construc-

tion of the oblique curve. The offset coordinate grid is fi rst 

drawn on the orthographic view of the object, and the co-

ordinate points delineating the curve are marked as shown 

in Figure 11.69A. The grid and coordinate points are then 

transferred to the oblique drawing, and the curve is drawn 

with an irregular curve. If the oblique drawing is a cabinet 

or general oblique, the offset measurements from the multi-

view drawing must be transferred at the required reduced 

scale on the receding axis (Figure 11.69B and C).

The alternate four-center ellipse method cannot be 

used with oblique drawings that are not full scale; there-

fore, circular features in these oblique drawings must be 

constructed using the offset coordinate method. This 

method is also used to construct an ellipse in a plane that 

is inclined to the frontal plane of the oblique drawing (Fig -

ure 11.70 on page 620). Horizontal cutting planes are used 

to locate coordinate points, as shown in Figure 11.70B. The 

cutting planes and coordinate points are then transferred 

to the oblique drawing (Figure 11.70C), and an irregular 

curve is used to draw the curved surface.

Angles  True angular measurements can only be made 

in an oblique drawing when the plane that contains the 

angle is parallel to the frontal plane. If the angle lies in 

one of the oblique receding planes, the angle must be 

developed by linear measurements (Figure 11.71A). The 

measurements are then transferred to the oblique draw-

ing. If the drawing is a cabinet oblique, then all the reced-

ing dimensions must fi rst be reduced to half size before 

being transferred to the oblique drawing, as shown in 

Figure 11.71B.
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Constructing oblique ellipses using the alternate four-center method
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Figure 11.69

Constructing oblique curved surfaces using offset coordinates

ber28376_ch11.indd   618ber28376_ch11.indd   618 1/2/08   3:08:54 PM1/2/08   3:08:54 PM



  CHAPTER 11  Axonometric and Oblique Drawings 619

Create an oblique sketch of the three-view drawing 

using the grid shown.

Pract ice Problem 11.2
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620 PART 2  Fundamentals of Technical Graphics

Oblique Sections  The same conventions used to develop 

different section views in isometric drawing are used in 

oblique drawing (Figure 11.72). Full-section oblique draw-

ings are seldom used, except for symmetrical parts, be-

cause too little outside detail is left, making visualization 

diffi cult (Figure 11.72B). In an oblique section view, sec-

tion lines should not be placed parallel or perpendicular to 

object lines. In a half-section view, section lines are drawn 

such that the lines would appear to coincide if the cut sur-

faces were to be folded together about the center line of the 

object. Refer to Chapter 16 for more details on section con-

ventions and practices.

Screw Threads  Threads must be equally spaced along the 

center line of the thread, but the spacing need not be equal 

to the actual pitch. Use a distance that is pleasing to the eye, 

that is, not too crowded or too far apart. Only the crests of 

22
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1 2

CC B

A
1 2
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B

Figure 11.70

Constructing an ellipse inclined to the frontal plane using the offset coordinate method
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Constructing oblique angles

(B)(A)

Figure 11.72

Oblique section views
Oblique section views use the same conventional practices as 
multiview section views.
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the screw thread are represented, using partial circles or 

ellipses (Figure 11.73). If a cabinet oblique is drawn, the 

alternate four-center ellipse method or an ellipse template 

can be used to draw the threads.

11.5.5 Standards for Dimensions

Oblique drawings are dimensioned in a manner similar 

to that used for isometric drawings. All pictorial dimen-

sioning conventions of ANSI Y14.4M must be followed. 

Dimensions and notes must lie in the plane of the surface 

to which they apply, and unidirectional dimensioning 

practices should be followed. Vertical lettering should be 

used, and the dimensions should always be placed outside 

of the fi gure, unless it is clearer to place the dimensions 

on the fi gure (Figure 11.74). Refer to Chapter 17 for more 

information.

11.6 Summary
The three classifi cations of pictorial drawings are axono-

metric, oblique, and perspective. Isometric drawings are 

the most popular among the various axonometric drawings 

Figure 11.73

Oblique screw threads
With oblique screw threads, only the crests are drawn.

because they are the easiest to create. Both axonometric 

and oblique drawings use parallel projection. As the axis 

angles and view locations are varied, different pictorial 

views of an object can be produced.

Questions for Review
 1. Defi ne oblique projection.

 2. List and describe the differences between the three 

different types of oblique drawing.

 3. List the steps in developing an ellipse using the alter-

nate four-center ellipse method.

 4. Describe how irregular curved surfaces are devel-

oped in oblique drawings.

 5. Describe how angles are determined in oblique 

drawings.

 6. Describe how dimensions are placed on oblique 

drawings.

 7. Describe how screw threads are represented in 

oblique drawings.

 8. Defi ne axonometric.

 9. Defi ne isometric, dimetric, and trimetric drawings.

 10. Explain the difference between an isometric projec-

tion and an isometric drawing. Which would be drawn 

larger?

 11. Sketch the axes used for an isometric drawing.

 12. Sketch the axes used for regular, reversed, and long 

axis isometric drawings.

 13. What is the general rule for hidden lines in isometric 

drawings?

 14. Give examples of pictorial drawings used in industry.

 15. Sketch an isometric cube; then show how isometric 

ellipses would be drawn on each face of the cube. 

Add center lines to the ellipses.

 16. Which type of axonometric drawing is most com-

monly used in industry?

 17. What are the three angular measurements of isomet-

ric drawing axes?

Further Reading
Helms, M. E. Perspective Drawing. Englewood Cliffs, NJ: 

Prentice-Hall, 1990.

Thomas, T. A. Technical Illustration. 3d ed. New York: 

McGraw-Hill, 1978.
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Figure 11.74

Dimensions on an oblique drawing
In oblique drawings, dimensions lie in the plane of the surface 
to which they apply, and unidirectional text placement is used.
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622 PART 2  Fundamentals of Technical Graphics

P r o b l e m s

Hints for Solving the Pictorial Drawing 
or Sketching Problems
■ Identify the types of surfaces (i.e., normal, inclined, 

oblique, and curved) on the object in the multiview.

■ Focus initially on the normal surfaces, evaluating their 

sizes, shapes, and locations.

■ After sketching the bounding box, sketch those nor-

mal surfaces that lie in the same planes as the bound-

ing box sides. These surfaces, when seen in their edge 

views in the multiview, should form the perimeter of 

the views.

■ Next, sketch the normal surfaces inside the bounding 

box. Calculate their locations in the box by evaluating 

the locations of their edge views in the multiview.

■ Since the angles of inclined and oblique surface edges 

cannot be calculated directly from the multiviews, 

identify the edges they share with normal faces in the 

multiview and in the pictorial, then connect vertices 

with edges not yet completed in the pictorial.

■ Locate the center lines of holes and cylinders in the 

multiview and transfer them to the pictorial. Create 

bounding boxes of the appropriate sizes and sketch the 

ellipses.

■ Double-check the completeness of the pictorial by 

comparing the pictorial with the multiview, surface-

by-surface. For the more complex surfaces, count 

the number of sides and make sure those edges that 

are parallel in the multiview are also parallel in the 

pictorial.

 11.1 Given the orthographic views in Figure 11.75, use 

traditional tools or CAD to create isometric or 

oblique drawings or sketches of those objects as-

signed by your instructor.

 11.2 Using any of the objects you have sketched as an 

isometric pictorial, create new sketches that are

a. Reverse axis isometric.

b. Long axis isometric, looking from the right.

c. Long axis isometric, looking from the left.

  Compare the sketches and answer the following 

questions:

  ■  Have the angles of the isometric axes on the pa-

per changed? Color code the three primary di-

mension axes in each of the sketches and com-

pare them.

  ■  Compare the isometric axes with each other in 

each of the pictorials. Do they all still subtend 

120 degrees to each other?

  ■  Color code or label identical surfaces in each of 

the pictorials (not all of the surfaces will be seen 

in all of the views). For surfaces that are seen in 

multiple pictorials, do they have the same num-

ber of edges? Are edges that are parallel in one 

pictorial parallel in the other? Do the surfaces 

have the same orientation? Do they have the 

same shape?

 11.3 Using isometric pictorials from Figure 10.94 in 

Chapter 10, make photocopies or tracing overlays, 

color coding or labeling the following information:

  ■ Isometric versus nonisometric straight edges.

  ■ Curved edges.

  ■ Isometric versus nonisometric planar surfaces.

  ■ Curved surfaces.

  After doing two or three of these sketches, try to 

defi ne generalizations for the relationships between 

isometric/nonisometric/curved edges and surfaces.

 11.4 Using an object you have already sketched, imag-

ine a nonisometric cutting plane slicing through the 

object. This plane should cut through at least two 

or three different surfaces. Trace over the original 

sketch, using construction lines to represent where 

the cutting plane contacts the surfaces, and create 

the new object.

 11.5 Sketch an isometric pictorial of a rectilinear prism 

12 squares in width and depth and 2 squares in 

height. Visualize the following modifi cations to 

the object and sketch the results:

a. Drill a hole in the center of the top surface 

4 squares in diameter. Do you see the bottom of 

the hole?

b. Same as (a), but increase the height of the object 

from 2 squares to 4 squares. Do you still see the 

bottom of the hole?

c. Increase the height of the object to 4 squares, 

and increase the diameter of the drill hole to 
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(1)

(4) (5)

(7)

(11) (12)

(2) (3)

(6)

(8) (9)

(10)

Figure 11.75

Orthographic views for Problem 11.1
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(14) (15)

(16)

(19) (20) (21)

(24)

(13)

(17) (18)

(22) (23)

Figure 11.75

Orthographic views for Problem 11.1 (Continued)
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(25) (26) (27)

(30)(29)(28)

(31) (32) (33)

(34) (35) (36)

Figure 11.75

Orthographic views for Problem 11.1 (Continued)
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(37) (38) (39)

(42)(41)(40)

(43) (44) (45)

(46) (47) (48)

Figure 11.75

Orthographic views for Problem 11.1 (Continued)
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(49) (50) (51)

(54)(53)(52)

(55) (56) (57)

(58) (59) (60)

Figure 11.75

Orthographic views for Problem 11.1 (Continued)
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(61) (62) (63)

(66)(65)(64)

(67) (68) (69)

Figure 11.75

Orthographic views for Problem 11.1 (Continued)

10 squares in diameter. Do you see the bottom 

of the hole now?

d. Same as (c), except the drill hole is now conical 

with the top diameter 10 squares and the bottom 

diameter 4 squares.

e. Same as (c), except the drill hole is now a coun-

terbore. The initial drilling is 4 squares in diam-

eter, and the counterbore has a diameter of 10 

squares and a depth of 2 squares.

628 PART 2  Fundamentals of Technical Graphics
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  CHAPTER 11  Axonometric and Oblique Drawings 629

Classic Problems
The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by 

Thomas E. French, Charles J. Vierck, and Robert Foster. 

Problems 1–9. Construct either isometric, oblique, or pic-

torial drawings of the dimensioned multiview drawings.

Problem 1

Stop block

Problem 2

Guide block

Problem 3

Bracket

Problem 4

Hinged catch
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Problem 5

Offset bracket

Problem 6

Cross link

Problem 8

Slide stop

Problem 7

Wedge block

Problem 9

Dovetail bracket

630
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Chapter Twelve

Perspective 
Drawings

Objectives
After completing this chapter, you will be 
able to:

 1. Describe one-, two-, and three-point 

perspective projection theory.

 2. Defi ne horizon line, station point, 

picture plane, vanishing point, and 

ground line.

 3. Describe and draw bird’s eye, human’s 

eye, ground’s eye, and worm’s eye 

views.

 4. Describe the four perspective vari-

ables that are determined before creat-

ing a perspective drawing.

 5. Create a one-point perspective draw-

ing or sketch.

Introduction
Perspective drawings are the most realistic 

types of drawings used in engineering and 

technology. A perspective drawing creates 

a pictorial view of an object that resembles 

what you see. It is the best method for rep-

resenting an object in three dimensions. 

The basic concepts of perspective sketch-

ing are presented in Chapter 7. Chapter 12 

goes into the details necessary for creat-

Things seen are mightier than things 

heard.

—Alfred Lord Tennyson

C
hapter Tw

elve
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632 PART 2  Fundamentals of Technical Graphics

ing perspective drawings with instruments or CAD. The 

chapter describes perspective projection theory and the 

associated terminology necessary to create one-, two-, 

and three-point perspective drawings.

12.1 Background
Perspective drawings are a type of pictorial drawing used 

to represent 3-D forms on 2-D media. Such drawings cre-

ate the most realistic representations of objects because 

the human visual system creates images that closely re-

semble perspective drawings. To prove this, fi nd a long 

hall in a building or stand in the middle of a long, fl at 

road. Look at the edges of the road or the points where 

the ceiling intersects the walls, and follow those lines 

into the horizon. You will see that the lines appear to 

converge at a common point on the horizon (Figure 12.1). 

Obviously, the edges of the road and the ceiling do not 

actually converge at a single point. Yet, the human optical 

system receives the light from an environment and cre-

ates an image in our mind that portrays them doing so, 

that is, shows these edges in perspective.

Perspective projection techniques developed in the 14th 

and 15th centuries in Europe. Paolo Ucello (1397–1474), 

Albrecht Dürer, Leonardo da Vinci, and Leon Alberti 

are credited with developing the theory and techniques. 

Alberti’s book, On Painting, published in 1436, laid out 

the basics of a system for creating a drawing that assumes 

one viewer and one viewpoint. Perspective drawings and 

modern photography are constructed as if the viewer has 

only one eye (monocular). Binocular-view images are 

called stereograms and require special viewing devices.

Leonardo da Vinci used perspective techniques for 

many of his sketches (Figure 12.2). Albrecht Dürer per-

fected a technique to create perspective projections using 

a grid of wires in a frame that was placed between the 

subject and the artist (Figure 12.3 on the next page). The 

frame of wires created a grid pattern, which overlaid 

the subject. The grid pattern was drawn, then used as a 

guide to create the subject behind the grid. This device 

assisted in the creation of a perspective drawing.

Practice Exercise 12.1
You can test both Albrecht Dürer’s method and the human 

perspective vision system by placing a piece of clear plas-

tic between yourself and a small object. Position yourself 

about a foot away from the plastic and, on the plastic, use 

a marker to sketch the object as you see it. The sketch will 

be in perspective, proving that humans view the environment 

Figure 12.1

Convergence as seen in a photograph
This photograph shows parallel railroad lines receding to a 
point on the horizon.

(Courtesy of Anna Anderson.)

Figure 12.2

Da Vinci sketch drawn in perspective
(By permission of Art Resource, NY.)
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  CHAPTER 12  Perspective Drawings 633

in perspective. Change your line of sight and sketch another 

view of the object to see how moving left, right, up, and down 

affects the perspective view created.

12.2 Terminology
Analyzing a perspective scene will reveal the important 

components and terms used in perspective drawing. Fig-

ure 12.4 shows a perspective drawing of a road, as well as 

the orthographic side view of the same road. In the per-

spective view, the sky meets the ground at a line called 

the horizon or eye level. The position of the horizon also 

represents the observer’s eye level, which is shown in the 

orthographic side view. The horizon line is the position 

that represents the eye level of the observer, or the station 

point; that is, the station point in a perspective drawing 

is the eye of the observer. The station point is shown in 

the orthographic side view.

The plane upon which the object is projected is called 

the picture plane, where lines of sight from the object 

form an outline of the object. In the perspective view of 

Figure 12.4, the picture plane is the sheet of paper on 

which the scene is drawn. In the orthographic side view, 

the picture plane’s position relative to the observer and 

the object determines the size of the object drawn.

In Figure 12.4, telephone pole AB is projected onto the 

picture plane and appears foreshortened as A�B�. Likewise, 

telephone pole CD is projected onto the picture plane and 

appears foreshortened as C�D�. Object distance relative to 

the picture plane can be summarized as follows:

 1. As objects move further behind the picture plane, 

they are projected as smaller images.

 2. As objects move further in front of the picture 

plane, they are projected as larger images.

 3. Objects positioned in the picture plane are shown 

true size (Figure 12.5 on page 635).

All parallel lines that are not parallel to the picture 

plane, such as the edge lines of the road in Figure 12.4, 

converge at the vanishing point. All parallel lines that are 

parallel to the picture plane, such as the telephone poles 

in Figure 12.4, remain parallel and do not recede to a 

vanishing point.

Figure 12.3

Perspective projection device
Albrecht Dürer used a projection device to create perspective 
drawings.

(From A History of Engineering Drawing, P. J. Booker.)

Horizon
line (HL)

Ground
line (GL)

Vanishing
point (VP)

Picture
plane

Orthographic Profile View

A'

B'

C'

D'

B

A
C

DGround line (GL)

Horizon line (HL)
at infinity

Projected image

Picture plane
(Paper or computer screen) Object

Human or
camera

Station point (SP)

Point view

Projectors

C

D

B

A

Perspective View

Figure 12.4

Perspective and orthographic profi le views of a scene
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Historical Highlight
Perspective Drawings

Perspective drawings developed because of a need to 

graphically represent the real world. Once the idea of a pic-

ture as a “window” was accepted, it became apparent how 

to create a scene. If the artist could view the scene from 

one position, such as looking through a hole in a piece of 

wood mounted on a stand, and place a piece of glass be-

tween the hole and the scene, the artist could trace the 

scene on the glass while looking through the hole. This 

technique is  illustrated in Figure 12.3. The outlines could 

then be traced over canvas to be used for a painting. The 

word “perspective” comes from the Medieval Latin roots 

meaning “through—looking—of the nature of” or “as looking 

through.”

The sketches formed on the glass were, in principle, the 

same as we would capture today by taking a photograph 

with a camera. The image was formed by a large number 

of rays of light in space converging to a point source, the 

 artist’s eye, with the picture being formed by the intersec-

tion of these rays with the glass or picture plane. This tech-

nique worked well for existing scenes but artists needed a 

way to create perspective drawings of imagined scenes.

Paola Ucello (1397–1475) is often credited with develop-

ing the fi rst principles of perspective drawing. Paolo had 

a strong background in mathematics, and through a great 

deal of work, he developed perspective drawing as we un-

derstand it. Leone Battista Alberti (1404–1472) wrote the 

fi rst general treatise Della Pictura on the laws of perspective 

in 1435. The book was printed in 1511 but there were no il-

lustrations to go with the text. Dürer and Leonardo da Vinci 

expanded upon Alberti’s writings and provided drawings as 

shown below.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, 

Chatto & Windus, London, England, 1963.

Diagrams to illustrate the early development of perspective. The central fi gure is from the works of Leonardo da Vinci. The upper 
drawings have been reconstructed from a verbal account given by Leone Battista Alberti in 1435.
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Picture plane

in front of object

(smaller image size)

Observer (station point)
One view point

Picture plane

behind object

(larger image

size)

Object in picture plane

(object image true size)

Figure 12.5

Object’s position
Changing the object’s position relative to the picture plane determines the size of the object drawn.

HL

GL

VP HL

GL

VP HL

GL

VP

(A) (B) (C)

Figure 12.6

Vanishing point position
Changing the vanishing point changes the perspective view.

An object positioned at an infi nite distance from the 

picture plane appears as a point, called the vanishing 

point. A vanishing point is the position on the horizon 

where lines of projection converge. Placing the vanishing 

point directly behind the object, as shown in Figures 12.4 

and 12.6B, creates a view looking straight at the object. 

Placing the vanishing point to the right of the object, as 

shown in Figure 12.6A, produces a view showing the 
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Figure 12.7

Determining the vanishing point in a photograph
Trace this photograph onto tracing paper to determine the van-
ishing point.

(© Photri Inc.)

right side. Similarly, placing the vanishing point to the 

left of the object produces a view showing the left side, as 

shown in Figure 12.6C.

Practice Exercise 12.2
Cover Figure 12.7 with a sheet of tracing paper, and, using 

a triangle, begin to extend the converging ends of the long 

vertical lines of the building. After extending fi ve or six, you 

will notice that all the lines converge at a single point, called 

the vanishing point.

The ground line shown in Figure 12.4 represents the 

plane on which the object rests and is the intersection of 

the ground and the picture plane. The type of perspec-

tive view created depends on the position of the ground 

line relative to the horizon line. Figure 12.8 shows the 

different types of views created by raising or lowering 

the ground line. A bird’s eye view shows the object from 

above by placing the horizon line above the ground line. 

A human’s eye view shows the object from a human 

adult’s perspective by placing the horizon line approxi-

mately 6 feet above the ground line. This is commonly 

used in scaled architectural drawings. The ground’s eye 
view shows the object as if the observer were lying on the 

ground; that is, the horizon and ground lines are in the 

same position. A worm’s eye view shows the object from 

below by placing the ground line above the horizon line. VP HL

VP HL

VP HL

GL

GL

VP GL + HL

GL

Bird’s Eye View—Ground Line below Horizon Line

Human’s Eye View—Ground Line 6' below Horizon

Ground’s Eye View—Ground Line on the Same Level as the Horizon
Line

Worm’s Eye View—Ground Line above the Horizon Line

6'– 0"

Figure 12.8

Ground line position
Changing the ground line relative to the horizon line changes 
the perspective view created.

12.3 Perspective Drawing Classifi cations
Perspective views are classifi ed according to the number 

of vanishing points used to create the drawing. Figure 12.9 

on page 637 shows one-, two-, and three-point perspective 
drawings. A one-point perspective drawing, sometimes 

referred to as a parallel perspective, is created when one 

face of the object is parallel to the plane of projection. A 

two-point perspective drawing, sometimes referred to as 

an angular perspective, is created when the object is posi-

tioned at an angle to the plane of projection and the verti-

cal edges are parallel. In a three-point perspective drawing 

(sometimes referred to as an oblique perspective), no edges 

of the object are parallel to the plane of projection.
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  CHAPTER 12  Perspective Drawings 637

By varying the number of vanishing points, the po-

sitions of the vanishing points, and the position of the 

ground line relative to the horizon, you can create virtu-

ally any perspective viewpoint of an object (Figure 12.10). 

There are two basic systems for creating perspective draw-

ings using hand tools:

 1. The plan view method

 2. The measuring line method

12.4 Variables Selection
Before starting on any type of perspective drawing, you 

must fi rst visualize the desired view, then set the variables 

that will produce that view. The variables in perspective 

drawings are:

 1. Distance of object from picture plane. Normally, 

you would like the object to be drawn without 

VPR HL

GL

VPL

VP HL

GL

VPR HL

GL

VPL

VPV

1-point perspective

2-point perspective

3-point perspective

Figure 12.9

Classifi cation of perspective drawings
Perspective views are classifi ed by the number of vanishing points or orientation of the object to the picture plane.
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638 PART 2  Fundamentals of Technical Graphics

 distortion, so the object is positioned on or very 

near the picture plane. As object distance behind 
the picture plane increases, object size gets smaller. 
As object distance in front of the picture plane in-
creases, object size gets larger. (See Figure 12.5.)

 2. Position for station point. Normally, you would 

want the station point directed toward the center 

of the object, sometimes called the center of inter-
est. The station point is usually positioned slightly 
above and to the left or right of the object, at a 
distance that produces a cone of vision of approx-
imately 30 degrees (Figure 12.11).

 3. Position of ground line relative to horizon. Ground 

lines placed above the horizon will produce a view 

from below the object. Ground lines placed below 

the horizon will produce a view from above the 

object. (See Figure 12.8.)

 4. Number of vanishing points. To create a one-, two-, 

or three-point perspective, you would select one, 

two, or three vanishing points, respectively.

12.5 One-Point Perspectives
12.5.1 Plan View Method

In the plan view method, the depth dimensions are de-

termined by projecting lines from the top view (i.e., the 

plan view) to the station point. Plan view is the common 

term used in architectural drawing. The following steps 

demonstrate how to create a one-point perspective draw-

ing using the plan view method (Figure 12.12 on the next 

page). The perspective view to be created will be slightly 

above and to the right, near full scale, with a cone of vi-

sion of approximately 30 degrees.

Creating a one-point perspective drawing, plan view 
method
Step 1. To establish the locations of the picture plane, ho-

rizon line, and ground line, fi rst draw a long, horizontal 

line across the center of the work area (draw all lines 

as construction lines). This will be the horizon line (HL). 

Then, draw the picture plane (PP) line horizontally near 

the top of the work area. Finally, draw the ground line 

(GL) horizontally near the bottom of the work area, to 

produce a view of the object from above. Label all lines 

as shown in Figure 12.12.

Step 2. Draw the plan view (i.e., the top view) of the object 

on the picture plane line. This will produce a perspec-

tive view that will be near full size. Draw the right side 

or profi le view near the right edge of the work area, with 

the base on the ground line. Locate the station point (SP) 

by measuring down from the picture plane line by a dis-

tance of two or three times the width of the object and 

slightly to the right of center.

Step 3. Draw the front face of the perspective view by 

fi rst projecting the width of the object from the plan 

view vertically down to the ground line. Then, project the 

height dimensions horizontally across from the right side 

view. The front plane of the object is parallel to the pic-

ture plane, so it is true size and can be drawn using the 

width dimensions projected from the plan view. Project a 

Figure 12.10

Two-point perspective drawing
(Irwin drawing contest winner, K. Maus, Boise State University.)

30°

SP

Figure 12.11

30° Cone of vision
The cone of vision for most perspective drawings should be ap-
proximately 30 degrees.
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vertical line from the station point up to the horizon line 

to determine the location of the vanishing point (VP).

Step 4. This step will help establish the depth distances 

in the perspective view. From the plan view, project all of 

the back corners of the object to the station point. From 

the points where these projectors cross the picture plane 

line, drop vertical lines down to the ground line. From the 

front view, draw lines from the corners of the object to the 

vanishing point on the horizon line. The front view will be 

part of the perspective drawing.

Step 5. The vertical projectors from the picture plane 

line intersect the projectors from the front view to the 

PP

HL

GL

SP

VP

Step 5

C

B
A

VP

D

E

Finished Perspective

PP

HL

GL

Step 4

PP

HL

GL

SP

VP

Step 3

PP

HL

GL

Step 1

PP

HL

GL

2-3x Width

SP

Step 2

A B

C

D

Figure 12.12

Steps in making a plan view one-point perspective drawing
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640 PART 2  Fundamentals of Technical Graphics

 vanishing point. These intersections establish the depth 

points for the perspective drawing. Draw a line between 

points A and B, B and C, C and D, and D and E, to cre-

ate that part of the back plane of the object that can be 

seen. Draw lines from the front corners to the rear cor-

ners of the object along the projectors to the vanishing 

point, to complete the one-point perspective drawing of 

the object. Do not include dashed lines for hidden fea-

tures unless absolutely necessary for visualization.

12.5.2 Circular Features

If circles and arcs are part of the object to be drawn using 

a one-point perspective, it is easier to draw these features 

if they are parallel with the picture plane. Circular shapes 

parallel to the picture plane are projected and drawn as 

circles and arcs in the perspective (Figure 12.13). If the 

circular feature is not parallel to the picture plane, then 

the feature must be drawn as an ellipse.

12.6 Two-Point Perspectives
12.6.1 Plan View Method

Positioning the plan view of the object such that its sur-

faces are at an angle to the picture plane requires the use 

of two-point perspective drawing. A two-point perspec-

tive will have one set of vertical, parallel edges that do 

not project to a vanishing point. The other two sets of 

parallel edges will each have a vanishing point. Normally, 

one corner of the object is placed on the picture plane so 

that it can be used as a measuring line in the perspective 

view. The plan view is drawn at an angle to the picture 

plane, and the face of the object that has the most details 

is placed along the axis with the smallest angle. Refer to 

Figure 12.14 on page 642 and the following steps to cre-

ate a two-point perspective drawing.

Creating a two-point perspective drawing, plan view 
method
Step 1. Draw the horizon line horizontally across the work 

area. Draw the picture plane horizontally near the top of 

the work area. Draw the ground line below the horizon 

line to create a bird’s eye view of the part.

Step 2. Draw the plan view of the part so that one corner 

is placed on the picture plane. This corner will form the 

only true-length line in the perspective view, and it will 

be used to make direct measurements. In this example, 

one face of the object is drawn at a 30-degree angle to 

the picture plane and the other face is at 60 degrees. 

Other common angles used in two-point perspective 

drawings are 15 and 75 degrees, and 30 and 45 degrees. 

Normally, the side of the object with the most detail is 

placed along the axis with the smallest angle, which in 

this example is the 30-degree angle.

Step 3. Draw the profi le view of the object on the ground 

line. Locate the station point such that the cone of vision 

is approximately 30 degrees. To do this, start from the 

outermost corners of the plan view, and draw two lines 

that intersect at a point that makes a 30-degree angle. 

For this example, the station point (SP) is centered below 

the plan view; it could have been established to the right 

or the left to get a different view of the object.

Step 4. From SP, draw a line that is parallel to line A–B in 

the plan view, establishing point 1 on the picture plane. 

Draw another line from SP that is parallel to line A–C in 

the plan view, establishing point 2 on the picture plane. 

The angle between SP–1 and SP–2 will always be 90 de-

grees because these lines are parallel to the two primary 

dimensions of the object in the plan view. From points 1 

and 2, draw vertical lines that intersect the horizon line at 

vanishing point right (VPR) and vanishing point left (VPL). 

This procedure establishes the two vanishing points for 

the two-point perspective drawing.

Step 5. Draw a vertical line from corner A to the ground 

line. This establishes the measuring line for the perspec-

tive view. Project the height dimensions of the object 

horizontally from the profi le view to the measuring line. 

Then project the height dimensions from the measuring 

line to VPR and VPL to establish the front and side faces 

of the object in the perspective view.

Step 6. Project lines from corners B and C of the object 

in the plan view to the station point. At those points where 

the projected lines intersect the picture plane, draw ver-

tical lines to the ground line. Mark the intersections be-

tween the projectors from the rear corners of the object 

in the picture plane and the perspective lines from the 

Parallel to
picture plane

Not parallel to
picture plane

Figure 12.13

Representing circular features in one-point perspective
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Sketch a one-point perspective of the object on the grid.

Pract ice Problem 12.1
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Step 5 Step 6

Step 4Step 3
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Step 1 Step 2
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C

A

B
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GLSP
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C

A

B

PP

HL

GLSP

12

VPL VPR

C

A

B

Measuring line

Figure 12.14

Steps in making a two-point perspective drawing using the plan view method

measuring line to the VPR and VPL. These intersections 

establish the rear plane of the object. Darken all visible 

edges of the object to establish the two-point perspec-

tive drawing.

12.6.2 Measuring Line Method

The following steps describe how to create a two-point 

perspective by constructing measuring lines (Figure 

12.15 on the next page).
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Figure 12.15

Steps in making a two-point perspective drawing using the measuring line method

Creating a two-point perspective drawing, 
measuring line method
Step 1. Construct the horizon line, picture plane, and 

ground line. Construct the plan view of the object by 

placing one corner on the picture plane and the front 

face at a 30-degree angle. Locate the station point such 

that a cone of vision of 30 degrees is created.

Step 2. Locate the vanishing points by drawing lines from 

the station point to the picture plane and parallel to the 

two primary dimensions of the object in the plan view. 

Then drop vertical lines down to the horizon line to es-

tablish vanishing point right (VPR) and vanishing point 

left (VPL).

Step 3. Drop a vertical line from point A in the plan view 

to the ground line, establishing point B. Line A–B is a 
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true-length line, so it can be used as the measuring line. 

Along line A–B, measure the height of the object B–C. 

Project point B to the VPL and VPR. Project point C to 

the VPL and VPR, to create the front and side planes of 

the object in perspective.

Step 4. The measuring points are located by revolving 

the lines A–D and A–E in the plan view onto the picture 

plane, using point A as the point of revolution. Draw an 

arc for the line A–D from the point D to the intersec-

tion point with the picture plane. Similarly, draw an arc 

for the line A–E from point E to the intersection with the 

picture plane. From the station point, draw lines paral-

lel to A–D and A–E and intersecting the picture plane, 

establishing points G and F. From points G and F, 

drop vertical lines that intersect the horizon line to cre-

ate the left and right measuring points (MPL and MPR, 

respectively).

Step 5. From the points where the chords (A–D and A–E) 

of the arcs intersect the picture plane, drop vertical 

lines to the ground line. On these vertical lines, mark the 

height of the object, and extend lines to the measuring 

points. This locates the other two planes of the object 

so that the remainder of the object can be blocked in. 

Distances A–D and A–E are true length along the ground 

line because they have been revolved into the picture 

plane from the plan view.

Step 6. Locate the remaining details and darken the object 

to complete the two-point perspective drawing.

12.7 Objects Behind the Picture Plane
If an object is not in contact with the picture plane, then 

one corner in the plan view must be projected parallel to 

the lines established to create the vanishing point to the 

picture plane then vertically down to the ground line. This 

is shown in Figure 12.16, where the front corner of the ob-

ject in the plan view is located by extending line A–B to 

the picture plane. From the point where the line intersects 

the picture plane, drop a vertical line to the ground line. 

Now draw a horizontal line from the profi le view repre-

senting the height of the object. This creates a true-length 

measuring line on which the height of the object is estab-

lished. The height dimension is projected to the left and 

right vanishing points. The three corners of the object in 

the plan view are projected to the station point. Where the 

projectors intersect the picture plane, drop vertical lines 

to the ground line. The corners of the object are located 

either directly or indirectly from where the vertical lines 

intersect the projectors from the measuring line. The per-

spective view of the object can be created from the points 

established in the steps of the previous section.

12.8 Perspective Grids
A perspective grid is used to save time when doing 

sketches or drawings. The two-point perspective grid 

shown in Figure 12.17 on page 645 has grid lines to  create 

PP

HL

GL
SP

VPRVPL

TL Measuring
Line

A

B

Figure 12.16

Objects behind the picture plane
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Figure 12.18

An Anderson three-point perspective grid

Figure 12.17

A two-point perspective grid

a view looking from either above or below the object. The 

Anderson three-point perspective grid is used to create 

sketches or drawings in much less time (Figure 12.18). 

Unless creating perspective drawings for illustrations, 

engineers and technologists should consider using a per-

spective grid to create perspective drawings and sketches.

12.9 CAD Perspective Drawings
CAD software can be used in four ways to create per-

spective drawings. The fi rst method involves constructing 

a perspective view using the same techniques described 

earlier, using the CAD software to replace the tradi-

tional tools. To construct the perspective ellipses, use the 

ELLIPSE option by drawing a perspective square and lo-

cating the ellipse through three points.

In the second method, use a CAD program that has a 

3-D perspective grid option. The grid is used to construct 

a 3-D model of the part (Figure 12.19).

The third method creates a 3-D model using a CAD 

program that automatically creates perspective views. The 
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Figure 12.19

A CAD perspective pictorial constructed using a perspective grid

Figure 12.20

A CAD 3-D model displayed in perspective view

perspective view shown in Figure 12.20 was created auto-

matically, using a display option.

A fourth method of creating a perspective drawing 

with CAD is with an integrated or add-on illustration 

software program. The illustration software reads the 

Figure 12.21

Rendered perspective illustration of a CAD 3-D model

CAD 3-D model fi le for editing. The model is assigned 

material properties, colors, light types and sources, and 

other variables. Once the material and light properties are 

assigned, the model is processed and then displayed on 

screen. Using this method, photorealistic perspective ren-

derings can be produced, as shown in Figure 12.21.
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Recently cited by Forbes magazine as “the coolest busi-

ness jet ever”, the Falcon 7X is the latest in a long line 

of high-class executive jets from Dassault Aviation. As 

well as being cool, the Falcon 7X is also revolutionary—

being the fi rst civil aircraft ever to be designed using 

virtual rather than physical prototypes. Designed en-

tirely using Dassault Systèmes CATIA Product Lifecy-

cle Management (PLM) tools, every component on the 

Falcon 7X was subjected to rigorous CAE analyses.

Dassault Aviation is committed to providing the very 

highest standards of comfort for Falcon 7X passengers. 

The aircraft features Dassault Aviation’s breakthrough 

Environment Control System, that maintains a constant 

cabin temperature and an adequate level of pressuriza-

tion as the aircraft passes through extremes of external 

conditions. The Environment Control System also man-

ages critical safety aspects such as wing de-icing and 

avionics cooling. Central to the operation of the Environ-

ment Control System is the mixing jet pump that mixes 

the air sent to the cabin from bleeds on different stages 

of the engine compressors. The pump’s job is to main-

tain the pressure and temperature within the cabin air-

conditioning system independent of the regime in which 

the engines are operating.

Dassault Aviation’s current CAE process utilizes one-

dimensional network analysis for sizing the mixing jet 

pumps. Although the process works well across a wide 

range of operating conditions, under certain extreme 

conditions—such as supersonic fl ow in the mixer—the 

accuracy of the network model was often found want-

ing due to the complex fl ow within the pump. In order 

to remedy this, Dassault Aviation adopted CD-adapco’s 

STAR-CAT5 CFD software to better characterize the 

performance of the pump under extreme conditions. 

STAR-CAT5 is the fi rst industrial-strength CFD soft-

ware to be fully embedded within the CATIA V5 PLM 

system.

The aim of the CFD analyses was to numerically 

simulate the fl ow within the jet pump for different fl ight 

conditions and to compare the results with experimen-

tal data. The goal was to understand the phenomena 

that occur in the jet pump for each regime (subsonic, 

transonic or supersonic fl ow) in order to be able to 

refi ne the dimensions of the jet pump that would give an 

optimized mixing ratio for the downstream circuit.

The results of the STAR-CCM� calculations were 

compared with laboratory tests and have very good 

agreement for all studied cases of fl ow, even for the 

more complex ones. These very high quality results 

now allow Dassault Aviation to optimize the in-house 

ID code for extreme conditions of fl ow and encourage 

Dassault Aviation to continue in this direction in order 

to study more complex geometries.

“STAR-CAT5 Helps to Design ‘Coolest Business Jet Ever,’” by Stephen 

Ferguson, CD-adapco, and co-author Raphael Bianconi, Dassault-Aviation.

STAR-CAT5 helps to design “coolest business jet ever”

P. Bowen—Dassault-Aviation

12.10 Summary
In this chapter you learned that there are three types of 

perspective drawings: one-, two-, and three-point. Each 

type refers to the number of vanishing points used to con-

struct the drawings. Three-point perspectives are the most 

diffi cult to construct but are the most realistic. Other vari-

ables, such as position of the ground line in relation to the 

horizon line, can be controlled to produce virtually any 

view of an object.

Online Learning Center (OLC) Features
There are a number of Online Learning Center 

features listed below that you can use to supplement 

your text reading to improve your understanding and 
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retention of the material presented in this chapter at 

www.mhhe.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Visualization Exercises

Questions for Review
 1. Describe perspective projection theory. Use 

sketches if necessary.

 2. Identify the horizon line, station point, picture plane, 

vanishing point, and ground line in Figure 12.22.

 3. Sketch and label bird’s eye, human’s eye, ground’s 

eye, and worm’s eye views.

 4. List the four perspective variables that should be 

considered before drawing a perspective view.

 5. Sketch and label the three types of perspective 

drawings.

Further Reading
Helms, M. E. Perspective Drawing. Englewood Cliffs, NJ: 

Prentice-Hall, 1990.

Thomas, T. A. Technical Illustration. 3d ed. New York: 

McGraw-Hill, 1978.
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P r o b l e m s

 12.1 With a sheet of clear plastic as a projection plane, 

use a water-based marker to draw objects in the 

projection plane. Try to capture a pictorial view of 

the object.

a. With a large object (such as a building), draw 

the projection, including the convergence of 

edges. Only draw the major features of the ob-

ject. With a different color pen, overdraw the 

same view in parallel projection by “straighten-

ing out” the convergence.

b. Repeat with a smaller object. Why is conver-

gence not nearly as noticeable on the small 

object?

 12.2 Use a sheet of clear plastic as a projection plane 

and draw an object about the size of your projec-

tion plane. Stand about 3 to 4 feet away from the 

object. Then, repeat the sketch in a different color 

marker, but with the projection plane up against the 

object. What has changed? What if you sketched 

the object from across the room?

 12.3 Using an object previously sketched as an isomet-

ric pictorial (pick one primarily composed of nor-

mal surfaces), sketch and compare the following 

pictorials:

a. One-point perspective to the right or left.

b. Two-point perspective.

c. Three-point perspective.

  Which edges are parallel in both the isometric and 

perspective projections? Which ones are not?

 12.4 Create a one-point perspective sketch and an 

oblique sketch receding in the same direction. 

How do they compare?

 12.5 Using a picture representing a relatively small ob-

ject, sketch four one-point perspective pictorials, 

using different combinations of vanishing point 

and horizon line. Make sure each of the horizon 

lines is used at least once.

Vanishing Point Horizon Line

To the right of the object Bird’s eye view

Behind the object Human’s eye view

To the left of the object Ground’s eye view

  Using the same combinations, sketch a larger ob-

ject about the size of a car and another one the size 

of a building. Which horizon line seems most ap-

propriate for each of the objects? How do these ho-

rizon lines relate to how we view these objects in 

the real world?

 12.6 Sketch a series of six one-point perspectives (hu-

man’s eye view), incrementing the station point 

from the left of the object to the right of it. Sketch 

another series of six one-point perspectives with 

the same object, holding the station point behind 

the object but incrementally rotating the object 

90 degrees counterclockwise. Are both sets of 

sketches representing the same relative movement 

of the viewer and object? How do the sketches dif-

fer? How are they the same?

Figure 12.22
Identify important parts of a perspective drawing.

1.50

.75

2.50

3.00

1.25

2.25

1.00

Figure 12.23
For Figures 12.23 through 12.33: Create one-, two-, or three-
point perspective drawings of the objects shown in the fi gures, 
using a B-size or A3-size sheet.
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 12.7 Identify the important parts of the perspective 

drawing shown in Figure 12.22.

 12.8 Examine the perspective grids in Figures 12.17 

and 12.18. How does the size of the grid squares 

compare in various parts of the image? Which 

parts of the grid are considered farther away from 

the viewer? How do you know this? Would the grid 

squares be represented the same if this was a par-

allel projection? Would you have the same sense of 

depth with a parallel projection grid?

 12.9 Either with or without the grid, create a cubical 

bounding box in human’s eye perspective which 

fi lls most of an A-size page (the horizon line can 

cut through the middle of the cube). In each corner 

of the cube, draw identical cubes whose sides are 

one-eighth the length of the original cube. Draw 

this arrangement in one-, two-, and three-point 

perspective. Which cubes appear to be the same 

size? Is this true in all three perspectives?

 12.10 On B-size or A3 drawing sheets, use instruments 

or CAD to create one-, two-, or three-point per-

spective drawings of the objects shown in Figures 

12.23 through 12.34.
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Figure 12.24
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Figure 12.32
For Figures 12.23 through 12.33: Create one-, two-, or three-
point perspective drawings of the objects shown in the fi gures, 
using a B-size or A3-size sheet.

.625

1.00 1.00

3.00

30°

3.00

.625

1.25 .50

2.25

Figure 12.30

1.50 .94
4.00
2.12

90°
.50

.25

.50

.75

2.50

.50 63°

.44

3.50

1.50 1.00

3.50

Figure 12.31

3.25

.50

45° R 1.50

.75

4.50

ø 1.25

1.75

.75

2.00 .75

3.50

Figure 12.34

.25

R 1.25
ø .50

R 1.00

R 1.25
1.50

Figure 12.33

 651

ber28376_ch12.indd   651ber28376_ch12.indd   651 1/2/08   3:10:29 PM1/2/08   3:10:29 PM



652

Chapter Thirteen

Auxiliary 
Views*

Objectives
After completing this chapter, you will be 
able to:

 1. Create auxiliary views of inclined 

planes.

 2. Use reference planes and fold lines 

when creating auxiliary views.

 3. Explain auxiliary view projection 

theory.

 4. Defi ne primary, secondary, and 

tertiary auxiliary views.

 5. Defi ne width, height, and depth 

auxiliary views.

 6. Create successive auxiliary views.

 7. Solve dihedral angle problems.

 8. Create a partial auxiliary view.

 9. Plot curves in auxiliary views.

 10. Use auxiliary views for reverse 

construction.

 11. Create a view in a specifi ed direction 

using auxiliary views.

 12. Understand the difference between 

2-D methods and 3-D CAD in creat-

ing auxiliary views.

Introduction
There are times when one of the six prin-

cipal views will not completely describe 

an object. This is especially true when 

For the vision of one man lends not its 

wings to another man.

—Kahlil Gibran

*Revised by Pat Connolly, Associate Professor, Purdue 

University.

C
hapter T

hirteen
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there are inclined or oblique planes or features on an ob-

ject. Refer to Chapter 10 for defi nitions for inclined and 

oblique planes. For these cases, a special orthographic 

view called an auxiliary view can be created. This chap-

ter describes how to create auxiliary views for objects that 

cannot be clearly represented by the six principal views. 

Also described is the use of auxiliary views to solve spa-

tial geometry problems, such as the point and true-length 

views of lines and edges, and the true-size views of 

planes.

13.1 Auxiliary View Projection Theory
An auxiliary view is an orthographic view that is pro-

jected onto any plane other than one of the six principal 

views. Figure 13.1A shows three principal views of an ob-

ject. Surface ABCD is an inclined plane and is therefore 

never seen in true size or shape in any of these views. 

In a multiview drawing, a true size and shape plane is 

shown only when the line of sight (LOS) used to cre-

ate the view is perpendicular to the projection plane. To 

show the true size and shape of surface ABCD, an aux-

iliary view can be created by positioning a line of sight 

perpendicular to the inclined plane, then constructing 

the new view (Figure 13.1B). Two methods of creating 

auxiliary views are the fold-line method and the refer-
ence plane method. These are discussed in the following 

sections.

Practice Exercise 13.1
On a fl at surface, place a small object that has an inclined 

plane, such as the part shown in Figure 13.1. Determine the 

principal views for this object for a three-view multi view 

drawing. Position a rigid, clear plastic sheet in front of and 

parallel to a principal view such that the inclined plane ap-

pears foreshortened. Using a water-soluble color marker, 

trace the outline of the inclined surface on the clear plastic 

sheet. Then, position the clear plastic sheet in front of and 

parallel to the inclined surface. Trace the outline of the in-

clined surface on the clear plastic sheet. Use a ruler to mea-

sure the perimeters of the two views of the inclined surface. 

Explain why the distances are not equal.

13.1.1 Fold-Line Method

In Figure 13.2 on the next page, the object is suspended 

in a glass box to show the six principal views, created 

by projecting the object onto the planes of the box. The 

box is then unfolded, resulting in the six principal views. 

However, when the six views are created, surface ABCD 

never appears true size and shape; it always appears ei-

ther foreshortened or on edge.

Figure 13.3 on the next page shows the object sus-

pended inside a glass box, which has a special or auxiliary 
plane that is parallel to inclined surface ABCD. The line 

of sight required to create the auxiliary view is perpen-

dicular to the new projection plane and to surface ABCD. 

Figure 13.1

Auxiliary view
An auxiliary view of an inclined plane is not one of the principal views.
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654 PART 2  Fundamentals of Technical Graphics

The auxiliary plane is perpendicular to and hinged to the 

frontal plane, creating a fold line between the front view 

and the new auxiliary view.

In Figure 13.4, the auxiliary glass box is unfolded, 

with the fold lines between the views shown as phan-

tom lines. In the auxiliary view, surface ABCD is shown 

true size and shape and is located at distance M from 

the fold line. The line A–D in the top view and right 

side view is also located at distance M from its fold line. 

Changing the position of the object, such as moving it 

closer to the frontal plane, changes distance M (Fig-

ure 13.5).

13.1.2 Reference Plane Method

The reference plane method of creating an auxiliary view 

is simply a variation of the fold-line method. The refer-

ence plane method is a technique that locates a plane 

relative to the object, instead of suspending the object in 

a glass box. This single plane is then used to take mea-

surements to create the auxiliary view. In Figures 13.3 

and 13.4 the frontal plane of projection is the frontal fold 

line in the multiview drawing that is used to construct the 

auxiliary view. This fold line is used as a reference plane 

for transferring distances from the top view to the aux-

iliary view. The reference plane can be positioned any-

where relative to the object, as shown in Figure 13.6. In 

Figure 13.6A, the reference plane coincides with the front 

Back View

Bottom View

Top View

 Front View

Right S
ide View

A

B

D

C

D,C

A, B

A

B

C

D
A

B

C

D

B, A

C, D

D

B

A

Left Side View
C

Back View Left Side View Right Side View

Top View

Front View

Bottom View

Figure 13.2

Object in glass box, and resulting six views when the box is unfolded

Bottom View

B, A

C, D

D

B

A C

A

B

C

D

Top View

 Front View

Right S
ide View

Left Side View
Back View

A

B

D

C

A

B
C

D

A

B

C

D

Auxilia
ry View

Line of Sight

D,C

A, B

Figure 13.3

Object in glass box with special auxiliary plane

ber28376_ch13.indd   654ber28376_ch13.indd   654 1/2/08   3:11:47 PM1/2/08   3:11:47 PM



To
p 

V
ie

w

Aux
ilia

ry
 V

iew

Right Side ViewFront View

M

M

M

Fold Lines

B C

A D

A

B

C

D

A B

CD

Figure 13.4

Unfolding the glass box to create an auxiliary view of the 
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Object distance from fold line
Object distance from the frontal plane determines the distance 
from the fold lines in the right side, auxiliary, and top views.
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object.
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656 PART 2  Fundamentals of Technical Graphics

surface of the object, so it appears on edge in the top and 

auxiliary views and is drawn as a line. The reference line 

is then used to take measurements that are transferred 

from the top view to the auxiliary view.

The advantage of the reference plane method is that, if 

positioned correctly, it can result in fewer measurements 

when constructing auxiliary views. When using reference 

planes or fold lines always remember the following:

 1. Reference or fold lines are always drawn perpen-

dicular to the projection lines between the views.

 2. Transfer measurements are always taken parallel 

to the projection lines and perpendicular to the ref-

erence or fold lines.

 3. Reference planes always appear on edge as a line 

in the views adjacent to the central view but never 

in two adjacent views.

 4. Distances from the object to the reference or fold 

lines in the auxiliary view and the measuring view 

are the same.

13.2 Auxiliary View Classifi cations
Auxiliary views are created by positioning a new line 

of sight relative to the object. It is possible to create any 

number of successive auxiliary views, including a new 

auxiliary view from an existing auxiliary view. There-

fore, auxiliary views are fi rst classifi ed as: primary, sec-

ondary, or tertiary (Figure 13.7).

A primary auxiliary view is a single view projected 

from one of the six principal views.

A secondary auxiliary view is a single view projected 

from a primary auxiliary view.

A tertiary auxiliary view is a single view projected from 

a secondary or another tertiary auxiliary view.

Auxiliary views are also classifi ed by the space di-

mension shown in true size in the primary auxiliary view. 

For example, the auxiliary view shown in Figure 13.5 is 

classifi ed as a depth auxiliary because the depth dimen-
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Primary, secondary, and tertiary auxiliary views
The line of sight (LOS) determines the direction of the projection lines used in each auxiliary view.
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  CHAPTER 13  Auxiliary Views 657

sion is shown true length. Auxiliary views projected from 

the top view are classifi ed as height auxiliary views (Fig-

ure 13.7). Auxiliary views projected from a profi le view 

are classifi ed as width auxiliary views. (See Figure 13.10 

on page 662.)

13.2.1 Reference or Fold-Line Labeling Conventions

The labeling convention for the reference or fold lines in 

auxiliary view construction can vary. However, the labels 

are normally descriptive in nature. For the example in 

Figure 13.7, the fold line located between the front and 

top views is labeled T–F, where the F means front and the 

T means top. The fold line located between the top and 

the primary auxiliary view is labeled T–1, where T is for 

the top view and 1 represents the fi rst auxiliary view. Al-

ternatively, the fold lines can be labeled by the projection 

planes. Since the horizontal projection plane contains the 

top view, the alternate labeling would be H–F and H–1.

The fold line located between the primary (i.e., fi rst) 

and secondary auxiliary views is labeled 1–2. Similarly, 

the fold line between the secondary and tertiary auxiliary 

views is labeled 2–3.
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Constructing a depth auxiliary view to determine the true size and shape of the inclined surface
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13.2.2 Depth Auxiliary View

A depth auxiliary view is projected from the front view, 

and the depth dimension is shown true length. Figure 13.8 

shows an auxiliary view that is projected from the front 

view of an object, using the fold-line method. Since plane 

ABCD is an inclined plane in the principal views, an aux-

iliary view is needed to create a true-size view of that 

plane. A depth auxiliary view of plane ABCD is created 

as described in the following steps.

Constructing a depth auxiliary view
Step 1. Given the front, top, and right side views, draw fold 

line F–1 using a phantom line parallel to the edge view 

of the inclined surface. Place line F–1 at any convenient 

distance from the front view.

Step 2. Draw fold line F–H between the front and top views. 

Line F–H should be perpendicular to the projectors be-

tween the views and at a distance X from the rear edge 

of the top view. Draw fold line F–P between the front and 

right side views, perpendicular to the projectors between 

the two views and at the distance X from the rear edge of 

the right side view. The distance from fold line F–H to the 

top view must be equal to the distance from fold line F–P 

to the right side view. Draw parallel projectors between 

the principal views, using construction lines.

Step 3. Project the length of the inclined surface from the 

front view to the auxiliary view, using construction lines. 

The projectors are perpendicular to the edge view and 

projected well into the auxiliary view from corners A,B 

and D,C.

Step 4. Transfer the depth of the inclined surface from 

the top view to the auxiliary view by fi rst measuring the 

perpendicular distance from fold line H–F to point C at 

the rear of the top view. This is distance X. Measure this 

same distance on the projectors in the auxiliary view, 

 

Illuminating the Future with Autodesk Inventor™

Time was when unimaginative and unsuitable lighting 

drove customers to take items outside shops so that they 

could be sure of the color before purchasing. Micro-

lights Limited, the British designer and manufacturer of 

lighting solutions for the international retail, hotel, and 

leisure market changed all that. In business since 1984, 

the United Kingdom-based company has built an im-

pressive reputation for technical and performance lead-

ership. Microlights creates innovative lighting designed 

to reveal true colors; cost-effective, energy-effi cient, and 

low-maintenance lighting to encourage shoppers to ex-

plore the whole store. Customers include Harrods, Jae-

ger, and Thomas Cook Global and Financial Services.

3D Design Comes of Age

Lighting design involves much more than a base, a bulb, 

and a shade. The lighting market is very subjective and 

highly competitive. Companies succeed only with the 

right balance of creativity, engineering, and value. To 

stay competitive, Microlights has been a long-term user 

of computer-aided design. They used Autodesk’s Auto-

CAD® software for 2D design and recaently decided to 

move to 3D. Microlights evaluated PTC and Autodesk 

products in a real design scenario. Each supplier was 

asked to produce complete 3D design and documenta-

tion for an 18-part luminaire from 2D drawings already 

created by the company. The lamp-head comprised the 

complete assembly of refl ector, various standard parts 

and fastenings, castings and moldings, and glass. Full 

Microlights Limited

Microlights are used in a Thomas Cook outlet

(Courtesy of Microlights.)
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measuring from fold line F–1. The measurement used 

to locate point C could have been taken from the profi le 

view.

Step 5. From point C in the auxiliary view, draw a line per-

pendicular to the projectors. Depth dimension Y is trans-

ferred from the top view by measuring the perpendicular 

distance from fold line H–F to point A (or D) in the top 

view and transferring that distance to the auxiliary view 

along the projectors perpendicular to fold line F–1. Draw 

a line at the transferred point A (or D) in the auxiliary view, 

perpendicular to the projectors.

Step 6. To complete the auxiliary view of the inclined sur-

face, darken lines A–B and D–C.

Only the inclined plane has been drawn in the auxiliary 

view; the rest of the object is not represented. When only 

the feature of interest is drawn in an auxiliary view and 

not the whole object, the view is called a partial auxiliary 

view. Most auxiliary views will be partial. Also, hidden 

features are not shown unless absolutely necessary.

13.2.3 Height Auxiliary View

A height auxiliary view is an auxiliary view projected 

from the top view, and the height dimension is shown 

true length. Figure 13.9 on page 661 shows an auxiliary 

view that is projected from the top view of an object, us-

ing the fold-line method. Since surface ABCD is an in-

clined plane in the principal views, an auxiliary view is 

needed to create a true-size view of that surface. A height 

auxiliary view is created as described in the following 

steps.

documentation included general arrangements, visual-

izations, parts drawings, standard part drawings, and 

assembly drawings. Suppliers were given just two days 

to complete the task. Autodesk Inventor™ software was 

selected hands down.

“It is just so easy to use,” says Colin Davies, Engi-

neering Manager at Microlights. “It’s like designing on 

a canvas and it works in the same way that designers 

think.”

Inventor’s ease-of-use has been refl ected in the mini-

mal training requirements at Microlights. Training will 

never be eliminated completely since there is always a 

need to lay down a proper foundation for effective use 

of any system. But for Microlights this was achieved 

with a 2-day foundation course for each member of the 

design team, supplied by one of Autodesk’s specially 

accredited MCAD Plus resellers.

“Inventor helps you develop good design disciplines, 

especially in part numbering and bill-of-material,” adds 

Davies. The Autodesk Inventor part numbering system 

is highly fl exible. A wide range of data can be attributed 

to an individual part, selectively displayed, and used to 

create a bill-of-materials.

One Model Is Worth 1,000 Words

With 3D visualizations, customers can better relate to 

the designs the company produces and can grant design 

approval without seeing physical prototypes. In fact, 

Autodesk Inventor’s visualization capabilities are so ef-

fective that the company intends to cease production of 

printed product brochures. Instead, Inventor-produced 

images will be published either to the Web or on CD. 

Products will be presented more quickly to custom-

ers and hard-copy publication costs and timescales are 

reduced.

Teamwork and Communication 
for Competitive Advantage

Autodesk Inventor enables true collaborative engineer-

ing, allowing the design group to work as team, ac-

cessing the same model at the same time. But the value 

of the product extends beyond the design department. 

Communication with other parts of the organization 

has improved signifi cantly, too. Now new departments 

have access to the virtual prototypes before committing 

to material purchase or production setup and packag-

ing. New designs are brought to market faster than ever 

before, at lower cost and with higher quality, further 

strengthening Microlights’ competitive position. Ac-

cording to Davies, “We have halved development times, 

with similar savings in other parts of the process, too.” 

As well as creating new designs, the company’s stan-

dard parts catalogue is being added to the system. Out 

of over 200 parts, 2 new designers have added 50 in less 

than 2 months. Autodesk Inventor has truly made light 

work for Microlights.

(Reproduced with permission of Autodesk, Inc. © 2005–2007. All rights 

reserved.)
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660 PART 2  Fundamentals of Technical Graphics

Constructing a height auxiliary view
Step 1. Given the front, top, and right side views, draw fold 

line H–1 using a phantom line parallel to the edge view 

of the inclined surface. Place the line at any convenient 

distance from the top view.

Step 2. Draw fold line H–F between the front and top 

views, perpendicular to the projectors between the views 

and at a distance X from the bottom edge of the front 

view. Draw fold line H–P between the top and right side 

views, perpendicular to the projectors between the views 

and at the same distance X from the rear edge of the 

right side view. The distance of fold line H–F to the front 

view must equal the distance from fold line H–P to the 

right side view. Draw parallel projectors between each 

principal view, using construction lines.

Step 3. Project the length of the inclined surface from the 

top view to the auxiliary view, using construction lines. 

The projectors are perpendicular to the edge view and 

projected well into the auxiliary view from corners A,B 

and D,C.

Step 4. Transfer the height of the inclined surface from 

the front view to the auxiliary view by fi rst measuring the 

perpendicular distance from fold line H–F to the bottom 

edge of the front view. For this example, point C is mea-

sured at distance X from fold line H–F, and distance X 

is then measured along the projectors perpendicular to 

fold line H–1. From point C in the auxiliary view, draw a 

line perpendicular to the projectors.

Step 5. Height dimension Y is then transferred from the 

front view in a similar manner, measuring the perpen-

dicular distance from fold line H–F to point A (or D) of the 

front view and transferring this distance to the auxiliary 

view, measuring along the projectors perpendicular to 

fold line H–1. From the transferred point A in the auxiliary 

view, draw a line perpendicular to the projectors.

Step 6. Darken lines A–B and D–C to show the true size of 

the inclined surface and to complete the partial auxiliary 

view.

13.2.4 Width Auxiliary View

A width auxiliary view is an auxiliary view projected 

from the profi le view, and the width dimension is shown 

true length. Figure 13.10 shows an auxiliary view that is 

projected from the profi le view of an object, using the 

fold-line method. Since plane ABCD is an inclined plane 

in the principal views, an auxiliary view is needed to cre-

ate a true-size view of the plane. A width auxiliary view 

is created as described in the following steps.

Constructing a width auxiliary view
Step 1. Given the front, top, and left side views, draw fold 

line P–1 using a phantom line parallel to the edge view 

of the inclined surface. Place the line at any convenient 

distance from the profi le view.

Step 2. Draw fold line F–P between the front and profi le 

views, perpendicular to the projectors between the views 

and at a distance X from the left edge of the front view. 

Draw fold line H–P between the top and profi le views, 

perpendicular to the projectors between the views, and at 

a distance X from the rear edge of the top view. The dis-

tance from fold line H–P to the top view must equal the 

distance from fold line F–P to the front view. Draw parallel 

projectors between each view, using construction lines.

Step 3. Project the length of the inclined surface from the 

profi le view to the auxiliary view, using construction lines. 

The projectors are perpendicular to the edge view and 

projected well into the auxiliary view from corners A,B 

and D,C.

Step 4. Transfer the width of the inclined surface from the 

front view by fi rst measuring the perpendicular distance 

from fold line P–F to the left side of the front view. For 

this example, point B is measured at distance X from 

fold line P–F and is then transferred to the auxiliary view 

along the projectors perpendicular to fold line P–1. From 

point B in the auxiliary view, draw a line perpendicular to 

the projectors.

Step 5. Width dimension Y is then transferred from the 

front view in a similar manner, measuring the perpen-

dicular distance from fold line P–F to point A (or D) of the 

front view and transferring this distance to the auxiliary 

view along the projectors perpendicular to fold line P–1. 

From the transferred point A in the auxiliary view, draw a 

line perpendicular to the projectors.

Step 6. Darken lines A–B and C–D to show the true size 

of the inclined surface to complete the partial auxiliary 

view.

13.2.5 Partial Auxiliary Views

In auxiliary views, it is normal practice not to project hid-

den features or other features that are not part of the in-

clined surface. When only the details for the inclined 

surface are projected and drawn in the auxiliary view, the 

view is called a partial auxiliary view. A partial auxiliary 

view saves time and produces a drawing that is much more 

readable. Figure 13.11 on page 663 shows a partial and a 

full auxiliary view of the same object. The full auxiliary 

view is harder to draw, read, and visualize. In this exam-
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  CHAPTER 13  Auxiliary Views 661

ple, some of the holes would have to be drawn as ellipses in 

the full auxiliary view. Sometimes a break line is used in 

a partial auxiliary view. When drawing break lines, do not 

locate them coincident with a visible or hidden line.

13.2.6 Half Auxiliary Views

Symmetrical objects can be represented as a half auxiliary 
view; that is, only half of the object is drawn. Construction 

of a half auxiliary view is the same as described earlier for 

full auxiliary views. Figure 13.12 on page 663 shows an 

object that could be represented in a half auxiliary view.

13.2.7 Curves

Figure 13.13 on page 664 shows a cylindrical part that is 

cut by an inclined plane. The resulting surface is an el-

lipse that can only be shown true size and shape with an 

auxiliary view. The process for drawing curves in an aux-

iliary view is described in the following steps.
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Constructing a partial height auxiliary view of an inclined surface
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662 PART 2  Fundamentals of Technical Graphics

Constructing a curve in an auxiliary view
Step 1. In the right side view, locate a reference plane at 

the vertical center of the cylinder. The reference plane 

will be coincident to the axis of the cylinder and is there-

fore shown as an edge view in the right side view. The 

reference plane is located in the center so that all dimen-

sions can be located on either side of the corresponding 

reference plane in the auxiliary view.

Step 2. Locate the edge view of the reference plane in the 

auxiliary view by drawing a line parallel to the edge view of 

the ellipse and at any convenient distance from that edge. 

The reference plane will coincide with the location of the 
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Figure 13.10

Constructing a partial width auxiliary view of an inclined surface

major axis of the ellipse. The location of the reference 

plane should leave suffi cient room for the auxiliary view to 

be plotted without running into any of the multiviews.

Step 3. Plot points along the circumference of the circle 

in the right side view, and project these points onto the 

edge view of the ellipse in the front view. Number the 

points to assist in plotting the corresponding points in 

the auxiliary view.

Step 4. Project the points from the ellipse edge view in 

the front view through the reference plane in the auxil-

iary view. The projectors should be perpendicular to the 

edge view and the reference plane. The projector from 

the point for the center line of the cylinder in the front view 
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coincides with the minor axis of the ellipse in the auxiliary 

view. Measure and transfer the depth dimensions from 

the right side view to the projectors in the auxiliary view.

Step 5. Using a French curve, connect the points to create 

the true size and shape of the curved surface.

13.2.8 Auxiliary Views Using CAD

Auxiliary views can be created with 2-D CAD using the 

same basic steps outlined in this chapter. Commands such 

as PARALLEL, PERPENDICULAR, and SNAP are use-

Historical Highlight
Doug Engelbart (1925– )

Doug Engelbart has been called a true visionary, a man who 

sees the future, and a man ahead of his time. This is be-

cause he had a great deal to do with the way in which com-

puters are used today. He was able to see their potential 

long before anyone could dream how important they would 

become.

Engelbart was born and raised in Oregon during the 

Great Depression and went to school at Oregon State Uni-

versity to study electrical engineering. His education was 

interrupted by World War II. The Navy recruited him as an 

electronic/radar technician. When the war was over, he went 

back to school to get his degree and got a job at NACA Ames 

Laboratory (the forerunner of NASA). It was during this time 

that he started to realize the potential of the computer and 

enrolled in graduate school at U.C. Berkeley. He earned his 

Ph.D., but the academic world was not quite ready for his 

new ideas, so he left his position as an associate professor 

and went to the Stanford Research Institute (SRI).

It was at SRI that Engelbart would start to work toward 

implementing his ideas. He had come up with the theory 

that the world was becoming increasingly complex and that 

great changes were going to be needed to meet this com-

plexity. Tools would be needed to, as he termed it, “aug-

ment the human intellect.” The computer was an important 

one of these tools, as was the mouse, a tool that Engelbart 

developed at SRI.

When Engelbart was able, he started his own research 

facility called the Augmentation Research Facility. There En-

gelbart developed many tools that we use today, such as 

hypertext, multiple windows, integrated hypermedia, e-mail, 

teleconferencing, and many more. The NLS (oNLineSystem) 

was also developed at the Augmentation Research Facility. 

Engelbart’s facility was networked in 1967 to all Defense Ad-

vanced Research Projects Agency (DARPA) sponsored labs, 

which resulted in ARPANET, the forerunner of the Internet.

In 1989 Englebart formed the Bootstrap Institute to help 

continue his mission of preparing institutions to meet the in-

creasing complexity of the world in which we live. He contin-

ues his work to this day by giving workshops and seminars, 

consulting, and writing. Doug Engelbart had many useful 

ideas in the past and may yet have many more to come. The 

computer would not be the same without him.
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Figure 13.12

A half auxiliary view of a symmetrical feature
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F
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Figure 13.11

A full auxiliary view, including hidden lines, and a partial 
auxiliary view with no hidden lines
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664 PART 2  Fundamentals of Technical Graphics

ful in creating auxiliary views. Some 2-D CAD systems 

can rotate their grids so that they are parallel to the pro-

jectors, which makes the creation of auxiliary views much 

easier. With 3-D CAD, it is possible to create an auxiliary 

view by changing the viewing direction to be perpendic-

ular to the inclined or oblique surface of interest. Many 

3-D CAD systems allow you to defi ne this view by select-

ing the surface or edges that lie in the same plane. This 

view can be saved and then added to the multiview draw-

ing of the part. When an auxiliary view is created from a 

3-D model, a full auxiliary view can be created in a much 

shorter time than using traditional means.

13.3 Auxiliary View Applications
Auxiliary views are used to determine the true size 

and shape of features that would appear foreshort-

ened in any of the principal views. The applications for 

auxiliary views can be grouped into the following fi ve 

areas:
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Figure 13.13

Constructing a curve in an auxiliary view

■ Reverse construction
■ True length of a line
■ Point view of a line
■ Edge view of a plane
■ True size of a plane

Detailed descriptions of lines and planes are found in 

Chapter 14.

13.3.1 Reverse Construction

For some objects, an auxiliary view must be created be-

fore a principal view can be drawn, using a technique 

called reverse construction. Figure 13.14 shows an ex-

ample of such a part. The inclined plane cannot be drawn 

in the right side view unless the auxiliary view is drawn 

and the measurements are transferred. For example, the 

hole in the part is drawn fi rst in the auxiliary view, then 

measurements are taken from it and those measurements 

are transferred to the right side view, creating the ellipti-

cal view of the hole.
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  CHAPTER 13  Auxiliary Views 665

13.3.2 View in a Specifi ed Direction: Point View of a Line

Auxiliary views can be used to draw a view in a specifi ed 

direction. To create a view of an object in a specifi ed di-
rection, fi nd the point view of the line of sight. (See Sec-

tion 14.5.4.) Figure 13.15 shows the top and front views 

of an object, with arrow AB indicating the desired view. 

Arrow AB becomes the line of sight for the desired view.

Constructing a view in a specifi ed direction
Step 1. For the example in Figure 13.15, the line indicating 

the specifi ed direction in the front and top views is an 

oblique line. This means that the true direction of the line 

must be found before a point view can be created. This 

is done by creating an auxiliary view that is perpendicu-

lar to the line, from either the top or front view. For this 

example, the line of sight in the top view is chosen. Pro-

jection lines are drawn perpendicular to the line of sight. 

A
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2

2,1
12

F
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Figure 13.14

Reverse construction technique
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Figure 13.15

Constructing a view in a specifi ed direction: point view of a line
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666 PART 2  Fundamentals of Technical Graphics

Draw reference plane H–1 perpendicular to these projec-

tors. From each corner of the object in the top view, draw 

projectors into the auxiliary view, perpendicular to refer-

ence plane H–1. Draw projection plane H–F between the 

front and top views, perpendicular to projectors between 

those views. Number each corner of the block to assist 

in the drawing of the auxiliary view.

Step 2. Measure the perpendicular distances from ref-

erence plane H–F to each point of the object and line 

A–B in the front view. Transfer these distances along 

the projectors in auxiliary view 1 from reference plane 

H–1. Number each point in view 1 and connect them 

with lines, creating a new view of the object. Line 1–5 is 

drawn as a dashed line in the auxiliary view, because it 

is a hidden feature. The line of sight A–B is also shown in 

true length in view 1.

Step 3. Find the point view of line A–B by drawing a pro-

jector parallel to it in view 1. Project all points in view 1 

parallel to the projector for line A–B, into a new auxiliary 

view called view 2. Draw a new reference plane perpen-

dicular to the projectors and label it 1–2.

Step 4. In the top view, measure the perpendicular dis-

tances from reference plane H–1 to each point. Transfer 

these distances along the projectors in view 2 from refer-

ence plane 1–2. Number each point in the new view and 

connect them with lines. This creates the desired view in 

the specifi ed direction, that is, the direction of the arrow 

AB. The line of sight A–B will appear as a point in this 

view. Lines 1–6, 6–7, and 6–10 are hidden features and 

are represented as dashed lines.

13.3.3 Dihedral Angles

A dihedral angle is the angle between two planes. De-

termining the true measurement of a dihedral angle is 

a common application for auxiliary views. To draw and 
measure the angle between two planes, create a point 
view of the line of intersection between the two planes.

Determining the true measurement of a dihedral angle
The following steps describe how to fi nd the true angle be-

tween surfaces A and B in Figure 13.16.

Step 1. Line 1–2 is the line of intersection between sur-

faces A and B. Line 1–2 is true length in the top view; 

Step 1 Step 2 Step 3

2

Not a

 True Angle

1

A
B

LO
S

H

F
D

1

A B

2

H
I

H
F

H
I
True Angle
Auxiliary

View

D

D

1

A B

2

2,1

Figure 13.16

Determining the true measurement of a dihedral angle

ber28376_ch13.indd   666ber28376_ch13.indd   666 1/2/08   3:11:52 PM1/2/08   3:11:52 PM



  CHAPTER 13  Auxiliary Views 667

Create a 3-view and auxiliary view of the given object on 

the square grid.

Pract ice Problem 13.1
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668 PART 2  Fundamentals of Technical Graphics

therefore, a point view of that line can be found by creat-

ing an auxiliary view using projectors parallel to that view 

of the line.

Step 2. Draw the fold line H–1 perpendicular to line 1–2, at 

any convenient distance from the top view. Draw the fold 

line H–F between the front and top views such that it is 

perpendicular to the projectors between the two views, 

at any convenient distance. 

Step 3. Measure the perpendicular distances in the front 

view from fold line H–F, and transfer those distances to 

the projectors in the auxiliary view, measuring from fold 

line H–1. This creates a new view of the object, and the 

true angle between planes A and B can be measured in 

this new view.

13.3.4 Successive Auxiliary Views: True Size of 

Oblique Surfaces

An infi nite number of auxiliary views can be created from 

any given view. In Figure 13.17 the arrows surrounding 

the primary auxiliary view indicate just some of the lines 

of sight that can be used to create other auxiliary views, 

and with each new auxiliary view, others can be created. 

Successive auxiliary views are multiple auxiliary views 
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Top
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2,71,6

5,10 4,9

3,8
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5,1 4 3,2

10,6 9 8,7

H

1

10

6

1

7

2

34
9,5

8

6 1
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1
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2
3

3

2
1

547

8

9 10

6

Tertiary

F

Figure 13.17

Creating successive auxiliary views
The blue arrows surrounding the primary view indicate a few of the possible lines of sight that can be used to generate successive 
views.
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  CHAPTER 13  Auxiliary Views 669

of an object created by projecting from previous auxil-

iary views. Figure 13.17 shows the front and top principal 

views and three successive auxiliary views of an object.

Successive auxiliary views can be used to draw an 

oblique surface in true size and shape. The fi rst step is to 

construct a new view from one of the principal views, par-

allel to a true-length line of the oblique plane. In this new 

view, the oblique surface will be an edge. A secondary 

auxiliary view is then created, perpendicular to projectors 

from the edge view of the oblique surface, and the second-

ary view shows the true size and shape of the surface.

The following steps describe how to create a true-size 

view of the oblique surface in Figure 13.18.

Constructing successive auxiliary views to determine 
the true size of an oblique surface
Step 1. For the fi rst auxiliary view, place the line of sight 

parallel to a true-length line of the oblique surface, in one 

of the principal views. For this example, side A–B of the 

oblique triangular surface ABC is a true-length line in the 

top view. Draw a projector from point B, parallel to line 

A–B. Draw a line parallel to this projector, from point C. 

Draw reference plane H–1 perpendicular to these pro-

jectors. Place another reference plane H–F between the 

front and top views, perpendicular to the projectors be-

tween the two views.

In the front view, measure the perpendicular dis-

tances from reference line H–F to points A and C. Trans-

fer these measurements to the auxiliary view, mea-

suring along the projectors, from reference line H–1. 

This will produce an edge view of the oblique surface, 

labeled B, A–C.

Step 2. Create a secondary auxiliary view by projecting 

lines from points A, B, and C, perpendicular to the edge 

view of the surface. Draw a reference line 1–2, perpendic-

ular to these projectors. Measure the perpendicular dis-

tances from reference line H–1 to points B, A, and C in the 

top view. Transfer these measurements to the secondary 

auxiliary view, measuring along the projectors, from refer-

ence line 1–2. Darken lines A–B, B–C, and C–A, to pro-

duce a true-size view of the oblique surface ABC.

1
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Figure 13.18

Constructing successive auxiliary views to determine the true size of an oblique surface
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670 PART 2  Fundamentals of Technical Graphics

Practice Exercise 13.2
Using an object with an oblique surface, look at the object 

from the three principal views. How is the oblique surface 

seen in the three views? Is it ever seen in true size? Is it ever 

seen as an edge view? Rotate the object to get an edge 

view of the oblique surface. Then rotate the object 90 de-

grees about one of the edges bounding the oblique surface 

to obtain a true-size view of the surface.

13.4 Summary
Auxiliary views are a type of orthographic projection 

used to determine the true size and shape of inclined and 

oblique surfaces of objects. Normally, auxiliary views are 

projected from existing principal views. However, auxil-

iary views can also be drawn fi rst and then used to create 

a principal view. This is done when a true measurement 

can only be obtained by an auxiliary view and that mea-

surement is needed in order to create a principal view. 

This technique is called reverse construction. Any num-

ber of auxiliary views of an object can be created. Suc-

cessive auxiliary views can be created by projecting from 

an existing auxiliary view.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Visualization Exercises
■ Graphics in Motion

Questions for Review
 1. Defi ne auxiliary views.

 2. Defi ne primary, secondary, and tertiary auxiliary 

views.

 3. Defi ne width, height, and depth auxiliary views.

 4. Explain how to fi nd a view in a specifi ed direction.

 5. What is a partial auxiliary view?

 6. List the fi ve applications for auxiliary views.

 7. Describe how to fi nd the true angular measurement 

for a dihedral angle.
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P r o b l e m s

 13.1 Using instruments or CAD, sketch or draw the two 

given views and a partial auxiliary view of the in-

clined surfaces in Figure 13.19.

 13.2 Using instruments or CAD, sketch or draw the two 

given views and a complete or partial auxiliary 

view of the inclined surfaces in Figure 13.20.

 13.3 Using instruments or CAD, sketch or draw the nec-

essary views, including a complete auxiliary view 

(Figures 13.21 through 13.46).

(1) (2) (3)

(6)(5)(4)

(7)

Figure 13.19

Objects with inclined surfaces and multiviews for Problem 13.1

P r o b l e m s

  CHAPTER 13  Auxiliary Views 671
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(2) (3)

(6)(4)

(7) (9)

(12)

(1)

(5)

(8)

(11)(10)

Figure 13.20

Multiviews for Problem 13.2
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(14) (15)

(18)(16)

(19) (20) (21)

(24)(23)(22)

(13)

(17)

Figure 13.20

Multiviews for Problem 13.2 (Continued)
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V-block
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Angle jig
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Angle connector
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T-slot

682

ber28376_ch13.indd   682ber28376_ch13.indd   682 1/2/08   3:11:56 PM1/2/08   3:11:56 PM



Figure 13.47

Dovetail angle slide

3-D Solid Part Models and Auxiliary View 
from Technical Sketches
The technical sketches in Figures 13.47 through 13.53 con-

tain inclined and oblique surfaces and features that may re-

quire auxiliary views, to show true sizes and shapes. Con-

struct accurate, fully constrained 3-D solid part models for 

each. Any available parametric solid modeling software 

may be used. As required with your solid modeling soft-

ware, determine the appropriate method to creating, rotat-

ing, and positioning compound angle datum/construction 

planes needed to correctly model inclined and oblique sur-

faces and features. Refer to Chapter 9 Three-Dimensional 
Modeling as needed for a review of construction or datum 

plane set up, profi les, and part bodies using standard ex-

trusion, revolution, or lofting methods. Use appropriate 

geometric and dimensional constraints to fully constrain 

each part. Apply 3-D features, such as holes, fi llets, cham-

fers, ribs, and thin wall operations (as required) to create a 

logical, easy to edit history tree.

Use the fi nished part model to generate associated 

multiview drawings containing appropriate drawing 

views to fully describe the part, i.e., front, top, right side, 

and required auxiliary views. As an option, make para-

metric changes to key dimensions and features in the part 

model and use these revisions to the model to update the 

associated multiview drawing.

Problems designated “FOR ASSEMBLY” are de-

signed to be used as parts within 3-D Assembly Models 

contained at the end of chapter problems for Chapter 20 

Working Drawings.

  CHAPTER 13  Auxiliary Views 683

ber28376_ch13.indd   683ber28376_ch13.indd   683 1/2/08   3:11:56 PM1/2/08   3:11:56 PM



Figure 13.48

Angle block B-slot

Figure 13.49

 Angle block N
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Figure 13.51

Holder 2J-METRIC

Figure 13.50

Shaft brace
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Figure 13.52

Corner connector
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Figure 13.53

Particle chamber
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Part T
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Part Three

Descriptive Geometry

Descriptive geometry is the mathematical foundation 

of engineering graphics. 

Part 3 provides the basics 

of descriptive geometry, 

including the important 

concepts of true-length 

lines and true size and shape surfaces, as well as the 

relationships between lines and planes. Part 3 also 

expands on the multiview drawing concepts defi ned in 

Part 2 by describing the types, uses, and construction 

of auxiliary views.

Finally, Part 3 introduces the essential concepts 

of intersections and developments. Intersections are 

created when two geometric forms cross each other. 

An example would be two intersecting cylindrical 

pipes in a plumbing system. Developments are created 

when the surfaces of geometric forms are unfolded 

or laid out on a fl at plane. Examples of developments 

include (1) the layout of ductwork sections for a heating, 

ventilation, and air-conditioning system before the 

sections are cut, bent, and attached to each other 

to form the complete system, and (2) the layout of an 

aircraft fuselage on large, fl at, sheet metal sections 

before it is cut out, bent, and attached to the frame.

Both intersections and developments rely on 

descriptive geometry and auxiliary views for their 

construction, thus demonstrating the application 

of technical graphics fundamentals to real-world 

requirements.

14  Fundamentals of Descriptive Geometry 691

15  Intersections and Developments 716
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691

Chapter Fourteen

Fundamentals 
of Descriptive 
Geometry

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne the theoretical principles of 

descriptive geometry.

 2. Identify and defi ne the direct view, 

revolution, and fold-line methods.

 3. Identify, defi ne, and create principal 

and nonprincipal lines and planes in 

various spatial locations.

 4. Defi ne and create a true-length view 

and point view of a line by the auxil-

iary method.

 5. Identify, defi ne, and create parallel, 

intersecting, and perpendicular lines.

 6. Construct true-length lines in a plane.

 7. Construct an edge view and true-size 

view of a plane by the auxiliary view 

method.

 8. Determine the angle between a line 

and a plane and between two planes.

Introduction
This chapter describes the concepts of de-

scriptive geometry as applied to solving spa-

tial problems. The basic geometric elements 

Nothing great can be accomplished 

without enthusiasm.

—Ralph Waldo Emerson

C
hapter F

ourteen
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692 PART 3  Descriptive Geometry

of points, lines, and planes, used extensively in traditional 

descriptive geometry applications, are defi ned by example 

problems. These 2-D geometric elements can be combined 

with 3-D geometric primitives to solve design problems, 

utilizing 3-D CAD and solid modeling software. Fig-

ure 14.1 illustrates the application of descriptive geometry 

concepts in the design of a chemical plant. For the plant to 

function safely, pipes must be placed to intersect correctly 

and to clear each other by a specifi ed distance, and they 

must correctly intersect the walls of buildings. Descriptive 

geometry is used to solve these types of spatial problems.

14.1 Descriptive Geometry Methods
Descriptive geometry is the graphic representation of the 

plane, solid, and analytical geometry used to describe real 

or imagined technical devices and objects. It is the sci-

ence of graphic representation in engineering design that 

forms the foundation, or grammar, of technical drawings.

French mathematician Gaspard Monge (1746–1818) 

organized and developed the “science” of descriptive ge-

ometry in the late 1700s. Monge used orthographic pro-

jection and revolution methods to solve design problems 

associated with complex star-shaped military fortifi ca-

tions in France. Shortly thereafter, in both France and 

Germany, descriptive geometry became a required part 

of each country’s national education programs. In 1816, 

Claude Crozet introduced descriptive geometry into the 

curriculum of West Point in the United States, and in 1821 

he published Treatise on Descriptive Geometry, the fi rst 

important English writing on descriptive geometry.

Until CAD technology was developed and widely ad-

opted as a graphics tool, three traditional methods were 

used to solve spatial design problems through the applica-

tion of descriptive geometry: the direct view method, the 

revolution method, and the fold-line method. In certain 

cases, one method may be preferred over another because 

of its ease in determining the problem solution. However, 

all three methods are acceptable.

The direct view method is consistent with the use of 

3-D solid modeling to solve spatial problems. In cases 

where another method gives an equally effective or more 

direct solution to a problem, both methods are presented. 

Figure 14.2 illustrates the direct view method to fi nd the 

true size of the inclined plane (view 1). The direct view 

method, sometimes referred to as the natural method, 
places the observer at an infi nite distance from the object, 

with the observer’s line of sight perpendicular to the ge-

ometry (i.e., the object’s major features) in question.

Figure 14.3 illustrates the revolution method of fi nd-

ing the true size of the inclined plane. In this method, the 

geometry, such as a point, line, plane, or entire object, 

is revolved about an axis until that geometry is parallel 

to a plane of projection that will show the true shape of 

the revolved geometry. In the fi gure, an oblique face has 

been revolved to bring it parallel to the profi le plane, in 

which the true shape of that surface is shown. The revolu-

tion method is satisfactory when a single entity or simple 

Figure 14.1

Application for descriptive geometry
The design of a chemical plant uses descriptive geometry meth-
ods to solve spatial problems.

(© Photri, Inc.)

RP
1

RP
1

RP
1

Figure 14.2

Direct view method
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  CHAPTER 14  Fundamentals of Descriptive Geometry 693

geometry is revolved; however, when the geometry is 

complex, this method tends to be confusing.

Figure 14.4 illustrates the fold-line method of fi nding 

the true size of the inclined plane. The fold-line method 

is also referred to as the glass box method, which was 

discussed in Chapters 7, 10, and 13. Using the fold-line 

method, the inclined face is projected onto an auxiliary 

plane that is parallel to the face. The difference between 

this method and the revolution method is that, in the rev-

olution method, the geometry is revolved to one of the 

principal projection planes, while the fold-line method 

uses an auxiliary plane parallel to the desired geometry. 

The auxiliary projection plane is then “unfolded” so that 

it is perpendicular to the line of sight.

CAD technology, specifi cally 3-D solid modeling, al-

lows the use of both the revolution and direct view meth-

ods. The revolution method is the underlying principle for 

the “translation of geometry through rotation” capabilities 

of CAD. It is assumed that the principal projection plane 

to which the geometry revolves is the computer screen.

CAD and solid modeling software also utilize the prin-

ciples of the direct view method. The user can specify the 

view desired, and the CAD system will position the line 

of sight perpendicular to the geometry in question. The 

geometry is consequently parallel to the projection plane 

(i.e., the computer screen).

14.2 Reference Planes
Because of the practical applications to 3-D CAD and 

solid modeling, the direct view method is used here to de-

scribe the various applications of descriptive geometry. 

Although there are differences between the direct view 

method and the fold-line method, either will work for solv-

ing spatial design problems that require the use of descrip-

tive geometry.

In Figure 14.5 on the next page, a reference plane AA 

is illustrated. In Figure 14.5A, the reference plane AA is 

placed on the back of the object. This would place the edge 

view of the reference plane at the rear of the top and pro-

fi le views in the multiview drawing. All measurements are 

taken from this reference plane to specifi c points on the ob-

ject in the multiview. Points 1 through 6 can be measured 

perpendicular from reference plane AA in either the top or 

profi le view by measuring along the Z axis.

The reference plane can be placed anywhere with re-

spect to the object. In Figure 14.5B, it is placed in front 

of the object, which places it between the horizontal and 

front views in the multiview drawing. All measurements 

are taken from this reference plane to specifi c points on 

the object in the front and profi le views. In the position 

shown, the reference plane placed between the horizontal 

and front views is labeled H–F; a reference plane between 

the frontal and profi le planes would be labeled F–P, fol-

lowing the conventions discussed in Chapter 13.

Normally, the edge view of a reference plane is repre-

sented by a phantom line consisting of two short dashes, 

a long dash, and two short dashes, in that order. The use 

of a reference plane between the views allows for the use 

of either the direct view or fold-line method for solving 

descriptive geometry problems.

F

F

H

Figure 14.3

Revolution method

F P

1

F

F

H

Figure 14.4

Fold-line method
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694 PART 3  Descriptive Geometry

Practice Exercise 14.1
For this Practice Exercise, do Problem 14.1 located at the 

end of this chapter.

14.3 Points
A point has no width, height, or depth. A point represents a 

specifi c position in space, as well as the end view of a line 

or the intersection of two lines. The position of a point is 

marked by a small symmetrical cross and is located using 

Cartesian coordinates (Figure 14.6).

14.4 The Coordinate System
Before a graphical solution of a problem can be attempted, 

the relative locations of two or more points must be de-

scribed verbally or graphically from a known reference. 

One of the most generally used reference systems is the 

Cartesian coordinate system, which was described ex-

tensively earlier in this text. (See Section 8.3.) The Carte-

sian coordinate system is the basis for both traditional and 

CAD systems. Any point can be located by describing its 

location with respect to the three axes X,Y,Z (Figure 14.7).

With the Cartesian coordinate system, points are lo-

cated with respect to the origin (0,0,0) and to each other. 

For example, in Figure 14.8 point S is four inches to the 

right, three inches above, and two inches in front of the 

origin (4,3,2). Using orthographic projection, in the top 

view, point S is located four inches to the right and two 

inches in front of the origin, but the height cannot be de-

termined. In the front view, point S is four inches to the 

right and three inches above the origin. In the right side 
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Figure 14.5

Using reference planes
The subscripts used with each number in the multiviews indi-
cate which view the plane is in: F indicates front, H indicates 
horizontal or top, and P indicates profi le or side view.

Y

X

Z

POINT MARKERS

(6,2,-3)
(2,1,0)

Figure 14.6

Graphical representation of a point
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  CHAPTER 14  Fundamentals of Descriptive Geometry 695

view, point S can be located by projecting it from the top 

and front views or by locating it from the origin.

Thus, in any view adjacent to the front view, movement 

toward the front view will always be moving from the back 

to the front of the object. Movement in the front view to-

ward the right side view will always be moving from the 

left to the right side of the object, and movement toward 

the top view in the front view will always be moving from 

the bottom to the top of the object (Figure 14.9). These 

concepts are important when solving spatial geometry 

problems using descriptive geometry.

X = 4

Z = 2

Y = 3

(0,0,0)

+Y

+X

+Z

S

(4,3,2)

Figure 14.7

Cartesian coordinate system

Y = 3

+X

+Z

X = 4
Z = 2

+Y

S

Y = 3

X = 4 Z = 2

XZ

Y

+Y

+X +Z

H

F P
S S

0 H

0 F 0 P
Front Right Side

Top

Left Right Front Back

Up

Down

Back

Front

Figure 14.8

Cartesian coordinates in a multiview drawing
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Y

+Y

+X +Z
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Left Right Front Back

Up

Down

Back

Front

Figure 14.9

Orthographic description using direction

14.5 Lines
A line is a geometric primitive that has no thickness, only 

length and direction. A line can graphically represent the 

intersection of two surfaces, the edge view of a surface, 

or the limiting element of a surface.

Lines are either vertical, horizontal, oblique, or in-
clined. A vertical line is defi ned as a line that is perpen-

dicular to the plane of the earth (horizontal plane). For 

example, in Figure 14.10, line LG is a point in the top 

view and, in the front and side views, point L is directly 

above point G; therefore, line LG is a vertical line.

A line is defi ned as horizontal if all points are at the 

same height or elevation. Figure 14.11 on page 696 shows 

three different instances of line LG being horizontal.

H

F P

L,G

L

G

L

G

Figure 14.10

Multiview representation of a vertical line
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696 PART 3  Descriptive Geometry

Although a line may be horizontal, its position with 

respect to the horizontal plane, as shown in the top view, 

can vary. For both Figures 14.11A and 14.11B, the posi-

tions of the line are such that it is a point in either the front 

or side view. The position of the line in Figure 14.11C de-

scribes the general case where a line lies in a horizontal 

plane and appears true size in the top view.

An inclined line has one end higher than the other (but 

not at 90 degrees). An inclined line can only be described 

as inclined in a front or side view; in the top view, it can ap-

pear in a variety of positions. Figures 14.12A and 14.12B 

show different instances of line LG as an inclined line. 

The positions of the line in Figures 14.12A and 14.12B are 

special positions in that the line is also parallel to the pro-

jection plane, and Figure 14.12C shows the general case of 

an inclined line known as an oblique line.

A true-length line is the actual straight-line distance 

between two points. In orthographic projection, a true-

(A)

H

F P

L,G

L

G

L G

(B)

H

F P

G,L

L G

L G

(C)

H

F P

L

L

G

L G G

Figure 14.11

Multiview representation of horizontal lines

F

H

G H

L H

L F G F

T.L.

Figure 14.13

Multiview representation of a true-length line

length line must be parallel to a projection plane. For 

example, line LG is true length (TL) in the top view of 

Figure 14.13.

A line can also appear as a point, called an end or point 
view. This occurs when the line of sight is parallel to a 

true-length line. The point view of a line cannot be ortho-

(C)

H

F P

L

G

L

G

G

L

(B)

H

F P

L

G

L

G

G L

(A)

H

F P

L

G

L

G

G

L

Figure 14.12

Multiview representation of inclined lines
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F
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1
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POINT VIEW

L 1

G 1

G H

L H

L F

G F

,L 2G 2

T.L.

Figure 14.14

Point view of a line

graphically determined without fi rst drawing the line in a 

true-length position (Figure 14.14).

A principal line is parallel to one of the three princi-

pal projection planes. A line that is not parallel to any of 

the three principal planes is called an oblique line and 

will appear foreshortened in any of these planes.

A frontal line is a principal line that is parallel to, and 

therefore true length in, a frontal plane. A frontal line can 

be viewed true length from either a front or back view 

(Figure 14.15A). A horizontal line is a principal line that 

is parallel to, and therefore true length in, a horizontal 

plane. A horizontal line can be viewed true length from 

either a top or bottom view (Figure 14.15B). A profi le line 

is a principal line that is parallel to, and therefore true 

length in, a profi le plane. A profi le line can be viewed true 

length from either a left or right side view (Figure 14.15C).

14.5.1 Spatial Location of a Line

The spatial location of a line must be determined before 

a graphical representation of the line can be drawn. Lines 

can be located graphically by any one of three different 

methods: Cartesian coordinates, polar coordinates, or 

world coordinates. These coordinate systems are discussed 

in detail in Section 8.3.

14.5.2 Point on a Line

If a point lies on a line, it must appear as a point on that 

line in all views of the line. Figure 14.16 on the next page 

illustrates that point X lies on the line LG, but points Y 

and Z do not. This can be verifi ed by looking in the top 

view, where point Z is in front of the line LG, and in the 

front view, where point Y is above the line LG.

14.5.3 True Length of a Line

A line will appear true length in a view if the line is par-

allel to the plane of projection and the line of sight is per-

pendicular to the projection plane. Confi rmation of paral-

lelism must be obtained by viewing the projection plane 

(A) Frontal Line (B) Horizontal Line (C) Profile Line

H

PF

L

G

L

G

G L

T.L. L G GL

L

T.L.

H

F

G

P

LL

G G

T.L.

H

F

L

P

G

Figure 14.15

Principal lines: frontal, horizontal, and profi le
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698 PART 3  Descriptive Geometry

in an adjacent view. (See Section 10.4.3.) If the line is in-

deed parallel to the projection plane, the line will also be 

parallel to the reference plane’s edge view in the adjacent 

view (Figure 14.17).

Several techniques can be used to fi nd the true length 

of a line. If the line is parallel to one of the principal pro-

jection planes, it can simply be projected onto that plane 

and then measured. If the line is not parallel to a principal 

projection plane, then either the auxiliary view or revolu-

tion method can be used.

Principles of Descriptive Geometry Rule 1:

True-Length Line

If a line is positioned parallel to a projection plane and the 

line of sight is perpendicular to that projection plane, the line 

will appear as true length.

The following steps describe how to use the auxiliary 

view method to determine the true length of a line that is 

not parallel to a principal projection plane.

Historical Highlight
Gaspard Monge

Gaspard Monge, the man known as “the father of descriptive 

geometry,” was an incredibly talented man. He was a math-

ematician, a scientist, and an educator working in physics, 

chemistry, analytical geometry, and, of course, descriptive 

geometry.

Monge was born the son of a poor merchant in eighteenth 

century France. His father managed to help him get a suffi -

cient education and Monge’s talent took him the rest of the 

way. More specifi cally, while he was a student at Mezeres, 

his unique solution to a problem involving a fortress design 

got him promoted from assistant to a full professor. A couple 

years later he was made a professor of mathematics and 

later took over the physics department.

Unfortunately, Monge was not permitted to make his 

unique solution publicly known; it was deemed a military 

secret. He continued to work on the principles he had 

used, and expanded and revised them so that they could 

be used to help solve any technical graphics problem. 

Then, in 1794, Monge helped to found the fi rst modern 

engineering school, Ecole Polytechnique, and was fi nally 

able to teach the principles of descriptive geometry. It was 

during the next year that he published his book Geom-

etrie Descriptive. His work would change technical draw-

ings from what were simple pictures into actual plans or 

engineering drawings.

Source: © Bettman/Corbis

Monge received many awards and honors in his life-

time, but they were all taken away when Louis XVIII 

came to power. Monge had been very loyal to Napoléon 

Bonaparte, and when Napoléon lost power Monge’s ca-

reer was ruined. He died in disgrace in 1818. There is a 

positive note, however. Even after his death, Monge still 

had students and followers who continued his work, over-

seeing further editions of Geometrie Descriptive.

F
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H
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FG

Figure 14.16

Point on a line
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True Length of a Line: Auxiliary View Method
Step 1. Draw an auxiliary projection plane parallel to one 

of the views of the given line (Figure 14.18 on page 700). 

In the example, the edge view of the auxiliary projection 

plane is placed parallel to line LG in the front view and is 

labeled F–1. Construct projection plane H–F between the 

top and front views, perpendicular to the projectors be-

tween the views.

Step 2. From the front view, draw projectors from line LG 

perpendicular to the auxiliary projection plane.

Step 3. In the top view, measure the vertical distances 

from points L and G to projection plane H–F.

Step 4. Transfer these distances to the auxiliary view, mea-

suring from the projection plane F–1 and along the pro-

jectors from the front view.

F

H

PF

A

B

A

B

B

A

A

B

T.L.

A

B

A

B

A B

ADJACENT VIEW

ADJACENT VIEW

PF

F

H

PARALLEL

T.L.

Figure 14.17

True-length line
A true-length line will be parallel to the edge view of the 
plane in the adjacent views.

Step 5. Connect the new points L and G to form line LG. 

In this view, line LG is a true-length line that can then be 

measured directly.

True-length lines are needed when calculating the to-

tal length of material needed for the exhaust system on an 

automobile (Figure 14.19 on page 700).

Revolution Method  It is sometimes more practical to fi nd 

the true length of a line by the revolution method. Fig-

ure 14.20 on page 700 illustrates the technique involved. 

Line LG is revolved around an axis (line LO) that is per-

pendicular to the line of sight and parallel to a projection 

plane. Although there are two positions to which line LG 

can be revolved into its true length, the revolution only al-

ters the spatial position of the line; the size and shape of 

the line do not change. Regardless of the degree of rota-

tion, the true length of the rotated line will be exactly the 

same as the true length of the given line. Use the following 

procedure to develop a true-length line using the revolu-

tion method.

True Length of a Line: Revolution Method
Step 1. Given the top and front views of the line LG in Fig-

ure 14.21 on page 701, rotate point G into an edge view 

of a plane parallel to the frontal plane. (Use a compass or 

measure the length of LG as shown in the top view.)

Step 2. Project the rotated point G from the top view into 

the front view, using a projector perpendicular to the 

edge view of the parallel plane.

Step 3. In the front view, draw a projector from G perpen-

dicular to the projector from the top view. This locates 

the rotated point G in the front view.

Step 4. In the front view, connect point L to the rotated 

point G to produce true length of line LG.

The true length of a line can be found easily if the line 

has been drawn on a CAD system. Most CAD software 

packages have an INQUIRE or similar command that 

allows you to determine the length or distance of a line 

by selecting each end of the line. Other information may 

also be given at the same time, including the angle of the 

line projected on the X–Y plane and the angle off the X–Y 

plane. The X, Y, and Z coordinates of each end of the line 

may also be shown.

CAD can be used to draw a line in a true-length posi-

tion perpendicular to the line of sight. A user-specifi ed 

construction plane is selected and a viewpoint is chosen 

such that the line of sight is perpendicular to that plane. 
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Figure 14.19
Determining the lengths of material for the exhaust system in 
an automobile is an application for true-length lines.
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Revolution of a line
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True length of a line: auxiliary view method
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  CHAPTER 14  Fundamentals of Descriptive Geometry 701

The line is then drawn on the plane. The essential concept 

is that lines or planes can be drawn in true-length posi-

tions on user-specifi ed construction planes that can be lo-

cated in any spatial position.

14.5.4 Point View of a Line

A point view of a line occurs when the line of sight is 

parallel to the line. The back end of the line is directly 

behind the front end. As an example, if the eraser of a 

pencil is viewed head on, the point of the pencil will not 

be seen. Other objects appearing as a “point” include the 

end of a straight piece of pipe, or the axis of a submarine 

viewed from either the front or back (Figure 14.22 on the 

next page).

Point View of a Line: Auxiliary View Method
Step 1. Given the top, front, and true-length auxiliary views 

of a line in Figure 14.22, construct the edge view of refer-

ence plane 1–2 perpendicular to the true-length view of 

Step 1 Step 2

Step 4

Step 3

Frontal View

H

F

Parallel to
frontal
reference
plane

Axis of
revolution

G RH L H H,O

G H

L F

O FG F

H

F

Axis of
revolution

G RH L H H,O

G H

L F

O FG F

H

F

Axis of
revolution

G RH L H H,O

G H

L F

O FG FG RF

Parallel to frontal
reference plane

H

F

True
Length

Axis of
revolution

G RH L H H,O

G H

L F

O FG FG RF

Figure 14.21

True length of a line by revolution
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702 PART 3  Descriptive Geometry

line LG. Construct a line parallel to the true-length view 

of line LG and from point G.

Step 2. In the front view, measure the perpendicular dis-

tances from points L or G to reference plane F–1. Trans-

fer this distance to auxiliary view 1–2, measuring from 

reference plane 1–2, to establish the point view (G,L) of 

line LG.

In orthographic projection, the point view of a line is 

found in a view adjacent to the true-length line view. In 

Figure 14.23, in the front view, the point view of the line 

is labeled L,G because L is closer to the viewer than G, 

the opposite end of the line.

In CAD, a point view of a line can be obtained by plac-

ing the line parallel to one axis in a user-specifi ed construc-

F
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F
1

T.L.

HG

HL

FG

FL

G1

L1

1 2

F
H

F
1

T.L.

HG

HL

FG

FL

G1

L1

1 2

G2,L2

Line of sight parallel
to pencil creates a

point view

Figure 14.22

Point view of a line, auxiliary view method

tion plane and selecting a viewpoint that shows the axis as 

a point. Because the line is parallel to that axis, the desired 

line will also appear as a point, and the user-specifi ed con-

struction plane will appear as an edge (Figure 14.24).

Principles of Descriptive Geometry Rule 2:

Point View of a Line

If the line of sight is parallel to a true-length line, the line 

will appear as a point view in the adjacent view. Corollary: 

Any adjacent view of a point view of a line will show the 

true length of the line.

H

F P

L,G

L

G

L G

T.L.

L

G

L,G

Viewer’s line
of sight.

LG viewed as true
length from this
line of sight.

F

T.L.

Figure 14.23

Line appearing as a point
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G
(0,0,0)

(1.25,0,0)+X
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Viewer’s current
line of sight

L,G

Edge view of plane;
end view of line LG

+Y

+Z

Viewer’seventualline of sight

Current 2-D drawingplane

Figure 14.24

CAD application of a point view of a line
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Figure 14.25

Graphical representation of planes

14.6 Planes
A plane is positioned by locating any three points on the 

plane that are not in a straight line. Theoretically, planes 

are limitless; in actual practice, planes are bounded by 

straight or curved lines. Graphically, planes can be rep-

resented in four ways: (1) two intersecting lines, (2) two 

parallel lines, (3) three points not in a straight line, or (4) a 

point and a line (Figure 14.25).

In orthographic projection, planes can be positioned 

such that they appear as (1) an edge, (2) true size and shape, 

or (3) foreshortened. Planes that are parallel to a principal 

projection plane are called principal planes and appear 

true size and shape. A plane not parallel to a principal pro-

jection plane but perpendicular to one or more is called an 

inclined plane and appears foreshortened in at least one 

principal plane.

14.6.1 Principal Views of Planes

Planes are classifi ed as horizontal, vertical, oblique, or in-

clined. Figure 14.26 on the following page shows the seven 

primary positions of the plane CKBU with respect to the 

three principal views. A horizontal plane always appears 

in true size and shape (TSP) in the top and bottom views, 

and as an edge in the front, back, and profi le views (Fig-

ure 14.26A).

A vertical plane, as shown in Figure 14.26B, C, and 

D, always appears as an edge in the top and bottom views. 

However, it may appear in several ways in the front and 

profi le views. In Figure 14.26B, the vertical plane appears 

as an edge in the front view and is parallel to the pro-

fi le projection plane. In this position, the vertical plane is 

called a profi le plane. A vertical plane can also be paral-

lel to the frontal plane and appear as an edge in the profi le 

view. This is called a frontal plane (Figure 14.26C). Fig-

ure 14.26D illustrates a vertical plane that is not a frontal 

or profi le plane, but it is still vertical because it appears as 

an edge in the top view.

An inclined plane is perpendicular but not parallel to 

a principal projection plane (Figure 14.26D, E, F). An in-

clined plane never appears true size and shape in a prin-

cipal view. A plane that appears as a surface, but is not 

TSP, in all three principal views is called an oblique plane 

(Figure 14.26G).

In the example, the plane always appears as either a 

four-sided surface or an edge. Any view of a plane must 

appear as either a surface or an edge. Any surface view 

of a plane must have a similar confi guration as the plane 
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Common positions of planar surfaces
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(i.e., the same number of sides and a similar shape) (Fig-

ure 14.27).

Principles of Descriptive Geometry Rule 3:

Planar Surface Views

Planar surfaces of any shape always appear either as edges or 

as surfaces of similar confi guration.

14.6.2 Edge View of a Plane

The edge view of a plane occurs when the line of sight is 

parallel to the plane.

Principles of Descriptive Geometry Rule 4:

Edge View of a Plane

If a line in a plane appears as a point, the plane appears as 

an edge.

An oblique plane does not appear as an edge in any 

principal view; therefore, a new view of the oblique plane 

must be constructed showing the oblique plane as an edge. 

This new (auxiliary) view is located by determining the 

view in which a true-length line in the plane will appear 

as a point.

Edge View of an Oblique Plane: Auxiliary View Method
Step 1. In the front view in Figure 14.28 on page 706, line 

XA is drawn in the given plane XYZ and parallel to refer-

ence plane H–F. Point A is projected into the top view, 

and true-length line AX is drawn.

Step 2. Auxiliary view 1 is drawn such that the line of sight 

is parallel to true-length line AX, which will appear as a 

point. Transferring measurements from the front view, 

the given plane will appear as an edge in view 1 because 

point AX is on a line in the plane. The point view of the 

line is labeled A,X because point A is closest to the ob-

server in that view.

14.6.3 True Size of a Plane

A plane is viewed as true size and shape (normal) if the line 

of sight is perpendicular to the plane. An estimation of the 

number of square feet of shingles needed to cover a roof is 

an application of the true-size plane (TSP). Other applica-

tions include calculating the square footage of sheet metal 

(E)

(A) (B)

(D)(C)

Figure 14.27

Similar confi guration of planar surfaces

or the amount of cardboard needed to construct a shipping 

container.

Principles of Descriptive Geometry Rule 5:

True-Size Plane

A true-size plane must be perpendicular to the line of sight 

and must appear as an edge in all adjacent views.
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706 PART 3  Descriptive Geometry

A line of sight that is perpendicular to the plane can 

be determined from an edge view of the plane. In Fig-

ure 14.29, the true size and shape of plane XYZ is 

required.

True Size of a Plane: Auxiliary View Method
Step 1. An edge view of the plane is developed in view 1 

as previously described.

Step 2. A line of sight perpendicular to the edge view of 

the plane forms auxiliary view 2, where the plane XYZ 

is shown as true size and shape. An alternate process 

could be used to develop auxiliary views 1 and 2 from 

the top view, to produce the same result.

14.6.4 Angle between Two Planes

To measure the angle between two planes or surfaces, you 

must construct a view where both planes are on edge.

One example of the angle between surfaces is the wind-

shields on airplanes. Another example is the intersection 

of the two sloping sections of the roof on a house.

The angle between two intersecting planes is deter-

mined in the view in which the line of intersection between 

the two planes is shown as a point. The solution requires 

two auxiliary views.

Determining the Angle Between Two Intersecting 
Planes
In Figure 14.30, planes PLG and LOG intersect at the com-

mon line LG.

Step 1. In view 1, a true length of line LG is constructed, 

along with the complete planes PLG and LOG.

Step 2. In the second view, line LG is shown as point G,L 

and both planes PLG and LOG appear as edges. The 

angle between the two planes is then measured.

14.7 Summary
Descriptive geometry is the science of graphical repre-

sentation and is the foundation of technical drawings. The 

basic geometric elements for solving spatial problems us-

ing descriptive geometry are points, lines, and planes. 

Most spatial problems are solved by constructing true-

length lines, point views of lines, edge views of planes, and 

true-size views of planes.

The fundamental concepts of descriptive geometry are 

applicable to both traditional tools and CAD. These fun-

damentals are in the following tables.
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Figure 14.28

Edge view of an oblique plane, auxiliary view method
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True size of a plane, auxiliary view method
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Determining the angle between two intersecting planes
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708 PART 3  Descriptive Geometry

To Find: Construct:

1. The true-length view of a line A view perpendicular to a given view of that line.

2. The point view of a line The true-length view, then fi nd a view in the direction parallel to that line.

3. The distance between two lines  The end view of either line. This view will show the perpendicular distance in 
 true length.

4. The edge view of a plane An end view of any line in the plane.

5. The shortest distance from a point to a line The end view of the line.

6. The distance from a point to a plane  The edge view of the plane. Construct a perpendicular line from the point to
 the plane. This perpendicular line is the true length of the shortest distance.

7. The true-size (normal) view of a plane  The edge view of the plane. Then construct a view perpendicular to the edge 
 view.

8. The angle between two planes A view that shows the edge view of both planes.

   Method 1: Construct an end view of the line of intersection of the planes.

    Method 2: Construct the normal view of one plane and construct a true-
length line on the second plane in this view.

   Construct a point view of the true-length line.

9. The angle between a line and a plane  A view that shows both the true length of the line and the edge view of the
 plane.

    Method 1: Construct a normal view of the plane. Then construct a true-
length view of the line adjacent to the normal view.

   Method 2: Construct the point view of the line. Then construct an edge view 
of the plane adjacent to the end view of the line.

Descriptive Geometry Tips

If: Then:

1. A line is horizontal  It will appear true length in the top view and horizontal in the front and 
 side views.

2. A line is profi le  It will appear true length in the side view and parallel to edge views of 
 profi le reference planes.

3. A line is frontal  It will appear true length in the front view and parallel to edge views of 
 frontal reference planes.

4. A line appears as a point  Any view adjacent to the point view will be a true-length (normal) view of  
 that line.

5. Two lines are perpendicular  They will appear perpendicular in a view where one of them appears true  
  length. The other line may be shown either true length, foreshortened, 

or as a point, depending on its spatial location.

6. A line is perpendicular to a plane a. It will appear perpendicular to the edge view of the plane.

 b.  It will appear perpendicular to a line in the plane that is true length in 
the same view.

 c. A true-length view of that line will also show an edge view of the plane.

 d.  A point view of that line will show a true-size (normal) view of the 
plane.

7. A line is parallel to another line They will appear parallel in all views.

8. A line is parallel to a plane a. An edge view of the plane will show the line parallel to it.

 b. The line must be parallel to a line in the plane in all views.

9. A plane is parallel to another plane a.  An edge view of one plane will also show an edge view of the other 
plane.

 b.  A true-size (normal) view of the plane will also show a true-size view of 
the other plane.

 c. The planes will intersect a third plane in parallel lines.

10. A plane is perpendicular to another plane A normal view of one plane will show an edge view of the other plane.

11. Two lines intersect  The same point of intersection lies on both of the lines in all views and
 can be projected between the views.

Eleven Descriptive Geometry Facts
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  CHAPTER 14  Fundamentals of Descriptive Geometry 709

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne descriptive geometry.

 2. Who developed the “science” of descriptive 

geometry?

 3. Describe the difference between the direct view, 

revolution, and fold-line methods of descriptive 

geometry.

 4. Defi ne a point.

 5. Defi ne and describe the Cartesian coordinate 

system.

 6. Defi ne a line.

 7. Describe a foreshortened line.

 8. Describe a principal line.

 9. Describe an oblique line.

 10. Describe and defi ne a frontal line.

 11. Describe and defi ne a horizontal line.

 12. Describe and defi ne a profi le line.

 13. Describe and defi ne a true-length line using the fold-

line method.

 14. Describe and defi ne a line appearing as a point.

 15. Defi ne a plane.

 16. What are the three spatial classifi cations of a plane?

 17. Describe and defi ne the three principal views of a 

plane.

 18. List the steps needed to show a plane as an edge 

using the auxiliary view method.

 19. List the steps needed to show a true size of a plane 

using the auxiliary view method.

Further Reading
Pare, E. G., R. O. Loving, I. L. Hill, and R. C. Pare. Descriptive 

Geometry. New York: Macmillan Publishing Company, 1991.

Stewart, S. Applied Descriptive Geometry. Albany, New York: 

Delmar Publishing Company, 1986.

Wellman, B. L. Technical Descriptive Geometry. New York: 

McGraw-Hill Publishing Company, 1987.
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710 PART 3  Descriptive Geometry

P r o b l e m s

 14.1 Use a sheet of stiff, clear plastic as a projection plane 

and a small object containing an inclined surface.

a. Set the object on a table. Hold the projection 

plane perpendicular to your line of sight and 

move around the object until you see the in-

clined surface in its true size and shape. Draw 

the inclined surface on the projection plane with 

a water-based marker. This is an example of the 

direct view method.

 ■  What is the relationship of your line of sight 

to the projection plane? To the inclined sur-

face? What is the relationship between the 

projection plane and the inclined surface?

 ■  What is the relationship between the projec-

tion plane and the other (normal) surfaces of 

the object? From this viewpoint, can you see 

any of the normal surfaces in their true size 

and shape?

b. Hold a different projection plane out in front of 

you and position the object so that you are look-

ing at an edge view of the inclined surface. This 

should be one of the standard views. You should 

see one or more normal surfaces in true size and 

shape. Rotate the object 90 degrees so that the 

inclined surface is seen in its true size and shape. 

Draw the projection of the inclined surface on 

the projection plane. This is an example of the 

revolution method.

  ■  Does the projection you drew look any dif-

ferent from the one you drew in (a)? What is 

the difference between the ways the two views 

were generated?

  ■  What is the relationship between the projection 

plane and the normal surfaces of the object? 

From this viewpoint, can you see any of the 

normal surfaces in their true size and shape?

  ■  When you rotate the object 90 degrees to see 

the inclined surface, imagine pivoting the 

projection plane about an edge on the object. 

Which edge would you use? Place this edge 

of the object against the projection plane and 

pivot the object back and forth between the 

auxiliary and original standard view.

c. Return the projection plane and object to their 

locations at the beginning of (b). Do not erase the 

image drawn on the plane. Instead of rotating the 

object, rotate the projection plane to just above 

and parallel to the inclined surface. Without 

changing your viewpoint, try to imagine what 

you would see if your line of sight were perpen-

dicular to the projection plane. Rotate the plane 

back to its original position. Your original pro-

jection sketch is what you imagined the inclined 

surface would look like. This is an example of 

the fold-line method.

  ■  With the projection plane rotated back, draw 

the standard view next to the inclined sur-

face view you have already drawn. Do any 

of the new surfaces drawn share edges with 

the inclined surface? Highlight the edge(s) in 

contrasting color. What is the relationship of 

these two views of the edge? Is this the edge 

about which you pivoted the projection plane 

in (b)?

  ■  Look back at how you generated the two pro-

jections of the inclined surface. Do the pro-

jections look the same? In which methods did 

the projection plane move? In which did your 

point of view change? In which did the object 

rotate?

 14.2 Use the same setup as Problem 14.1, and use a 

wooden pencil or thin wooden dowel.

a. Place the pencil against the back of the projec-

tion plane and draw the projection of the pencil. 

What is the relationship between the length of 

the line you drew and the length of the pencil? 

This is a true-length line.

b. Rotate the pencil so that one end lifts off the 

projection plane by an inch. Draw the resulting 

projection in a different color. What is the dif-

ference between the two projections? The sec-

ond projection is a foreshortened view. Lift the 

end of the pencil more, draw the projection, and 

compare it with the previous ones.

c. Continue rotating (i.e., lifting one end only, 

thereby rotating it about the other end) until 

the projection has reached its minimum length. 

How long is the projection? What does it look 

like? How much of the pencil is still touching the 

projection plane? This is a point view of the line 
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representing the pencil. From this point view 

of the pencil, rotate the pencil 90 degrees back 

toward the projection plane. What is the length 

of the projection now?

d. Figure out two ways you can rotate the pencil 

without foreshortening the projection. How can 

you rotate it to create a new true-length projec-

tion? How can you rotate it so that it creates ex-

actly the same true-length projection no matter 

how much you rotate it?

 14.3 Repeat the setup in Problem 14.2 using two pencils 

of equal length. You will need two people for this 

exercise.

a. Place both pencils against the back of the pro-

jection plane. Arrange the pencils so that they 

are parallel to each other and draw their projec-

tions. Are both projections true length?

b. Rotate one of the pencils about an axis perpen-

dicular to the projection plane. The pencils are 

no longer parallel to each other. Draw their new 

projections. Are the projections parallel to each 

other? Are the projections both still true length?

c. Return the pencils to their original parallel ar-

rangement. Rotate one pencil by lifting one end 

about 1� off the projection plane. Make sure 

not to rotate it in any other direction. Draw the 

projections again. Are the projections paral-

lel to each other? Are the projections both true 

length?

d. Holding the pencils where they were in (c), ro-

tate the projection plane 90 degrees to generate 

a second standard view. Are the pencils parallel 

to each other? Rotate the projection plane again 

and create a third standard view. Are the pencils 

parallel to each other? In how many views are 

the projections parallel?

e. Rotate one pencil as you did in (b) and the other 

as you did in (c). Are the projections parallel to 

each other in this view? Are the projections par-

allel to each other in either of the other two stan-

dard views? Is there any view where the projec-

tions of both pencils are true length?

 14.4 Use a clear plastic projection plane, two triangles 

made from stiff cardboard, and a pencil. Pierce the 

middle of one of the triangles with the pencil. Try 

to keep the pencil perpendicular to the triangle. 

The pierced triangle is triangle B; the unpierced 

one is A.

a. Place one edge of triangle A against the back of 

the projection plane. What is the triangle’s rela-

tionship to the plane when it is seen as an edge? 

How far must it be rotated to be seen in true size? 

What does it look like in incremental degrees of 

rotation? In which of these different rotations is 

the edge against the projection plane seen in its 

true length? Is there a way to orient the triangle 

such that you see it as an edge view but none of 

its edges are seen in true length?

b. Repeat (a) but with triangle B. What is the re-

lationship of the pencil to the projection plane 

when the triangle is seen as an edge? Around 

what axis can you rotate the triangle and still 

preserve the triangle’s edge view? What is the 

relationship of the pencil to the projection plane 

when the triangle is seen in its true size? Around 

what axis can you rotate the triangle and still 

preserve its true size?

c. Explore possible relationships between the two 

triangles and the pencil. Will the pencil ever 

pierce triangle A if A is perpendicular to B? 

What is the relationship of the pencil to A when 

the two triangles are parallel to each other? 

Around what axis can the triangles rotate and 

stay parallel to each other?

 14.5 Using the same items as in Problem 14.4, pierce 

the pencil through the centers of both triangles A 

and B. Pivot the triangles about their piercing points 

so that an edge of each of the triangles can be joined 

with a piece of tape. This setup will be referred to 

as a construction in the rest of this problem. The 

triangles should now form an acute angle with each 

other. Orient the construction so that the pencil is 

parallel to the projection plane and the two trian-

gles are seen in edge views. Draw the projection of 

the two triangles onto the projection plane and note 

the angle between the two planes.

a. Keeping the pencil parallel to the projection 

plane, rotate the construction 90 degrees in ei-

ther direction. Draw two or three intermediate 

projections of the two triangles, highlighting the 

angle between the two planes in a different color. 

What is the relationship between the projected 

angle in the various views? In which view is the 

angle seen in true size?

b. Return the construction to the initial edge view. 

Now rotate the construction 90 degrees until the 
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Name the types of lines
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Visualization of lines

pencil is perpendicular (point view) to the pro-

jection plane. Draw two or three intermediate 

projections of the two triangles, highlighting the 

angle between the two planes in a different color. 

What is the relationship between the projected 

angle in the various views? In which view is it 

seen in true size? How do these projections com-

pare to the ones drawn in (a)?

 14.6 In Figure 14.31, name the type of line for AB, CD, 

EG, and JK.

 14.7 (Figure 14.32)

a. Name the type of line for LM.

b. Which point(s) is/are closest to the viewer when 

looking at the front view?

c. Which point(s) is/are farthest away from the 

viewer when looking at the front view?

d. Which point(s) is/are highest to the viewer when 

looking at the front view?

e. Which point(s) is/are lowest to the viewer when 

looking at the front view?

For the following problems, use an A-size or A3 sheet of 

paper and draw the given views of the lines or planes be-

fore doing the problems. The grid is 0.25� or 6 mm.

 14.8  (Figure 14.33)

a. Draw a true-length view of line AB.

b. Draw a true-length view of line CD.

c. Draw the true-length view of line EG, and mea-

sure its length.

d. Complete the front view, and fi nd the true-length 

view of line JK.

 14.9  (Figure 14.34)

a. The true length of line AB is 1.75� or 44 mm. 

Point A is in front of point B. Complete the top 

view.

b. The true length of line CD is 2.00� or 51 mm. 

Point D is in front of point C. Complete the top 

view.
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Figure 14.33

Constructing true-length lines
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c. The true length of line ED is 1.75� or 44 mm. 

Point E is below point D. Complete the front 

and profi le views.

d. The true length of line JK is 1.50� or 38 mm. 

Point J is above point K. Complete the front 

view.

 14.10 (Figure 14.35)

a. Draw the true-length view of line AB.

b. Draw the true-length view of line CD.

c. Find the true length of line EG.

d. Complete the front view, and fi nd the true length 

of line JK.

 14.11 (Figure 14.36)

a. Find the true lengths of lines A1, B2, C3, 

and D4.

b. Find the lateral surface area of the pyramid.

c. You are the commander of a starfl eet with three 

ships, A, B, and C. Each ship has equal top 

speeds on patrol. An emergency beacon sounds 
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Line construction
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Constructing true-length lines
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Determining true-length distances
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from point E. Which ship is the closest to re-

spond? How far away is each ship? Scale 1� � 

0.5 lightyears.

 14.12 (Figure 14.37)

a. Points A, B, and C form a plane in space. Show 

an edge view of the plane.

b. Points D, E, and F form a plane in space. Show 

an edge view of the plane.

c. Given points, J, K, L, and M, draw an edge view 

of the plane formed by the points.

 14.13 (Figure 14.38)

a. Draw a true-size view of planes AOC and DLN.

b. Find the area of the largest inscribed circle in the 

oblique plane MNO. Scale 1� � 20�.

 14.14 (Figure 14.39)

a. Draw a true-size view of oblique plane MNO us-

ing the rotation technique.

b. Find the true-size view of plane WXYZ using 

the rotation technique.
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Construct true-size views of planes
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Calculating areas

Figure 14.39

Constructing true-size views of planes

Figure 14.37

Constructing edge views of planes
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MF

LF

GF

KF KP

GP

LP

MP

Figure 14.41

Angle between planes

 14.15 (Figure 14.40) A protective shield is to be made 

as shown. Due to the cost involved, an estimate is 

necessary. How many square feet are in the protec-

tive shield? Scale 1� � 30�.

 14.16 (Figure 14.41) Find the dihedral angle between 

planes LGM and LGK. The object is a tetra-hedron.
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Chapter Fifteen

Intersections 
and 
Developments

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne and apply the principles of 

geometric intersections.

 2. Identify, defi ne, and apply the inter-

section of lines and planes using the 

edge view method.

 3. Determine the correct visibility be-

tween two surfaces.

 4. Identify, defi ne, and create the inter-

section of a plane and a solid using the 

cutting plane method.

 5. Identify, defi ne, and create the inter-

section of a plane and a solid using the 

auxiliary view method.

 6. Identify, defi ne, and create the inter-

section of two planes.

 7. Identify, defi ne, and create the inter-

section of two solids.

 8. Defi ne and apply the theoretical prin-

ciples of geometric developments.

 9. Identify and classify the various types 

of developments.

 10. Identify, defi ne, and create the devel-

opments of various solids and transi-

tion pieces.

The greatest thing in this world is not so 

much where we are, but in what direction 

we are moving.

—Oliver Wendell Holmes

C
hapter F

ifteen
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Introduction
Intersections and developments are commonly found in 

many technical disciplines. Two surfaces that meet form 

a line of intersection. A pipe going through a wall is an ex-

ample of an intersection. As an engineer or technologist, 

you must be able to determine the exact point of intersec-

tion between the pipe and the wall. A development is the 

outside surface of a geometric form laid fl at. Sheet metal 

products are an application for developments. A cardboard 

cereal box, the heating and air conditioning ductwork used 

in buildings, or large aircraft, when laid fl at, are examples 

of developments. As a technologist, you should be able to 

visualize and create the development of common shapes, 

such as cones, prisms, and pyramids. This chapter will ad-

dress both traditional methods and CAD techniques for 

drawing intersections and developments.

15.1 Intersections and Developments
Many intersection problems are solved using descriptive 

geometry techniques described in Chapter 14. Develop-

ments are produced by determining the true lengths of 

the various elements of the form, such as the corners of 

pyramids or the circumferences of circular features. Some 

types of surfaces, such as warped surfaces and spheres, 

can only be developed by approximation.

Intersections and developments are commonly used in 

a variety of industries. The oil and chemical industries use 

intersections in the design and construction of refi neries 

(Figure 15.1). Developments are used for the ducts of heat-

ing and cooling systems (Figure 15.2) and in the design 

and production of automobiles and aircraft (Figure 15.3).

15.2 Intersections
An intersection is a point or line where two geometric 

forms, such as lines or surfaces, meet or cross each other. 

The type of intersection created depends on the types of 

geometric forms, which can be two- or three-dimensional. 

Intersections must be represented on multiview drawings 

correctly and clearly. For example, when a conical and a 

Figure 15.1

Intersection application
Intersections are important in the petrochemical industry.

(© Photri, Inc.)

Figure 15.2

Development application
Developments are commonly used in the design of heating, 
ventilating, and air conditioning (HVAC) systems.

Figure 15.3

Developments are used to manufacture the skin of an aircraft.

ber28376_ch15.indd   717ber28376_ch15.indd   717 1/2/08   3:13:56 PM1/2/08   3:13:56 PM



718 PART 3  Descriptive Geometry

cylindrical shape intersect, the type of intersection that 

occurs depends on their sizes and on the angle of inter-

section relative to their axes. The line of intersection is 

determined using auxiliary views and cutting planes.

15.2.1 Correct Multiview Representations: Visibility

Visibility, as used here, is the clear and correct represen-

tation of the relative positions of two geometric fi gures in 

multiview drawings. In each view, the visibility of the fi g-

ures is indicated by drawing the fi gure that is in front (i.e., 

the most visible) with object lines entirely, while draw-

ing the second fi gure with both object lines and dashed 

lines. The dashed lines would be used for those features 

of the second fi gure that are covered up or obscured by 

the fi rst fi gure and are therefore not visible (hidden) in 

that view. The concept of visibility is crucial in accu-

rately depicting the intersection of two geometric forms, 

whether they are two-dimensional or three-dimensional.

The basic concept of visibility can be demonstrated 

with two skew lines, in which one line is either in front 

of, behind, above, below, to the left of, or to the right of 

the other line. In Figure 15.4A, lines LG and AB are skew 

lines. This is verifi ed by projecting point C from the top 

view to the front view, which shows that the lines do not 

intersect at point C. Similarly, the lines do not intersect at 

point D in the top view.

Because the lines do not intersect, point C can only 

fall on one of the lines, and either line LG or AB is above 

the other in the general area of point C. In Figure 15.4B, 

point E has also been placed at the same location as point 

C in the top view, and one of these two points must be 

above the other. Arbitrarily, point C was placed on line 

AB, and point E was placed on line LG. Both of these 

points are projected into the front view, which shows that 

point C is higher than point E. Because point C is higher 

than point E, it is nearer to the observer in the top view.

In Figure 15.4C, points X and Y appear to be an in-

tersection in the front view, but when the points are pro-

jected to the top view, they show that the lines do not in-

tersect. Point X, which is on line LG, is in front of point 

Y, which lies on line AB; therefore, in the front view, the 

point is labeled X,Y because X is in front of Y.

The adjacent view procedure can also be used to de-

termine the visibility of two cylinders, such as plumbing 

pipes or electrical conduit. In Figure 15.5A, both views 

of the cylinders are incomplete because the visibility has 

not been determined. In the top view in Figure 15.5B, the 

apparent intersection of the center lines of the cylinders 

(point C on line AB and point E on line LG) is projected 

into the front view. In the front view, point C is revealed 

to be higher than point E. Therefore, cylinder AB is above 

cylinder LG. This is graphically represented in the top 

view by drawing cylinder AB entirely with object lines 

and drawing that portion of cylinder LG that is behind 

AB with dashed lines.

The adjacent view procedure can then be used to deter-

mine which cylinder is in front of the other (Figure 15.5C). 
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Figure 15.4

Visibility demonstrated by two skew lines
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In the top view, points X and Y are the apparent inter-

section of the center lines of cylinders AB and LG. They 

are projected into the front view, where it is revealed that 

point X is in front of point Y. This means that cylinder 

LG is in front of cylinder AB; therefore, in the front view, 

cylinder LG will be represented entirely by object lines, 

and cylinder AB will be represented by hidden lines 

where it is behind cylinder LG.

Any pair of adjacent views can be used to depict vis-

ibility. In Figure 15.6A, the visibility of the tetrahedron 

CKBU must be determined in view 1 and view 2. Because 

the direction of the line of sight for one adjacent view is 
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Visibility demonstrated by two cylinders
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Determining visibility between any two adjacent views
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720 PART 3  Descriptive Geometry

always toward the other adjacent view, the visibility of 

CKBU in view 1 can be determined by looking at view 2. 

The apparent intersection of lines BC and KU at points 

L and G is projected into view 2, where it is revealed that 

point L on line KU is closer to view 1 than point G on 

line BC; thus, in view 1, line KU is visible and line BC 

is hidden (Figure 15.6B). To determine the visibility of 

CKBU in view 2, examine the apparent intersection of 

lines KU and BC at points X and Y in the adjacent view, 

which is view 1. View 1 shows that point X on line KU is 

closer to view 2 than point Y on line BC; thus, in view 2, 

line KU is visible and line BC is hidden.

15.2.2 Intersection of Two Lines

Two lines that intersect share a common point. In Fig-

ure 15.7A, point I is the common point of intersection 

between lines AB and CD. This is verifi ed by projecting 

point I to an adjacent view. If the lines do not have a com-

mon point that projects from view to view, the lines are 

nonintersecting (Figure 15.7B). In the profi le view, lines 

GH and EF do not share a common point; therefore, they 

do not intersect but simply cross in space.

15.2.3 Intersection of a Line and a Plane

The intersection of a line and a plane is referred to as the 

piercing point. A line will intersect a plane if the line 

is not parallel to the plane. Because lines are usually de-

fi ned graphically as line segments and because planes 

are usually bounded, it may be necessary to extend either 

the line or the plane to determine the intersection point. 

The two methods used to determine the piercing point be-

tween a line and a plane are the edge view method and 

the cutting plane method.

Edge View Method  In the edge view method, the plane 

is shown as an edge, which means that all points on that 

plane can be represented on that edge. In Figure 15.8, line 

LG and plane ABC are given, and the intersection be-

tween them must be determined.

Determining the Intersection Between a Line and a 
Plane: Edge View Method
Step 1. Using methods described in Chapter 14, the edge 

view of plane ABC is constructed in the fi rst auxiliary view, 

and line LG is carried into the view. This view reveals that 

line LG and plane ABC intersect at point Z.

Step 2. Point Z is then projected back into the top and front 

views. Point Z is always attached to line LG and, in both 

the top and front views, it falls outside of the bounded 

plane ABC. Yet, if plane ABC were unbounded or infi nite, 

line LG would intersect the plane at point Z.

Cutting Plane Method  The cutting plane method can also 

be used to fi nd the intersection between a plane and a line. 

In Figure 15.9, line LG and plane ABC are given, and the 

intersection between them is to be determined.
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Figure 15.7

Determining if two lines intersect
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Determining the Intersection Between a Line and a 
Plane: Cutting Plane Method
Step 1. Cutting plane CP1 is placed such that it contains 

line LG and intersects plane ABC in the top view. The 

cutting plane cuts through plane ABC at points X and 

Y, which are then projected into the front view. Point X 

falls on line AB, and Point Y falls on line BC. Line XY in 

the front view is called the trace. It shows where the cut-

ting plane cuts the given plane ABC in that view. The in-

tersection of line LG with the trace line in the front view 

defi nes the intersection of line LG and plane ABC, at 

point P.

Step 2. Point P can then be projected back into the top 

view to defi ne the intersection between line LG and plane 

ABC in that view. Visibility is determined by projecting 

intersecting points to adjacent views.

XA

L

C

H
F

A T.L.

X

B

C
G

C

G

G

T 1

L
B

B

X
L

E.V.

, 
A

11
1

1

1

1

F

F

FF

F

F

Z 1

H

H
H

HH

H

XA

L

C

H

F

A
T.L.

X

B

C
G

C

G

G

T 1

L
B

B

X
L

E.V.

, A11
1

1

1

1

F

F

FF

F

F

ZF

Z1

H

H
H

HH

H

ZH

A

L

C

H
F

A

B

G

C

G

L
B

F

FF

F

F

H

H
H

H

H

Given Step 1 Step 2

Figure 15.8

Determining the intersection or piercing point between a line and a plane, edge view method
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Determining the piercing point between a line and a plane, cutting plane method
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722 PART 3  Descriptive Geometry

Figure 15.10 illustrates the same procedure with the 

cutting plane placed fi rst in the front view and intersec-

tion points X and Y then projected into the top view to 

locate the piercing point P.

15.2.4 Intersection of Two Planes

The intersection of two planes is a straight line all of 

whose points are common to both planes. The line of in-
tersection between two planes is determined by locating 
the piercing points of lines from one plane with the other 
plane and drawing a line between the points. The pierc-

ing points are located using either the edge view or cut-

ting plane method.

Edge View Method  To determine the line of intersection 

between two planes using the edge view method, construct 

an auxiliary view such that one of the planes appears as 

an edge view. The piercing points of lines from the other 

Historical Highlight
Thomas Ewing French (1871–1944)

Like many other notable men, Thomas E. French had many 

interests: etching, bookplates, paper making, traveling, and 

many more. The most important of his interests was proba-

bly engineering drawing. He was both a teacher and a writer 

in this subject area. In fact, he even was infl uential in coining 

the term “engineering drawing.”

French was born and raised in Ohio. There he attended 

public school, Cooper Academy, and Miami Business Col-

lege. It was during high school that he also took a night class 

in mechanical drawing and qualifi ed as a draftsman. He was 

hired at the Smith-Vale Company and quickly advanced to 

chief draftsman. However, French decided he was meant 

for a slightly different path. While working for Smith-Vale 

he had also taught a drawing class at the YMCA, and this 

helped lead to his decision to leave his job and attend Ohio 

State University.

French did well at Ohio State, assisting one of his pro-

fessors with a book on mechanics, and upon graduating he 

was immediately hired as a professor. When the university 

created a Department of Engineering Drawing, French was 

appointed department head at age 35. French went on to 

write and collaborate on many textbooks, the fi rst of which 

was called A Manual of Engineering Drawing and was writ-

ten for the newly created McGraw-Hill Book Company. An-

other book that he helped to write was Mechanical Drawing 

for High Schools, which was written to help standardize the 

teaching of engineering drawing in the public school sys-

tem. These were just two of many books that he wrote, and 

all of his books were very widely used.

Thomas E. French was an infl uential teacher, author, and 

man. His students found him to be a wonderful teacher, and 

his books were used everywhere. After his death his family 

created a fellowship for the Engineering Graphics Depart-

ment at Ohio State University. The fellowship is used to sup-

port graduate students working in engineering graphics. 

The lead author of this text, Gary Bertoline, was a recipient 

of this fellowship.

(Courtesy of Ohio State University Photo Archives.)
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  CHAPTER 15  Intersections and Developments 723

plane will lie along this edge view. The points of inter-

section are then projected back into the original views, 

revealing the line of intersection between the planes.

In Figure 15.11, the top and front views of planes ABC 

and XYZ are given, and the line of intersection between 

the planes is to be determined.

Determining the Intersection Between Two Planes: 
Edge View Method
Step 1. An edge view of plane XYZ is created by con-

structing an auxiliary view.

Step 2. The edge view of XYZ intersects plane ABC at 

points G and L. These points are projected back into 

the front and top views, and a line is drawn between the 

points; this line is the line of intersection between the 

planes.

Cutting Plane Method  In Figure 15.12 on the next page, 

the top and front views of planes ABC and XYZ are 

given, and the line of intersection between the planes is to 

be determined using cutting planes.

Visibility

Y

X

A

F B

H

X

Y

A

C

Z

Z
X

A

Z

Y

B C
B

C

F
1

1

1

1
1

1

1

F

F

F

F

F

F

H H

H

HH

H

Step 1

C 1

F

Y

X

A

F B

H

X

Y

A

C

Z

Z
X

A

Z

Y

B C
B

F
1

P

1

1
1

1

1

P

,P1

F

F

F

F

F

F

T.L
.

H H

H

HH

H

H

E.V.

F

Y

X

A

F B

H

X

Y

A

C

Z

Z

B C

F

F

F

F

F

H H

H

HH

H

Given

Step 2

Y

X

A

F B

H

X

Y

A

C

Z

Z
X

A

Z

Y

B C
B

C

F
1

L

G

L

G

G

L
P

1

1

1

1
1 1

1

1

P

,P1

F

F

F

F

F

F

F

F

FF

T.L
.

H H

H

H

HH

H
H

H

E.V.

Line of Intersection

Line of
Intersection

Figure 15.11

Determining the intersection between two planes, edge view method
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Determining the intersection between a plane and a prism

Determining the Intersection Between Two Planes: 
Cutting Plane Method
Step 1. Create a cutting plane CP1 through line XY in the 

front view. This cutting plane intersects plane ABC at 

points M and N. Project points M and N into the top view 

and mark these points on lines AC and AB. Draw trace line 

MN in the top view, and mark where this trace line crosses 

line XY. Label this as P1, for the fi rst piercing point. Project 

P1 back into the front view, and mark that point P1.

Step 2. Create the second cutting plane CP2 in the front 

view, through line XZ and intersecting plane ABC at 

points K and L. Project points K and L into the top view 

on lines AC and BC, draw a trace line between the points, 

and mark P2 where this trace line crosses line XZ. Project 

P2 back into the front view, and mark that point P2.

Step 3. Draw a line in both views between piercing points 

P1 and P2; this is the line of intersection between the two 

planes. The visibility of the two planes in each view is 

determined using techniques described earlier in this 

chapter.

15.2.5 Intersection of a Plane and a Solid

Since solids are comprised of plane surfaces, the intersec-

tion between a plane and a solid (or between two solids) 

is determined using the techniques described earlier for 

fi nding the intersection between two planes. To fi nd the 
intersection between a plane and a solid, determine the 
piercing points using either cutting planes or auxiliary 
views; then draw the lines of intersection.

A Plane and a Prism  In Figure 15.13, a solid triangular 

prism is intersected by triangular plane ABC.

Determining the Intersection Between a Plane 
and a Prism
Step 1. In the top view, the plane intersects the prism at 

points 1, 2, 3, and 4. The intersection points are eas-

ily established in the top view because the faces of the 

prism are shown on edge in that view. As stated earlier, 

points of intersection between planes are located in any 

view where one of the planes is shown as an edge view. 
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Determining the intersection between an oblique plane and a prism using an auxiliary view

These points are projected into the front view, giving the 

piercing points 1, 2, 3, and 4. The piercing points are 

connected, revealing the lines of intersection on the sur-

face of the prism.

Step 2. Piercing points 5 and 6 are established in the top 

view. These points are projected into the front view. The 

piercing points are connected, revealing the hidden lines 

of intersection in the front view.

Step 3. Visibility is then determined to complete the front 

view.

An Oblique Plane and a Prism  When an oblique plane in-

tersects a prism, an auxiliary view can be created to show 

an edge view of the oblique plane. The points of intersec-

tion between the plane and the prism are projected back 

into the principal views (Figure 15.14). Visibility is deter-

mined, then the lines of intersection are constructed.

An Oblique Plane and a Cylinder  The line of intersection be-

tween an oblique plane and a cylinder is an ellipse, which 

can be formed by creating an auxiliary view that shows 
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the plane as an edge view (Figure 15.15). Element lines 

are then constructed on the surface of the cylinder, in all 

the views. In the auxiliary view, the intersection points be-

tween the elements and the edge view of the oblique plane 

are marked and then projected back to the corresponding 

elements in the principal views. The resulting points are on 

the elliptical line of intersection between the cylinder and 

the oblique plane and are connected to create the ellipse.

A Plane and a Cone  When a plane intersects a cone 

and does not intersect the base nor is perpendicular to 

the axis, the points of intersection form an ellipse. The 

intersection can be found by passing multiple cutting 

planes through the cone, either parallel or perpendicular 

to the cone’s axis. Figure 15.16 demonstrates the paral-

lel approach, using a right circular cone. Multiple cut-

ting planes are passed parallel to the axis of the cone and 

through the apex in the top view. This is done by dividing 

the base circle of the cone into an equal number of parts, 

such as 12, as shown in the fi gure. Elements are drawn 

on the surface of the cone where the cutting planes inter-

sect that surface in the front view. The piercing points of 

the elements and the plane are intersections between the 

plane and the cone. These piercing points are projected 

to the corresponding elements in the top view to locate 

the piercing points in that view. These piercing points are 

Step 1 Step 2

DIVIDE BASE CIRCLE
INTO EQUAL PARTS

ELLIPTICAL
INTERSECTION

Figure 15.16

Determining the intersection between a plane and a cone
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Determining the intersection between an oblique plane and a cylinder
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728 PART 3  Descriptive Geometry

then connected with a smooth curve, forming the ellipti-

cal intersection between the cone and the plane.

An Oblique Plane and a Cone  Multiple cutting planes can 

also be used to determine the intersection between an 

oblique plane and a right circular cone (Figure 15.17).

Determining the Intersection Between an Oblique 
Plane and a Cone
Step 1. A horizontal cutting plane CP1 passes through the 

front view of the cone. This creates a circular view of 

the cone in the top view and a line on the oblique plane. 

The fi rst two piercing points 1 and 2 are located at the 

intersections between line CP1 and the circle, in the top 

view. These points are projected back into the front view, 

to the horizontal cutting plane.

Step 2. A second horizontal cutting plane CP2 is con-

structed in the front view, and the process described 

in the previous step is repeated, creating intersection 

points 3 and 4, which are also projected back into the 

front view to the horizontal cutting plane.

Step 3. A third horizontal cutting plane CP3 is constructed 

in the front view, as before, creating intersection points 5 

and 6, and so on.

Step 4. Additional cutting planes are constructed as nec-

essary until a suffi cient number of intersection points 

are located. The elliptical line of intersection is a smooth 

curve connecting the piercing points in both the front 

and top views. Visibility is then determined to complete 

the construction.

15.2.6 Intersection of Two Solids

The same techniques used to fi nd the intersection be-

tween a plane and a solid are used to determine the line 

of intersection between two solids. Both the edge view 

method and the cutting plane method can be used.

Two Prisms  The intersection between two prisms is con-

structed by developing an auxiliary view in which the 
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Determining the intersection between an oblique plane and a cone
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faces of one of the prisms are shown as edges. Piercing 

points between the edges and the projection of the second 

prism are located and are projected back into the principal 

views.

Determining the Intersection Between Two Prisms
Step 1. In Figure 15.18, the faces of one of the prisms are 

edges in the top view. Piercing points are located where 

the corners of the second prism intersect the edge views 

of the fi rst prism. Points 1, 2, 3, 4, 5, and 6 are located 

and are then projected into the front view.

Step 2. Other piercing points 7, 8, 9, and 10 are located by 

creating an auxiliary view that shows the other prism’s 

faces on edge, and these points are then projected into 

the front view.

Step 3. Visibility is determined, then the lines of intersec-

tion are drawn in the front view.

A Prism and a Pyramid  Straight lines of intersection are 

created when a prism intersects a pyramid. A combina-

tion of the cutting plane and edge view methods can be 

used to locate this line of intersection (Figure 15.19).

Determining the Intersection Between a Prism and a 
Pyramid
Step 1. The edge view of the surfaces of the prism is con-

structed in an auxiliary view by projecting parallel to the 

edges of the prism that are true length in the front view. 

The fi rst piercing point P is located in the auxiliary view 

where pyramid edge OR intersects the edge view of 

prism side 1–2. Point P is then projected back into the 

front and top views.

Step 2. In the auxiliary view, a cutting plane is constructed 

from the apex of the pyramid through the corners of 

the prism to the base of the pyramid. These lines are 
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Determining the intersection between two prisms
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730 PART 3  Descriptive Geometry

labeled OA and OB, then projected into the front and 

top views. The edges of the prism are extended in the 

front view to intersect the newly constructed lines, which 

locates the piercing points between the prism and the 

pyramid.

Step 3. After all the piercing points are located and the vis-

ibility is determined, the lines of intersection are drawn in 

the top and front views.

A Prism and a Cone  The intersection between a cone and 

a prism is a curved line, which is determined using an 

auxiliary view and cutting planes.

Determining the Intersection Between a Prism 
and a Cone
Step 1. Figure 15.20 shows an auxiliary view in which the 

prism faces that intersect the cone are on edge, form-

ing triangle 1–2–3. In the top view, cutting planes are 

constructed through the apex O of the cone to the base, 

forming elements on the cone. These elements are pro-

jected into the front and auxiliary views and labeled.

Step 2. In the auxiliary view, the intersections between 

the element lines and one edge view of the prism are 

marked and then projected back into the front and top 

views. The intersections between these projections and 
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Determining the line of intersection between a prism and a pyramid
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the element lines lie along the curved line of intersec-

tion between the cone and the prism in the front and top 

views.

Step 3. The piercing points for the other edge views of 

the prism are projected from the auxiliary view back into 

the front and top views. The correct visibility is deter-

mined, and then the piercing points are connected, cre-

ating the curved line of intersection in the front and top 

views.

A Prism and a Cylinder  Figure 15.21 on page 732 shows a 

cylinder intersecting a prism. To determine the line of in-

tersection, use either an auxiliary view showing the inter-

secting sides of the prism on edge, or use cutting planes. 

Figure 15.21 uses the auxiliary view approach.

Determining the Intersection Between a Prism 
and a Cylinder
Step 1. The auxiliary view is created such that the prism is 

on edge and appears as triangle ABC. Cutting planes are 

constructed in the top view and labeled CP1, CP2, CP3, 

CP4, etc. Locate these cutting planes in the auxiliary view 

by transferring distances, using dividers.

Step 2. Label all the points where the cutting planes inter-

sect the cylinder in the top view and where the cutting 

planes intersect the edges of the prism in the auxiliary 

view. Project both sets of points into the front view.

Step 3. The intersections of the corresponding projections 

(e.g., the projections from points A: both views) are on 

the line of intersection between the prism and the cylin-

der. Determine the correct visibility; then draw the curved 

line of intersection.

A Cylinder and a Cone  The intersection between a cylin-

der and a cone is a curved line, as shown in Figure 15.22 

on page 732. Cutting planes are used to locate intersec-

tion points.

Determining the Intersection Between a Cylinder 
and a Cone
Step 1. For this example, fi ve cutting planes are con-

structed in the top view, parallel to the axis of the 

cone and through the apex. These cutting planes form 
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Determining the intersection between a prism and a cone

ber28376_ch15.indd   731ber28376_ch15.indd   731 1/2/08   3:14:21 PM1/2/08   3:14:21 PM



H

F

T.L.

T.L.

T.L.

AF

BF

CF

CH

BF

F 1

B 1

A1

C1

A

H

F

T.L.

T.L.

T.L.

AF

BF

CF

CH

BF

CP1
CP2
CP3

CP4
CP5

F 1

C
P

1

C
P

2

C
P

3C
P

4

C
P

5

B 1

A 1

C1

1
0

2
3

4
5

6

0
1

2
3

4
5
6

6

0

3

Step 3
Step 4

H

F

T.L.

T.L.

T.L.

AF

BF

CF

AH

CH

BF

CP1
CP2
CP3

CP4
CP5

F 1

C
P

1

C
P

2

C
P

3C
P

4

C
P

5

B 1

A 1

C1

EDGE VIEW
OF PRISM

Step 1

H

F

T.L.

T.L.

T.L.

AF

BF

CF

AH

CH

BF

CP1
CP2
CP3

CP4
CP5

F 1

C
P

1

C
P

2

C
P

3C
P

4

C
P

5

B 1

A 1

C1

1,1
0

2,10
3,9

4,8
5,7

6

0
1

2
3

4
5

6 8 9

10

1

7

Step 2

AH AH

Figure 15.21

Determining the intersection between a prism and a cylinder
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elements on the surface of the cone, which are projected 

into the front view. In the top view, points are located 

where each cutting plane intersects the edge of the cylin-

der. These points are projected into the front view to the 

corresponding element lines. Additional cutting planes 

will produce a more accurate representation of the line 

of intersection.

Step 2. After a suffi cient number of points are located in 

the front view, visibility is determined, and the curved line 

of intersection is drawn.

Two Perpendicular Cylinders  Figure 15.23 shows two in-

tersecting perpendicular cylinders. The line of intersec-

tion is a curve. To determine the curved line of intersec-

tion, use cutting planes to locate points along the curve.

Determining the Intersection Between Two 
Perpendicular Cylinders
Step 1. The fi rst points of intersection 1 and 2 are located 

in the top view, where the outside edge of the smaller 

cylinder intersects the larger cylinder. These points are 

projected into the front view and are located along the 

horizontal center line.

Step 2. A side view adjacent to the top view is constructed. 

Then, horizontal cutting planes are constructed in the top 

view and projected into the side view. The cutting plane 

intersections with the large cylinder are points along the 

curved line of intersection. The points of intersection 

are projected into the front view and located using mea-

surements taken from the side view. For example, point 

3 is projected into the front view and is located by fi rst 
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Determining the intersection between two perpendicular cylinders
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734 PART 3  Descriptive Geometry

measuring its distance from the center line of the small 

cylinder in the side view and then transferring that dis-

tance to the front view.

Step 3. The curved line of intersection is constructed in 

the front view, using the points located in the previous 

step.

Two Nonperpendicular Cylinders  The line of intersection 

between two nonperpendicular cylinders is a curved line 

and is constructed using cutting planes.

Determining the Intersection Between Two 
Nonperpendicular Cylinders
Step 1. In Figure 15.24, a series of cutting planes is con-

structed in the top view, forming elements along the sur-

face of the smaller cylinder. These elements are projected 

into the front view. The intersections between these ele-

ments and the larger cylinder in the top view are points 

along the curved line of intersection between the two cyl-

inders. The intersection points are projected into the front 

view and located on corresponding element lines.

Step 2. The fi nal point of intersection between the two cyl-

inders is located. In the top view, a cutting plane tangent 

to the larger cylinder is constructed, making an element 

line in the smaller cylinder. This new element line is pro-

jected into the front view, and the point of intersection is 

projected from the top view to the front view.

Step 3. The curved line of intersection is constructed by 

connecting the points.

Practice Exercise 15.1
For this Practice Exercise, do Problem 15.1 located at the 

end of this chapter.

15.2.7 CAD Techniques

With 2-D CAD, lines of intersection between surfaces and 

solids are determined using the traditional approaches 

previously described in this chapter. If the line of inter-

section is curved, the SPLINE command is used to create 

a smooth curve through the series of points.

With 3-D CAD, one-way lines of intersection can be 

determined is with a Boolean-based solid modeling pro-
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Determining the intersection between two nonperpendicular cylinders
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  CHAPTER 15  Intersections and Developments 735

gram. Figure 15.25 shows a series of intersecting geomet-

ric forms on which various Boolean operations are per-

formed, resulting in the creation of lines of intersection. 

For example, the curved line of intersection between a 

cone and a cylinder is produced when Boolean operations 

UNION, SUBTRACTION, and INTERSECTION are 

performed. The line of intersection between a solid and a 

plane is created by using a cutting plane command. A sur-

face modeling program can also determine the line of in-

tersection between a circular hole and a sculpted surface.

15.3 Developments
A development is the unfolded or unrolled fl at or plane 

fi gure of a 3-D object. Called a pattern, the plane fi gure 

will show the true size or an approximation of each area 

of the object. When the pattern is cut, it can be rolled or 

folded back into the original object. In Figure 15.26A, the 

rectangular prism or box is unfolded to lie in a horizontal 

plane, creating a development of the prism. If the devel-

opment is viewed in a true-size position, each rectangular 

area is the exact shape and size as its counterpart surface 

on the 3-D object.

A true development is one in which no stretching or 

distortion of the surfaces occurs, and every surface of 

the development is the same size and shape as the corre-

sponding surface on the 3-D object. Only polyhedrons and 

single-curved surfaces can produce true developments. 

Polyhedrons are composed entirely of plane surfaces that 

can be fl attened true size onto a plane, in a connected 

sequence (Figure 15.26C). Single-curved surfaces are 

Figure 15.25

3-D CAD solid or surface modeling systems can determine 
lines of intersection between geometric forms.

(E) Sphere
(Approximate development)

(D) Cone
(Radial line development)

(A) Prism
(Parallel line development)

(B) Cylinder
(Parallel line development)

(C) Pyramid
(Radial line development)

(F) Tetrahedron
(Triangulation development)

Figure 15.26

Examples of developments
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736 PART 3  Descriptive Geometry

composed of consecutive pairs of straight-line elements 

in the same plane (Figure 15.26B and D).

An approximate development is one in which stretch-

ing or distortion occurs in the process of creating the de-

velopment. The resulting fl at surfaces are not the same 

size and shape as the corresponding surfaces on the 

3-D object. Warped surfaces do not produce true develop-

ments because pairs of consecutive straight-line elements 

do not form a plane. Also, double-curved surfaces, such 

as a sphere, do not produce true developments because 

they do not contain any straight lines (Figure 15.26E).

With CAD, many programs allow developments to be 

generated automatically from 3-D solid models; however, 

the underlying concepts introduced here still apply.

15.3.1 Classifi cations

There are four classifi cations of developments, based ei-

ther on the type of surface or the method used to create 

the development.

Parallel-line developments are made from common 

solids that are composed of parallel lateral edges or ele-

ments. Prisms and cylinders are solids that can be fl at-

tened or unrolled into a fl at pattern, and all parallel lateral 

surfaces or elements will retain their parallelism. Fig-

ure 15.26B pictorially illustrates the parallel-line develop-

ment of a right circular cylinder. The cylinder is positioned 

such that one element lies on the development plane. The 

cylinder is then unrolled until it is fl at on the development 

plane. The base and top of the cylinder are circles, with a 

circumference equal to the length of the development. All 

elements of the cylinder are parallel and are perpendicular 

to the base and the top. When cylinders are developed, all 

elements are parallel and any perpendicular section ap-

pears as a stretch-out line that is perpendicular to the ele-

ments. Likewise, all lateral edges of a prism appear paral-

lel to each other in the development of that prism.

Radial-line developments are made from fi gures such 

as cones and pyramids. In the development, all the ele-

ments of the fi gure become radial lines that have the ver-

tex as their origin. Figure 15.26D pictorially illustrates 

the radial-line development of a right circular cone. The 

cone is positioned such that one element lies on the devel-

opment plane. The cone is then unrolled until it is fl at on 

the development plane. One end of all the elements is at 

the vertex of the cone. The other ends describe a curved 

line. The base of the cone is a circle, with a circumfer-

ence equal to the length of the curved line.

Triangulation developments are made from polyhe-

drons, single-curved surfaces, and warped surfaces. These 

developments involve subdividing any ruled surface into 

a series of triangular areas. If each side of every triangle 

is true length, any number of triangles can be connected 

into a fl at plane to form a development. Polyhedron tri-

angulation results in a true development (Figure 15.26F). 

Triangulation for single-curved surfaces increases in ac-

curacy through the use of smaller and more numerous 

triangles. Triangulation developments of warped surfaces 

produce only approximations of those surfaces.

Approximate developments are used for double-curved 

surfaces, such as spheres. Approximate developments are 

constructed through the use of conical sections of the ob-

ject. The material of the object is then “stretched” through 

various machine applications to produce the development 

of the object.

Practice Exercise 15.2
For this Practice Exercise, do Problem 15.2 located at the 

end of this chapter.

15.3.2 Creating Developments

Developments of objects with parallel elements or paral-

lel lateral edges are begun by constructing a stretch-out 

line that is parallel to a right section of the object and is 

therefore perpendicular to the elements or lateral edges. 

The distance around the object is then laid out along the 

stretch-out line. If the object is an oblique prism or cylin-

der, the right section must be constructed perpendicular 

to the sides and not parallel to the base.

Typically, developments are constructed using an 

inside pattern. This allows bending machines or hand-

bent materials to hide any markings on the inside of the 

object. Figure 15.27 illustrates a pyramid that has been 

developed with an inside pattern. The fold lines of the 

pattern are represented as either thin solid lines or dashed 

lines. The shortest lines are used as seam lines, where the 

material is to be joined, to reduce the cost of fabricating 

the object through welding or riveting the seams. Fig-

ure 15.28 shows examples of some types of seams used in 

sheet metal developments.

A Right Rectangular Prism  Figure 15.29 illustrates the de-

velopment of a right rectangular prism. In the front view, 

all lateral edges of the prism appear parallel to each other 

and are true length. The lateral edges are also true length 

in the development. The length, or the stretch-out, of the 

development is equal to the true distance around a right 

section of the object.
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An inside pattern development
The dashed fold lines indicate edges between surfaces. The seam is extra material used to join the remaining surfaces together.
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Seams used in sheet metal developments
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Development of a right rectangular prism
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738 PART 3  Descriptive Geometry

Developing a Right Rectangular Prism
Step 1. To start the development, draw the stretch-out 

line from the front view, along the base of the prism and 

equal in length to the perimeter of the prism. Draw an-

other line in the front view, along the top of the prism and 

equal in length to the stretch-out line. Draw vertical lines 

between the ends of the two lines to create the rectangu-

lar pattern of the prism.

Step 2. Locate the fold lines on the pattern by transferring 

distances along the stretch-out line equal in length to the 

sides of the prism, 1–2, 2–3, 3–4, 4–1. Draw thin, dashed 

vertical lines from points 2, 3, and 4 to represent the fold 

lines. Add the bottom and top surfaces of the prism to 

the development, taking measurements from the top 

view. Add the seam to one end of the development and 

add the bottom and top, as shown in Figure 15.29.

A Truncated Prism  The same basic steps are used to cre-

ate a truncated prism development as were described for 

the rectangular prism. The development is shown in Fig-

ure 15.30.

Developing a Truncated Prism
Step 1. Draw the stretch-out line as before. Locate the fold 

lines on the pattern by transferring distances along the 

stretch-out line equal in length to the sides of the prism, 

1–2, 2–3, 3–4, and 4–1. Draw perpendicular construction 

lines at each of these points. Project the lengths of lines 

1, 2, 3, and 4 from the front view to the pattern.

Step 2. Construct the bottom and top, as shown in Figure 

15.30, add the seam to one end of the development, and 

add the top and bottom.

A Right Circular Cylinder  A right circular cylinder is de-

veloped in a manner similar to that used for a right rect-

angular prism. The development will be a rectangle, as 

shown in Figure 15.31.

Developing a Right Circular Cylinder
Step 1. In the front view, draw the stretch-out line aligned 

with the base of the cylinder and equal in length to the 

circumference of the base circle. At each end of this line, 

construct vertical lines equal in length to the height of 

the cylinder.

Step 2. Add the seam to the right end of the development, 

and add the bottom and top circles, as shown in the 

fi gure.

A Truncated Cylinder  A truncated cylinder is developed 

similar to a cylinder except elements need to be used to 

determine the curved edge.

Developing a Truncated Cylinder
Step 1. The top circular view of the cylinder is divided 

into a number of equal parts, such as 12, as shown in 

Figure 15.32. The greater the number of parts, the more 

accurate the development. The stretch-out line, equal in 
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Development of a truncated prism
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Development of a right circular cylinder
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Development of a truncated right circular cylinder
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740 PART 3  Descriptive Geometry

length to the circumference of the circle, is aligned with 

the base in the front view and is divided into 12 equal 

parts, from which vertical lines are constructed.

Step 2. The intersection points in the top view are pro-

jected into the front view, where the projected lines inter-

sect the angled edge view of the truncated surface of the 

cylinder. These intersection points are, in turn, projected 

into the development. The intersections between these 

projections and the vertical lines constructed from the 

stretch-out line are points along the curve representing 

the top line of the truncated cylinder.

Step 3. The base of the cylinder is a circle, and the top 

is an ellipse with the major axis equal in length to the 

angled line in the front view and the minor axis equal 

in length to the diameter of the cylinder. Seams can be 

added if needed.

A Right Circular Cone  A right circular cone is developed 

using the radial line method.

Developing a Right Circular Cone
Step 1. To begin this development, use a true-length ele-

ment of the cone as the radius for an arc and as one side 

of the development (Figure 15.33). A true-length element 

of a right circular cone is the limiting element of the cone 

in the front view. Draw an arc whose length is equal to 

the circumference of the base of the cone.

Step 2. Draw another line from the end of the arc to 

the apex and draw the circular base, to complete the 

development.

A Truncated Cone  The truncated portion of the cone is 

developed by transferring radial distances (Figure 15.34).

Developing a Truncated Cone
Step 1. To begin the development, fi rst project the limit-

ing elements of the cone in the front view to determine 

the apex. Then, use a true-length element of the cone as 

the radius for an arc. The length of the arc is equal to the 

circumference of the base of the cone.

Step 2. The truncated portion of the cone will form a 

curved line in the development. This curved line must be 

constructed using multiple elements. Divide the circle in 

the top view and the arc in the development view into the 

same number of equal parts, such as 12, as shown in 

Figure 15.34. Project lines from the points in the top view 

to the base of the cone in the front view. Construct ele-

ments in the front view along the sides of the cone. Mark 

the points where the elements intersect the edge view of 

the truncated face of the cone.

In the front view, measure the distance from the apex 

of the cone to the intersecting points and transfer those 

distances into the development along the corresponding 

lines. Locate each point on the curved line in the develop-

ment in a similar manner and connect the points to com-

plete this portion of the development. Construct the cir-

cular base and the curved truncated surface to complete 

the development. The top of the cone will be an ellipse.

An Oblique Cone: Triangulation Method  The triangulation 

method is used to construct the development of oblique 

cones.

Step 1 Step 2

T.
L. T.L.T.
L. T.L.

R = T.L. ELEMENT

CIRCUM

FER
EN

C
E

Figure 15.33

Development of a right circular cone
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Developing an Oblique Cone
Step 1. Begin by dividing the circular base of the cone 

into a number of equal parts, such as 12, as shown in 

Figure 15.35 on page 742. Determine the true length of 

each element using the revolution techniques described 

in Section 15.5.3. The foreshortened elements shown in 

the front and top views are labeled 0–1, 0–2, etc., where 

0 is the vertex of the cone. The true-length elements are 

labeled 0–1�, 0–2�, etc.

Step 2. To begin the development, draw element 0–1�. 

Then, strike an arc, using 0 as the center and a radius 

equal to 0–2�. Next, using 1� as the center and a radius 

equal to the chord 1–2 in the top view, strike another arc. 

The point where the two arcs intersect is a point on the 

curved line of the development. Repeat these steps for 

each true-length element and chord of the circle to cre-

ate a series of points on the curved line of the develop-

ment. Connect these points with a smooth curve, and 

draw the circular base to complete the development of 

the oblique cone.

A Truncated Pyramid  Figure 15.36 on page 742 shows a 

truncated pyramid for which edges A–B and C–D are not 

true length, so the triangulation method is used.

Developing a Truncated Pyramid
Step 1. Using the revolution techniques described in Sec-

tion 14.5.3, construct the true lengths of the pyramid 

edges, in the front view.

Step 2. To create the development, mark the position of 

the vertex 0. Draw a line from 0 which is equal in length 

to 0–1�. Along this line, mark distance 0–A�. Repeat this 

process for each edge of the pyramid. Draw the top and 

bottom surfaces to complete the development.

An Oblique Prism  To construct the development of an 

oblique prism, create a right section of the prism and a 

true-size auxiliary view. For this example, Figure 15.37 

on page 743 is a hexagonal oblique prism; therefore, the 

true-size view of a right section is a regular hexagon.

Developing an Oblique Prism
Step 1. The right section, line MN, is created in the front 

view by constructing a line perpendicular to the edges 

of the prism. The auxiliary view is created by projecting 

lines perpendicular to the right section.

Step 2. The perimeter of the right section in the auxiliary 

view is the length of the stretch-out line OP in the devel-

opment. Along the stretch-out line, mark the width of the 

hexagon faces, 1–2, 2–3, 3–4, 4–5, 5–6, and 6–1. Draw 

perpendicular lines through these points. In the front view, 

measure the lengths of the prism edges from the right 

section line MN to the base and to the top, such as 1–A 

and 1–G. Transfer these distances to the development 

along the respective lines perpendicular to the stretch-

out line. Connect the endpoints of the lines and draw in 

the top and bottom to complete the development.

Step 1 Step 2

T.
L.

T.L.

T.L. ELEMENT

1

2
3

45

6

7
8

9 1011
12

11,3

1

12

11

10

9

8
7

6
5

4
321 T.

L.

T.L.

CIR
CUM

FE
R

E
N

C
E

Figure 15.34

Development of a truncated right circular cone
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Triangulation development of an oblique cone
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An Oblique Cylinder  The development of an oblique cyl-

inder is similar to that of an oblique prism with an infi nite 

number of sides. A right section of the cylinder is created, 

and a true-size auxiliary view is constructed. For this ex-

ample, Figure 15.38 (on page 744) is a circular cylinder; 

therefore, the true-size view of a right section is a circle.

Development of an Oblique Cylinder
Step 1. The right section, line MN, is created in the front 

view by constructing a line perpendicular to the axis of 

the cylinder. The auxiliary view is created by projecting 

lines perpendicular to the right section. The circle is di-

vided into a number of equal parts, such as 16, as shown 

in the fi gure. These divisions are projected into the front 

and top views, creating element lines.

Step 2. The circumference of the circle in the auxiliary 

view is the length of the stretch-out line OP in the de-

velopment. Along the stretch-out line, mark the chordal 

distances, 1–2, 2–3, 3–4, etc., taken from the auxiliary 

view right section; then draw perpendicular lines through 

these points. In the front view, measure the lengths of the 

prism edges from the right section line MN to the base 

and top, such as 1–A and 1–K. Transfer these distances 

to the development along the corresponding lines per-

pendicular to the stretch-out line. Connect the endpoints 

of the lines with a smooth curve and draw the top and 

bottom ellipses to complete the development.

15.3.3 Transition Piece Developments

Transition pieces are used to connect two differently 

sized or shaped openings or two openings in skewed posi-

tions, such as those found in heating and ventilation sys-

tems (Figure 15.39 on page 744). Transition pieces can be 

plane, warped, or conical surfaces, some of which must 

be approximated using triangulation.

To create the development of a transition piece, fi rst 

determine the geometric shape of the piece. For example, 

the transition piece between two offset cylinders of dif-

ferent diameters is an oblique cone, for which construc-

tion of the development has already been described in this 

chapter. The transition piece between two aligned cylin-

ders of different sizes is a cone, between aligned rectan-

gular prisms of different sizes is a pyramid, between two 

offset rectangular prisms of different sizes is an oblique 

pyramid, and between a rectangular prism and a cylinder 

is four isosceles triangles and four conical surfaces. Con-

struction of this last transition piece is described in the 

following paragraphs.
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Figure 15.37

Development of an oblique prism
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744 PART 3  Descriptive Geometry

Step 1. Create a seam labeled center line S–1. Divide the 

circular top of the transition piece into a number of equal 

divisions, such as 16, as shown in the top view. Draw 

construction lines from each set of points in each quad-

rant on the circumference of the circle to the respective 

corners of the rectangle. For example, draw construction 

lines from points 9, 10, 11, 12, and 13 in the upper right 

quadrant to corner C.

Determine the true lengths of each construction line. 

This is done by placing the center of an arc at a corner of 

the rectangle, such as point A, then striking an arc, using 

a construction line as the radius, such as A–3. Draw this 

arc to intersect the extended side of the rectangle to lo-

cate 3�. Several such intersection points are located and 

are then projected into the front view to a line extended 

from the top of the transition piece. Draw lines from the 

base corner A to the points along the extended line, to 

create the true-length lines A–1�, A–2�, A–3�.

Step 2. Begin the development by drawing the seam line 

S–1 at any length. Draw line SA perpendicular to line S–1. 

Construct line A–1� by measuring its true length as con-

structed earlier and marking that distance from point A 

along line S–1 in the development. Locate 2� by striking 
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Figure 15.38

Development of an oblique cylinder

Figure 15.39

Transition piece used in the heating and cooling system of 
a building

Development of a Transition Piece
The transition piece between a rectangular prism and a cyl-

inder is comprised of four isosceles triangles and four coni-

cal surfaces, the development of which is constructed using 

triangulation (Figure 15.40).
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two arcs, one using point A as the center and distance 

A–2�, the other using 1� as the center and chordal dis-

tance 1–2. Where the two arcs intersect is 2�. Repeat this 

process to locate 3�, 4�, and 5�.

Step 3. Draw line AB perpendicular to line A–1�. Locate 

points 6�, 7�, 8�, and 9� using the technique described in 

Step 2. Repeat this step to develop the remaining sides 

of the transition piece.

15.3.4 Approximate Developments

Warped and double-curved surfaces can only be devel-

oped by approximation. An example of a double-curved 

surface is a sphere (Figure 15.41 on the next page). The 

surface is developed by dividing it into a series of zones. 

Each zone is then approximated as a truncated right cir-

cular cone, which is developable. This is called the poly-
conic method. To create the development, cut the sphere 
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Figure 15.40

Development of a transition piece between a rectangular prism and a cylinder
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746 PART 3  Descriptive Geometry

into zones by passing multiple cutting planes through 

the sphere perpendicular to the axis. Each section thus 

formed becomes an approximation of a truncated cone, 

with side elements that are curved instead of straight. The 

more sections created, the smaller the length of curvature 

of the side elements, and the closer is the resulting devel-

opment to the actual surface of the sphere.

Another method of creating an approximate develop-

ment of a sphere involves dividing the surface into equal 

sections by passing multiple cutting planes parallel to 

and through the axis. Horizontal cutting planes are con-

structed in the front view and drawn as circles in the top 

view. Each section of the sphere is developed as a cylin-

drical surface. The method is called the polycylindric 
method. This technique is commonly used to represent 

world maps and is sometimes called the gore method.

15.3.5 CAD Techniques

With CAD, developments can be created using the same 

techniques described in this chapter. A more automated 

method of creating fl at patterns of 3-D CAD models is 

possible with special software. This software will “unfold” 

a surface or wireframe CAD model (Figure 15.42). The 

programs will also adjust the size of the pattern for any 

bend allowances specifi ed by the user. In addition, some 

software will dimension the fi gure and provide automated 

manufacturing operations. Once the pattern is created on 

screen, it can be positioned just as any CAD drawing.

A related feature of some programs is nesting. Nesting 

is the process of laying out multiple patterns on a single 

sheet of material in an economical manner that mini-

mizes waste material once all the patterns are cut out. 

This technique minimizes scrap, which reduces overall 

material and production costs.
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(A) Polyconic Method (B) Polycylindric Method

Figure 15.41

Approximate developments of a sphere using the polyconic and polycylindric methods

Figure 15.42

Automatic surface development
Specialized software can automatically unfold and create the 
development of a 3-D CAD model.

(Courtesy of Dassault Systemes.)
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15.4 Summary
Intersections occur when two geometric forms cross each 

other. Intersections are either straight or curved lines, or 

points. Most intersections can be determined using aux-

iliary views, cutting planes, or a combination of both. 

Visibility of the lines of intersection is then determined, 

using projection methods.

Developments are the unfolded or fl attened out surfaces 

of geometric forms, such as cones, cylinders, and pyra-

mids. The four types of developments are parallel-line, 

radial-line, triangulation, and approximation. Parallel-

line, radial-line, and triangulation developments can be 

true developments. However, for warped and double-

curved surfaces, only approximation developments can 

be created.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne development.

 2. Give examples of how developments are used in 

industry.

 3. Give examples of how a transition piece is used in 

industry.

 4. List the four methods of creating developments.

 5. List two types of surfaces that can only be devel-

oped by approximation.

 6. Describe how seams are represented on develop-

ment drawings.

 7. Defi ne a stretch-out line.

 8. Describe how fold lines are represented on develop-

ment drawings.

 9. Defi ne a piercing point.

 10. Describe the nesting technique used by CAD sys-

tems in developing patterns.

 11. Defi ne intersection.

 12. Name the development techniques used for a 

sphere.

 13. Defi ne visibility.

 14. Defi ne a transition piece.

Further Reading
Pare, E. G., R. O. Loving, I. L. Hill, and R. C. Pare. Descriptive 

Geometry. New York, NY: Macmillan Publishing Company, 

1991.

Stewart, S. Applied Descriptive Geometry. Albany, New York: 

Delmar Publishing Company, 1986.

Wellman, B. L. Technical Descriptive Geometry. New York, 

NY: McGraw-Hill Publishing Company, 1987.
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748 PART 3  Descriptive Geometry

P r o b l e m s

 15.1 Construct foam or clay models of primitive solid 

shapes, such as cylinders, cones, rectilinear prisms, 

cubes, etc.

a. Intersect the primitive solid with a plane: 
Cut the primitive into two pieces, and place a 

(preferably transparent) plane between the two 

halves. By lifting off one half, you can see the 

cross section of the intersection, along with the 

orientation of the cutting plane. Using the cone, 

create a variety of conic sections by intersect-

ing the plane at different orientations. What is 

the relationship of the orientation of the inter-

secting plane to the shape of the intersection? 

When is the shape and size of the intersection 

the same as the base? Repeat these tests with 

the other primitive solids. Also, compare the in-

tersections of different solids with the planes in 

similar orientations.

b. Intersect two solids with each other: Keep one 

solid whole and cut the other solid into dis-

tinct pieces representing volumes internal and 

external to the fi rst solid. Create a cone and a 

rectilinear prism for which one dimension is 

twice the diameter of the base of the cone and 

the other two dimensions are two-thirds the 

diameter. Cut the prism to represent intersect-

ing half-way through the cone at its base. You 

should end up with the prism in three pieces: 

two external to the cone and one internal. Cut 

up three other identical prisms representing the 

intersections as the prism moves up vertically 

toward the tip of the cone. Compare the internal 

and external pieces of the various intersections. 

When do the internal pieces look more like 

pieces of the cone? Pieces of the prism? How 

would the pieces have to change if none of the 

sides of the prism were parallel to the base of 

the cone? Try intersecting the prism with the 

cylinder and then the cube, at both normal and 

skew angles.

 15.2 Create a set of solid primitives as you did in Prob-

lem 15.1. Using 20-lb white (copy) paper, cut out 

the paper so that it just fi ts around a solid. The re-

sult should be one piece of paper, and the creases 

and cuts in the paper should clearly delineate all of 

the faces of the solid. This is a development of the 

solid.

a. Create a development of a rectilinear prism. 

Make a number of photocopies of the resulting 

development for later parts of the exercise. Can 

you create another development of the prism 

that looks completely different from the fi rst 

when laid out fl at?

b. Cut an oblique face on the prismatic solid. Mod-

ify a photocopy of the original development to 

match the new solid.

c. Cut a notch out of the original prismatic solid. 

Modify a photocopy of the original development 

to match the new solid.

d. Create a development of the cone. Make a num-

ber of photocopies of the resulting develop-

ment for later parts of the exercise. How many 

faces are defi ned on the development? Is there 

a clearly defi ned connection point between the 

base and the side of the cone?

e. Cut an oblique face in the solid cone. Modify a 

photocopy of the original development to match 

the new solid.

f. Imagine drilling a skew hole through the cone. 

Modify a photocopy of the original develop-

ment to match the new solid.

g. Make developments of the other solid primi-

tives. What would a development of a sphere 

look like? Does the shape of the face in the 

fl attened development match its shape on the 

sphere? How is this development similar to that 

of the cone? How is it different?

 15.3 Draw the views given in Figure 15.43, and create a 

development of the assigned objects.

 15.4 Draw the views given in Figure 15.44, and create a 

development of the assigned objects.

 15.5 Draw the views given in Figure 15.45, and create a 

development of the assigned objects.

 15.6 Draw the views given in Figure 15.46, and create a 

development of the assigned objects.
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Problem 15.3, METRIC SCALE
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Problem 15.7

 15.7 Draw the views given in Figure 15.47, complete the 

line of intersection between the objects, and create 

a development of the assigned objects.

 15.8 Draw the views given in Figures 15.48 through 

15.56, complete the line of intersection between 

the objects or between the object and the cutting 

plane, and create a development of the assigned 

objects. Each grid is 0.25� or 6 mm.
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(A)

(B)

B

A

L

G

C

F

F

F

F

F

A
P

LP

B
P

G P

CP

X
P

Y
P

Z
P

R
P

G
P G

F

Y
F

Z
F

X
F

R
F

Figure 15.48

Intersecting planes 

(A)

(B)

LF

K
F

G
F

L
P

G
P

,M
F K

P
M

P

MP MF

RFRP

NF

PFPP

NP

Figure 15.49

Intersecting line and cylinder 
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Intersecting line and cone
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Lines of intersection
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Part Four

Standard Technical 
Graphics Practices

Part 4 brings together all the techniques and concepts 

previously described, adds 

the important concepts of 

standards and dimensioning, 

and applies everything 

you’ve learned to this point 

to actual technical drawings 

and design situations. Part 4 

includes essential information 

on manufacturing processes 

and their impacts on 

engineering graphics.
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759

Chapter Sixteen

Section Views

Objectives
After completing this chapter, you will be 
able to:

 1. Apply the concept of cutting planes 

to create section views.

 2. Represent cutting plane lines and 

section lines, using conventional 

practices.

 3. Create full, half, offset, removed, 

revolved, broken-out, auxiliary, and 

assembly section views, using conven-

tional practices.

 4. Create conventional breaks for differ-

ent materials and cross sections.

 5. Represent ribs, webs, and thin fea-

tures in section, using conventional 

practices.

 6. Represent aligned sectioned features, 

using conventional practices.

 7. Apply section theory to computer 

models when designing.

Introduction
The technique called section views is used 

to improve the visualization of new designs, 

clarify multiview drawings, and facilitate 

the dimensioning of drawings. For example, 

If you can imagine it, you can achieve it. If 

you can dream it, you can become it.

—Arthur Ward

C
hapter Sixteen
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orthographic drawings of complicated mechanical parts 

can be very diffi cult to visualize and dimension. Section 

views can be used to reveal interior features of an object 

that are not easily represented using hidden lines. Archi-

tectural drawings use section views to reveal the interior 

details of walls, ceilings, and fl oors. Three-dimensional 

geometric models created with CAD can be sectioned to 

reveal interior features and assist in the design of complex 

systems.

Section views use a technique that is based on passing 

an imaginary cutting plane through a part to reveal inte-

rior features. Creating section views requires visualization 

skills and adherence to strict standards and conventional 

practices. This chapter will explain the theory for creating 

section views, the important conventional practices used 

for section views, and will show examples of standard 

practices.

16.1 Sectioning Basics
Section views are an important aspect of design and 

documentation, and are used to improve clarity and re-

veal interior features of parts (Figure 16.1). Section views 

are also used in the ideation and refi nement stages of 

engineering design to improve the communications and 

problem-solving processes. Sectional drawings are multi-

view technical drawings that contain special views of a 

part or parts, views that reveal interior features. A pri-

mary reason for creating a section view is the elimina-

tion of hidden lines so that a drawing can be more easily 

understood or visualized. Figure 16.2 shows a regular 

multiview drawing and a sectioned multiview drawing of 

the same part in the front view; the hidden features can 

be seen after sectioning.

Traditional section views are based on the use of an 

imaginary cutting plane that cuts through the object to re-

veal interior features (Figure 16.3 on the next page). This 

imaginary cutting plane is controlled by the designer and 

can (1) go completely through the object (full section), 

(2) go halfway through the object (half section), (3) be bent 

to go through features that are not aligned (offset section), 

or (4) go through part of the object (broken-out section).

Section views are used in every engineering discipline. 

Mechanical assemblies are sectioned to assist in the as-

sembly of components and to aid visualization (Figure 16.4 

on the next page). Cutaway drawings of roads are used in 

Normal multiview drawing Section view drawing

Figure 16.2

Section view reveals hidden features
A section view will typically reveal hidden features so that the object is more easily visualized.
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Line of sight Imaginary cutting plane

Figure 16.3

Cutting planes
Imaginary cutting planes used to create section views are passed through the object to reveal interior features.

Figure 16.4

Mechanical assembly of a jet aircraft in section showing how parts fi t and their spatial relationship
(Irwin drawing contest winner, Carl E. Lauter.)
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civil engineering (Figure 16.5). Sectioned technical illus-

trations are used to describe interior features of compli-

cated assemblies (Figure 16.6).

An important reason for using section views is to re-

duce the number of hidden lines in a drawing. A section 

view reveals hidden features without the use of hidden 

lines (Figure 16.7). Adding hidden lines to a section view 

complicates the drawing, defeating the purpose of using a 

section. There are times, however, when a minimum num-

ber of hidden lines are needed to represent features other 

than the primary one shown by the section (Figure 16.8 on 

the following page).

Figure 16.5

Civil engineering application in section
Bent cap section of a prestressed concrete box girder bridge superstructure.

(Courtesy of Bentley Systems, Incorporated.)

Figure 16.6

Sectioned technical illustration of an internal combustion 
engine
(Courtesy of UGS PLM Software, Division of Siemens Automation and Drives.)

Imaginary cutting plane

Edge view of cutting plane

Section view

Hidden lines
(not shown in section view)

Normal orthogonal
view

Figure 16.7

Treatment of hidden lines
Normally, hidden lines are omitted from section views.
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(A) Correct representation (B) Incorrect representation (C) Normal multiview

Change of plane behind
the cutting plane
represented as a line No!

Visible surfaces and edges that represent a change of 

planes behind the cutting plane are drawn in a section 

view. For example, Figure 16.9 shows a section view for 

which the cutting plane passes through the center of a 

counterbored hole. A line represents the change of planes 

between the drilled and counterbored holes and is an ex-

ample of a visible feature that is behind the cutting plane 

(Figure 16.9A).

Section lined areas normally are bounded by visible 

lines, never by hidden lines, because the bounding lines 

are visible in the section view (Figure 16.9B).

16.1.1 CAD Technique

With 3-D CAD, it is possible to create the section view of a 

part or assembly automatically by specifying the position 

of the cutting plane relative to the object (Figure 16.10) and 

Figure 16.8

Optional use of hidden lines
Hidden lines can be shown in section views usually to 
eliminate the need for another view.

Optional use
of a hidden line

Figure 16.9

Representing surfaces and 
edges in section views
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then to select which part of the object to display by pick-

ing one side of the cutting plane or the other. Half of the 

object is removed, using a Boolean subtraction operation, 

as shown in Figure 16.11.

Two-dimensional CAD has automated some of the 

more time-consuming steps necessary to create ortho-

graphic section views. Most CAD programs contain sev-

eral standard section line patterns (i.e., cross-hatches); 

section lines are not added one at a time, as they are with 

traditional tools. The boundary area to be cross-hatched is 

selected with the cursor; the user selects the section pat-

tern or creates a custom one by specifying the angle, line-

type, and spacing, and the defi ned boundary is automati-

cally fi lled in with the selected pattern.

16.1.2 Visualization of Section Views

Figure 16.12 on the next page is a multiview drawing of a 

part that is diffi cult to visualize in its three-dimensional 

form because of the many hidden lines. A section view is 

created by passing an imaginary cutting plane vertically 

through the center of the part. Figure 16.13 on the next 

page is an isometric representation of the part after it is 

sectioned. This isometric section view shows the interior 

features of the part more clearly and is an aid for visual-

izing the 3-D form. The corners of the isometric section 

view are numbered so that they can be compared with the 

orthographic section view.

Points defining cutting plane

Figure 16.10

Defi ning a cutting plane on a CAD model
A 3-D CAD solid model can be sectioned by positioning a 
cutting plane relative to the object.

In Figure 16.12, the cutting plane arrows in the front 

view point to the left, to represent the direction of sight for 

producing a right side view in full section. The direction 

of the arrow can also be thought of as pointing toward the 

half of the object being kept. The right half of the object is 

“removed” to reveal the interior features of the part.

The line of sight for the section view is perpendicular 

to the cut surfaces, which means they are drawn true size 

and shape in the section view. Also, no hidden lines are 

drawn and all visible surfaces and edges behind the cut-

ting plane are drawn as object lines.

The section view in Figure 16.12A shows only those 

surfaces touched by the cutting plane. Since conventional 

practice requires that features behind the cutting plane be 

represented, the change of planes between the two holes 

in the counterbored hole is shown in Figure 16.12B. If the 

section is viewed along the line of sight identifi ed by the 

arrows in Figure 16.13, arcs A, B, and C will be visible 

and should be represented as lines. In Figure 16.12B, the 

lines representing arcs are 2–7, 4–5, and 15–14. The coun-

terbore and through holes are represented as rectangular 

features 2–7–6–3 and 4–5–14–15.

All the surfaces touched by the cutting plane are marked 

with section lines. Because all the surfaces are the same 

part, the section lines are identical and are drawn in the 

same direction. This practice is explained in more detail in 

Section 16.3. The center line is added to the counterbored 

hole to complete the section view.

Figure 16.11

Sectioned CAD model
The object is automatically cut along the cutting plane to 
produce a section view.
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16.2 Cutting Plane Lines
Cutting plane lines, which show where the cutting plane 

passes through the object, represent the edge view of the 

cutting plane and are drawn in the view(s) adjacent to the 

section view. In Figure 16.14, the cutting plane line is 

drawn in the top view, which is adjacent to the sectioned 

front view. Cutting plane lines are thick (0.6 mm or 0.032 

inch) dashed lines that extend past the edge of the object 
1⁄4� or 6 mm and have line segments at each end drawn at 

90 degrees and terminated with arrows. The arrows rep-

resent the direction of the line of sight for the section view, 

and they point away from the sectioned view. Two types 

of lines are acceptable for cutting plane lines in multiview 

drawings, as shown in Figure 16.15.

Line BB is composed by alternating one long and two 

short dashes. The length of the long dashes varies ac-

cording to the size of the drawing, and is approximately 

Normal multiview
drawing

(A) (B)

1

2
3

4

5

6
7

8
9

11

12 13

14

15

16

10

Figure 16.12

Visualization of a section view
A section view is created by drawing the outline of the surfaces cut by the cutting plane. Details are then added to show surfaces 
behind the cutting plane, such as the back of the counterbored hole.

13

12
11

10

9

8

7 6
5

14

15
4
32

1

16

A

B

C

Figure 16.13

Labeling features for visualization
The section view is created by passing an imaginary cutting 
plane vertically through the object. Corners are labeled to 
assist in the visualization of the orthographic section view.
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20 to 40 mm (1 to 13⁄4 inches). For a very large section 

view drawing, the long dashes are made very long to save 

drawing time. The short dashes are approximately 3 mm 

(1⁄8 inch) long. The open space between the lines is ap-

proximately 1.5 mm (1⁄16 inch). Capital letters are placed 

at each end of the cutting plane line for clarity or for dif-

ferentiating between cutting planes when more than one 

is used on a drawing.

The second method used for cutting plane lines, shown 

by line CC in Figure 16.15, is composed of equal-length 

dashed lines. Each dash is approximately 6 mm (1⁄4 inch) 

long, with a 1.5 mm (1⁄16 inch) space in between.

16.2.1 Placement of Cutting Plane Lines

Cutting plane lines are only added to a drawing for clar-

ity. If the position of the cutting plane is obvious, as in 

Figure 16.12, the line need not be drawn. Also, if the cut-
ting plane line is in the same position as a center line, 
the cutting plane line has precedence, as demonstrated in 

Figure 16.12.

Correct cutting
plane line

Incorrect cutting
plane line

A A

A A

Arrows in wrong direction:
arrows should show the line of
sight necessary for section view

No!

Figure 16.14

Placement of cutting plane lines
The cutting plane line is placed in the view where the cutting 
plane appears on edge.

In Figure 16.14, the cutting plane appears as an edge 

in the top view and is normal in the front view; therefore, 

it is a frontal cutting plane. The front half of the object is 

“removed,” and the front view is drawn in section.

If the cutting plane appears as an edge in the front view 

and is normal in the top view, it is a horizontal cutting 
plane (Figure 16.16 on page 768). The top half of the ob-

ject is “removed,” and the top view is drawn in section. If 

the cutting plane appears as an edge in the top and front 

views and is normal in the profi le view, it is a profi le cut-
ting plane (Figure 16.17 on page 768). The left (or right) 

half of the object is “removed,” and the left (or right) side 

view is drawn in section.

Multiple sections can be done on a single object, as 

shown in Figure 16.18 on page 768. In this example, two 

cutting planes are used: one horizontal and the other pro-

fi le. Both cutting planes appear on edge in the front view, 

and are represented by cutting plane lines A–A and B–B, 

respectively. Each cutting plane creates a section view, and 

each section view is drawn as if the other cutting plane did 

not exist.

Most CAD software includes cutting plane lines as 

a standard linestyle. To create a cutting plane line with 

CAD,

 1. Change the linestyle.

 2. Change the pen number for plotting to create thick 

lines, and/or change the line thickness.

 3. Draw the cutting plane line, using the LINE 

command.

 4. Add arrows to the ends of the cutting plane line.

 5. Using the TEXT command, add letters at each end 

of the cutting plane line if more than one cutting 

plane line is on the drawing.

Figure 16.15

Standard cutting plane linestyles
Standard cutting plane linestyles are thick lines terminated 
with arrows.

6 mm

C C

90°

.6 mm

1.5 mm 3 mm

20 – 40 mm

90°

BB

.6 mm

1.5 mm
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Section view

Line of sight

Imaginary cutting
plane

Figure 16.17

Profi le section view
A profi le section view is one in which the cutting plane is on 
edge in the front and top views and the profi le view is sectioned.

Multiview Section view

Line of sight for
section view

Imaginary
cutting plane

Figure 16.16

Horizontal section view
A horizontal section 
view is one where the 
cutting plane is on edge 
in the front view and the 
top view is sectioned.

A A

SECTION A-A 

B

B
SECTION B-B

Figure 16.18

Multiple sectioned views
Multiple section views can be created on a single multiview 
drawing. This example shows horizontal and profi le section 
views. Note that each section view is labeled to correspond 
to its cutting plane line.

768
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16.3 Section Line Practices
Section lines or cross-hatch lines are added to a section 

view to indicate the surfaces that are cut by the imaginary 

cutting plane. Different section line symbols can be used 

to represent various types of materials. However, there 

are so many different materials used in design that the 

general symbol (i.e., the one used for cast iron) may be 

used for most purposes on technical drawings. The actual 

type of material required is then noted in the title block or 

parts list or entered as a note on the drawing. The angle 

at which section lines are drawn is usually 45 degrees to 

the horizontal, but this can be changed for adjacent parts 

shown in the same section. Also, the spacing between 

section lines is uniform on a section view, but can be ad-

justed to show different parts.

16.3.1 Material Symbols

The type of section line used to represent a surface varies 

according to the type of material. However, the general-
purpose section line symbol used in most section view 

drawings is that of cast iron. Figure 16.19 shows some 

(P) Sand (Q) Water and other liquids (R) Across grain
     With grain Wood>

(O) Rock(N) Earth(M) Marble, slate, glass,
porcelain, etc.

(J) Titanium and refractory
material

(K) Electric windings, electro-
magnets, resistance, etc.

(L) Concrete

(I) Thermal insulation(H) Sound insulation(G) Cork, felt, leather and
fiber

(D) White metal, zinc, lead,
babbitt, and alloys

(E) Magnesium, aluminum,
and aluminum alloys

(F) Rubber, plastic, and
electrical insulation

(C) Bronze, brass, copper,
and compositions

(B) Steel(A) Cast or malleable iron
and general use for all

materials

Figure 16.19

ANSI standard section lines for various materials
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At the Races

The engineering design process is 

used in many types of jobs from 

the design of consumer product pack-

aging to the design, maintenance, and 

tuning of Formula 1 race cars. An un-

derstanding of the engineering design 

process along with a formal educa-

tion in a fi eld of engineering can lead 

to exciting job opportunities, such as 

the one described here of an engineer 

who works with Formula 1 race cars.

On a warm October afternoon, 

dozens of the fastest and most ad-

vanced automobiles in the world are 

tearing up the Interlagos Race Track 

just south of São Paulo, Brazil. The 

high-pitched screams of the race cars 

are deafening as they run through 

practice laps on the twisty, hilly, 

4.3-kilometer course, with its 15 turns 

and views of suburban high-rise 

apartment buildings in the distance.

With just two days to go before 

the Brazilian Formula 1 Grand Prix, 

the drivers are getting familiar with 

Dream High Tech Job

the course. And behind the scenes, 

but no less signifi cant, the engineers 

are checking and tuning the count-

less vehicle technologies that will 

have to perform fl awlessly over the 

90 minutes of the race. The engineers 

are clustered in the pit area, and one 

of them, a blond Finn with a boyish 

face hardened into a studious glare, 

is watching real-time data fl owing 

from one of the more than 80 sen-

sors onboard his team’s car to a bank 

of computers and monitors in the pit. 

He is Ossi Oikarinen, race engineer 

for one of the three cars in the Pana-

sonic Toyota Racing team, based in 

Cologne, Germany.

Formula 1 is the apotheosis of 

automobile racing, with cars that 

are chock-full of technology and an-

nual team budgets in the hundreds 

of millions of dollars. Engines in the 

single-seat cars are limited to 3 liters, 

but from that modest displacement 

(less than that of a typical passenger-

car V6) the 10-cylinder engines gen-

erate an astounding 671 kilowatts 

(900 horsepower) at, say, 19,000 rev-

olutions per minute.

On this particular day, Oikarinen 

will make many important strategic 

decisions—what kind of tires to put 

on the cars, how much fuel to load 

F A S T  T I M E S

Race engineer Ossi Oikarinen travels the world 

keeping his Formula 1 race cars in perfect 

running order.

Copyright © Paulo Fridman.

of the ANSI standard section line symbols used for only 

a few materials; there are literally hundreds of different 

materials used in design. Occasionally, a general section 

line symbol is used to represent a group of materials, such 

as steel. The specifi c type of steel to be used will be indi-

cated in the title block or parts list. Occasionally, with as-

sembly section views, material symbols are used to iden-

tify different parts of the assembly.

Most CAD software contains a number of ANSI stan-

dard materials symbols, which are placed on the CAD 

drawing automatically after the area to be sectioned is 

defi ned.

16.3.2 Drawing Techniques

The general-purpose cast iron section line is drawn at a 

45-degree angle and spaced 1⁄16 inch (1.5 mm) to 1⁄8 inch 

(3 mm) or more, depending on the size of the drawing and 

part to be sectioned. As a general rule, use 1⁄8-inch spac-

ing. Section lines are drawn as thin (.35 mm or .016 inch) 

black lines, using an H or 2H pencil.

Figure 16.20 on page 772 shows examples of good 

and poor section lines drawn using hand tools. The sec-

tion lines should be evenly spaced and of equal thickness 

and should be thinner than visible lines. Also, do not run 
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into them for the time trials, and how 

many pit stops to make on race day.

During the break between two 

1-hour practice sessions, mechanics 

take the cars apart, inspect and clean 

them, and put them back together. 

Other engineers check the fuel mix-

ture and inspect the car’s oil for signs 

of engine wear.

Meanwhile, Oikarinen, dressed in 

red Panasonic Toyota racing attire, is 

sitting down with driver Jarno Trulli, 

going over Trulli’s observations about 

the car and the course and discuss-

ing the data that has gushed in while 

the car was on the course.

Ossi Oikarinen

Age: 34

What he does: Engineers Formula 1 

race cars

For whom: Panasonic Toyota 

Formula 1 racing team

Where he does it: All over the world

Fun Factors: Works on the most ad-

vanced race cars in the world

Oikarinen is aware that Trulli’s 

safety, along with the hopes of his 

more than 600 teammates back in 

Germany, rides on his engineering 

judgment. He is quick to point out 

that he gets plenty of technical help. 

“There are four engineers who work 

with me, and I rely on their advice 

when making decisions on how to run 

the car,” he says.

But tough decisions and a charged 

competitive environment aren’t 

Oikarinen’s only challenges. There’s 

also the grueling, 8-month Grand Prix 

season, which started in March and 

consisted of 18 races in 18 cities and 

17 countries on 5 continents.

He never had specifi c plans to be-

come a race engineer, although he al-

ways wanted to be involved with rac-

ing on some level. “Things just worked 

out that way,” he says, “and I was 

lucky enough to get into it.” And con-

sistent with his easygoing personality, 

he adds “I’ve never really planned my 

life anyhow. So what comes, comes.”

What came, after he graduated 

from a university in 1995, was a job 

developing control logic for a furnace 

company in Germany. Then he moved 

to a company that made dampers for 

race cars. At the end of 1997, he got 

his fi rst job as a Formula 1 engineer 

for Arrows, a team that no longer 

exists. He has been with Panasonic 

Toyota Racing since 2000.

To those aspiring engineers who 

would give their eyeteeth to do what 

Oikarinen does, he says: “Get your 

schooling done. But more importantly, 

get involved in racing clubs. Start with 

go-carts and work your way up.” He 

adds, “There are many ways to do it. 

There’s no proven rule.”

—Linda Geppert

Portions reprinted with permission from 

L. Geppert, “Dream Jobs 2005,” IEEE Spectrum, 
February 2005, p. 33. © 2005 IEEE.

section lines beyond the visible outlines or stop them too 

short.

Section lines should not run parallel or perpendicular 

to the visible outline (Figure 16.21A and B on the follow-

ing page). If the visible outline to be sectioned is drawn at 

a 45-degree angle, the section lines are drawn at a different 

angle, such as 30 degrees (Figure 16.21C).

Avoid placing dimensions or notes within the section 

lined areas (Figure 16.22 on the following page). If the di-

mension or note must be placed within the sectioned area, 

omit the section lines in the area of the note, as shown in 

Figure 16.22B and C.

When using CAD, change to a thin pen or linetype 

before adding the section lines. Most CAD software will 

automatically space the section lines evenly. Also, some 

CAD software will automatically omit the section lines if 

a note is placed within the sectioned area.

16.3.3 Outline Sections

An outline section view is created by drawing partial sec-

tion lines adjacent to all object lines in the section view 

(Figure 16.23 on the following page). For large parts, out-

line sections may be used to save time.

16.3.4 Thin Wall Sections

Very thin parts, such as washers and gaskets, are not eas-

ily represented with section lines, so conventional practice 

calls for representing parts less than 4 mm thick without 
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Incorrect
(Linework is
inconsistently spaced)

Incorrect
(Linework fails to end at
boundaries of area)

Incorrect
(Linework is too closely
spaced)

Incorrect
(Linework is too widely
spaced)

Incorrect
(Linework is not consistent
in direction)

Incorrect
(Linework intensity is
inconsistent)

Correct
(45°; Equal spacing)

Figure 16.20

Examples of good and poor section lining techniques

(A) Avoid! (B) Avoid! (C) Preferred

Figure 16.21

Section lined placement
Avoid placing section lines parallel or perpendicular to 
visible lines.

(B) Preferred

NOTE: 2 PLACES

(C) Preferred

1.375

(A) Avoid!

NOTE: 2 PLACES

Figure 16.22

Notes in section lined areas
Section lines are omitted around notes and dimensions.

section lines. Figure 16.24 shows a section view of two 

parts separated by a thin gasket.

Practice Exercise 16.1
Using a foam or clay model of an object, slice the model in 

half with a knife. With a water-based marker, sketch section 

lines on the surfaces cut by the knife. Sketch a cutting plane 

Figure 16.23

Outline sectioning
Outline sectioning is used on large areas.

Figure 16.24

Thin parts in section
Thin parts in section are represented without section lines 

(Reprinted by permission of The American Society of Mechanical Engineers. 

All rights reserved.)

line along the edge created where the model was cut in half. 

Sketch a three-view drawing of the model as it was before 

being cut in half. Sketch a three-view drawing with one as a 

full section view.

Repeat the steps described above to make half, offset, 

and broken-out sections.
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16.4 Section View Types
There are several types of section views used on technical 

drawings:

Full section Removed section

Half section Offset section

Broken-out section Assembly section

Revolved section Auxiliary section

Up to this point, only full sections have been shown in 

the fi gures. The selection of the type of section view to be 

used is based upon which one most clearly and concisely 

represents the features of interest. For example, there are 

times when it may be more appropriate to use a half sec-

tion view, for symmetrical objects, or a broken-out sec-

tion, for small areas. The various types of section views 

are described in the following paragraphs.

16.4.1 Full Sections

A full section view is made by passing the imaginary cut-

ting plane completely through the object, as shown in Fig-

ure 16.25A. Figure 16.25B shows the orthographic views 

of the object, and Figure 16.25C shows the full section 

view. All the hidden features intersected by the cutting 

plane are represented by visible lines in the section view. 

Surfaces touched by the cutting plane have section lines 

drawn at a 45-degree angle to the horizontal. Hidden lines 

are omitted in all section views unless they must be used to 

provide a clear understanding of the object.

The top view of the section drawing shows the cutting 

plane line, with arrows pointing in the direction of the line 

of sight necessary to view the sectioned half of the object. 

In a multiview drawing, a full section view is placed in 

the same position that an unsectioned view would nor-

mally occupy; that is, a front section view would replace 

the traditional front view. Figure 16.26 on the next page 

illustrates how to create a full section view.

Step by Step: Creating a Full-Section View
This step-by-step procedure explains and illustrates how 

to create a full-section view of the object shown in Fig-

ure 16.26.

Step 1. The fi rst step is to visualize and determine the ap-

propriate position for the section view line from which to 

best view and understand the object’s true internal shape 

and form, the imaginary cutting plane then is passed 

through the object through the position visualized. In this 

example, the cutting plane is positioned so that it passes 

through the centers of both holes and perpendicular to 

the axes of the holes. This would slice the object com-

pletely in half, revealing the interior features when viewed 

from the front view.

Step 2. Sketch the top view of the multiview drawing of the 

object.

Step 3. In the multiview, the top view of the object would 

be drawn as a normal view with the exception of the 

addition of a cutting plane line. The position of the 

(A)  Full section (C)  Full section view(B)  Standard multiview

Figure 16.25

Full section view
A full section view is created by passing a cutting plane fully through the object.
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cutting plane line would be located in the top view where 

the imaginary cutting plane appears on edge, which is 

through the horizontal center lines of the two holes in the 

top view. The ends of the cutting plane line are bent at 

90 degrees in the direction of the line of sight necessary 

to create a front view with arrows added that will point 

away from the location of the front view.

Step 4. Visualize and sketch the front view in full section. 

This can be done using any of the techniques shown ear-

lier in the chapter or in Chapter 5. For this example, we will 

start by sketching lines from all the edges of the object 

from the top view. Height dimensions in the front view are 

determined, then the shape of the front view is blocked 

in to create all the details for the front multiview draw-

Step 1

Step 2

Step 3

Step 4 Step 5

Figure 16.26

Creating a full-section view
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ing of the object. Lines that normally would be drawn as 

hidden lines will be represented as solid lines as the full-

sectioned front view reveals the hidden features of the 

object.

Step 5. Section lines are then added to the object to those 

areas of the front view where the imaginary cutting plane 

would touch the surface or is coplanar with object sur-

faces. All the section lines will be spaced equally and run-

ning in the same direction because this is a single object.

16.4.2 Half Sections

Half sections are created by passing an imaginary cut-

ting plane only halfway through an object. Figure 16.27A 

shows the cutting plane passing halfway through an ob-

ject and one quarter of the object being removed. Figure 

16.27B shows the normal orthographic views before sec-

tioning, and Figure 16.27C shows the orthographic views 

after sectioning. Hidden lines are omitted on both halves 

of the section view. Hidden lines may be added to the un-

sectioned half for dimensioning or for clarity.

External features of the part are drawn on the unsec-

tioned half of the view. A center line, not an object line, is 

used to separate the sectioned half from the unsectioned 

half of the view. The cutting plane line shown in the top 

view of Figure 16.27C is bent at 90 degrees, and one ar-

row is drawn to represent the line of sight needed to cre-

ate the front view in section.

Half section views are used most often on parts that 

are symmetrical, such as cylinders. Also, half sections are 

sometimes used in assembly drawings when external fea-

tures must be shown.

16.4.3 Broken-Out Sections

A broken-out section is used when only a portion of the 

object needs to be sectioned. Figure 16.28A on the fol-

lowing page shows a part with a portion removed or bro-

ken away. A broken-out section is used instead of a half 

or full section view to save time.

A break line separates the sectioned portion from the 

unsectioned portion of the view. A break line is drawn 

freehand to represent the jagged edge of the break. No 

cutting plane line is drawn. Hidden lines may be omitted 

from the unsectioned part of the view unless necessary for 

clarity, as shown in Figure 16.28C.

Most CAD systems have a freehand drawing command 

called SKETCH, which can be used to draw a break line.

16.4.4 Revolved Sections

A revolved section is made by revolving the cross-

section view 90 degrees about an axis of revolution and 

superimposing the section view on the orthographic view, 

(A)  Half section (B)  Multiview (C)  Half section view

Figure 16.27

Half section
A half section view is created by passing a cutting plane halfway through the object.

  CHAPTER 16  Section Views 775
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as shown in Figure 16.29A on page 778. When revolved 

section views are used, normally end views are not needed 

on a multiview drawing. A revolved section is created by 

drawing a center line through the shape on the plane to 

represent in section. Visualize the cross section of the part 

being rotated 90 degrees about the center line and the 

cross section being superimposed on the view. If the re-

volved section view does not interfere or create confusion 

on the view, then the revolved section is drawn directly on 

the view using visible lines. If the revolved section crosses 

lines on the view it is to be revolved, then the view is broken 

for clarity. Section lines are added to the cross section to 

complete the revolved section. Visible lines adjacent to the 

revolved view can be either drawn or broken out using con-

ventional breaks, as shown in Figure 16.29B. When the re-

volved view is superimposed on the part, the original lines 

of the part behind the section are deleted. The cross section 

is drawn true shape and size, not distorted to fi t the view. 

The axis of revolution is shown on the revolved view as a 

center line.

A revolved section is used to represent the cross section 

of a bar, handle, spoke, web, aircraft wing, or other elon-

gated feature. Revolved sections are useful for describing 

a cross section without having to draw another view. In ad-

dition, these sections are especially helpful when a cross 

section varies or the shape of the part is not apparent from 

the given orthographic views.

16.4.5 Removed Sections

Removed section views do not necessarily follow stan-

dard view alignments as practiced in multiview draw-

ings. Removed sections are made in a manner similar to 

revolved sections by passing an imaginary cutting plane 

perpendicular to a part, then revolving the cross section 90 

degrees. However, the cross section is then drawn adjacent 

to the orthographic view, not on it (Figure 16.30 on page 

779). Removed sections are used when there is not enough 

room on the orthographic view for a revolved section.

Removed sections are used to show the contours of 

complicated shapes, such as the wings and fuselage of an 

airplane, blades for jet engines or power plant turbines, 

and other parts that have continuously varying shapes 

(Figure 16.31 on page 779).

Normally, the cross-section view is drawn adjacent to 

the orthographic view and close to the position of the cut-

ting plane, which is identifi ed with either a center line or 

a cutting plane line. If a number of removed sections are 

done on a part, cutting plane lines may be drawn with 

labels to clarify the position from which each section is 

(B) Multiview (C) Broken-out section view(A) Broken-out section

Figure 16.28

Broken-out section
A broken-out section view is created by breaking off part of the object to reveal interior features.
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Sketch the front view as a full-section view.

Pract ice Problem 16.1

  CHAPTER 16  Section Views 777
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times removed sections are placed on center lines adjacent 

to the axis of revolution (Figure 16.33 on page 780).

Wherever possible, a removed section should be on the 

same sheet as the part it represents, and it should be clearly 

labeled. If the removed section view must be drawn on an-

other sheet, it must be properly labeled, such as SECTION 

A–A ON SHEET 2.

16.4.6 Offset Sections

An offset section has a cutting plane that is bent at one or 

more 90-degree angles to pass through important features 

(Figure 16.34A on page 780). Offset sections are used for 

complex parts that have a number of important features 

that cannot be sectioned using a straight cutting plane. In 

Figure 16.34, the cutting plane is fi rst bent at 90 degrees to 

pass through the hole and then bent at 90 degrees to pass 

through the slot. The front portion of the object is “re-

moved” to create a full section view of the part. The cut-

ting plane line is drawn with 90-degree offsets, as shown 

in Figure 16.34A. As shown in Figure 16.34B, the change 

of plane that occurs when the cutting plane is bent at 

90 degrees is not represented with lines in the section 

view. Multiple offset sections used on a single view are 

labeled as shown in Figure 16.35 on page 781.

16.4.7 Assembly Sections

Assembly sections are typically orthographic, picto-

rial, full or half section views of parts as assembled (Fig-

ure 16.36 on page 782). Leonardo da Vinci was one of the 

fi rst to create assembly sections, using them to illustrate 

pictorially the complex machine designs he developed.

Section assembly drawings follow special conventions. 

Standard parts, such as fasteners, dowels, pins, wash-

ers, springs, bearings, and gears, and nonstandard parts, 

such as shafts, are not sectioned; instead, they are drawn 

showing all of their exterior features. For example, in Fig-

ure 16.37 on page 783, fasteners would be cut in half by 

the cutting plane, yet they are not cross-hatched with sec-

tion lines.

Typically, the following features are not section lined 

in an assembly section drawing:

Shafts Ribs

Bearings, roller, or ball Spokes

Gear teeth Lugs

Threaded fasteners Washers

Nuts and bolts Keys

Rivets Pins

Adjacent parts in assembly sections are cross-hatched 

at different angles so that they are more easily identifi ed 

(A) Revolved section

(B) Revolved section; broken view

REVOLVED SECTION

DEPTH

CUTTING PLANE

HEIGHT

TRUE SIZE SECTION

DEPTH

DEPTH

HEIGHT

Line of sight
Imaginary cutting plane

Figure 16.29

Revolved section
A revolved section view is created by passing a cutting plane 
through the object, then revolving the cross section 90 degrees.

taken. The removed section view is then labeled, such as 

SECTION A–A as shown in Figure 16.30, to correspond 

to the labeled cutting plane line.

Removed sections can also be drawn to a larger scale 

for better representation of the details of the cross section 

and for dimensioning. The scale used for the removed sec-

tion view is labeled beneath the view (Figure 16.32). Some-
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A

A

B

B

C

C

SECTION C-C SECTION B-B SECTION A-A

Figure 16.31

Multiple removed section views of a connecting rod 
identifi ed with labels

DETAIL A
SCALE: 4:1 A

Figure 16.32

Scaled section view
A scaled removed section view is placed at any convenient 
location and labeled with the scale.

Good techniquePoor technique

REMOVED SECTION

SECTION A-A

A

A

A

ATOO CROWDED
FOR REVOLVED
SECTION

Figure 16.30

Removed section
A removed section view is created by making a cross section, then moving it to an area adjacent to the view.

(Figure 16.38 on page 783). Different material symbols 

can also be used for this purpose. Also, if sections of a part 

in an assembly section are separated by some distance, the 

section lines are still drawn in the same direction.

CAD 3-D modeling software can create models of 

each part, the individual models can be sectioned, and the 

section views can be placed together, resulting in a 3-D 
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Normal multiview (A)  Offset section view (B)  No!

DO NOT SHOW!

Figure 16.34

Offset section
An offset section view is created by bending the cutting plane at 90-degree angles to pass through important features.

assembly section. An alternative involves using a feature 

that adds translucency to parts to reveal interior assem-

blies (Figure 16.39 on page 783). The models can be used 

to check for interference of parts or can be analyzed by 

dynamically showing the parts in action. The models can 

also be rotated to produce an orthographic assembly sec-

tion view.

If 2-D CAD is used to create detail drawings, assem-

bly sections can be created by making a pattern or tem-

plate of the detail views. The assembly section views are 

then placed together, resulting in an orthographic assem-

bly view.

16.4.8 Auxiliary Sections

Auxiliary views can be drawn in section, as shown in 

Figure 16.40 on page 784. An auxiliary section can be a 

full or partial section. Auxiliary sections follow the same 

A B
C

A B
C

SECTION A–A SECTION B–B SECTION C–C

Figure 16.33

Aligning removed section views
In one technique, the removed section view is aligned along 
center lines adjacent to the regular view.
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conventions as other types of sections. Features behind 

the sectioned surfaces may not be drawn (Figure 16.41 on 

page 784). This is done to save time, and to improve the 

visualization of the auxiliary section view. Review Chap-

ter 13 to create auxiliary views of objects.

Care must be taken not to draw the section lines paral-

lel or perpendicular to the visible outline of the sectioned 

area, as explained earlier in this chapter.

16.5 Special Sectioning Conventions
Conventional practices have been established to handle 

section views of special situations, such as alignment of 

holes, ribs, and spokes. These practices are described in 

the following paragraphs.

SECTION A-A

SECTION B-B

A
A

B
B

Figure 16.35

Multiple offset sections
Multiple offset section views use labels for identifi cation.

16.5.1 Ribs, Webs, and Other Thin Features

Ribs, webs, spokes, lugs, gear teeth, and other thin features 

are not section lined when the cutting plane passes parallel 

to the feature. A rib or web is a thin, fl at part that acts as a 

support (Figure 16.42 on page 784). Adding section lines 

to these features would give the false impression that the 

part is thicker than it really is. Figure 16.43 on page 785 

shows a cutting plane that passes parallel to and through 

a web (SECTION B–B). Figure 16.43B shows the view 

drawn using conventional practice, which leaves the web 

unsectioned. Figure 16.43A shows an incorrect representa-

tion of the section view, with the web having section lines. 

This view gives the false impression that the web has sub-

stantial thickness.

Leaving thin features unsectioned only applies if the 

cutting plane passes parallel to the feature. If the cutting 

plane passes perpendicular or crosswise to the feature 

(cutting plane A–A), section lines are added as shown in 

Figure 16.43C.

Occasionally, section lines are added to a thin feature 

so that it is not mistaken or read as an open area. Figure 

16.44A on page 785 shows a part with webs, which are 

fl ush with the rim and the hub. In Figure 16.44B, the part 

could be interpreted as being round and without webs. To 

section line a thin feature, use alternate lines, as shown 

in Figure 16.44C. However, if the feature is not lost, as 

shown in Figure 16.45 on page 785, then section lines 

should not be added.

16.5.2 Aligned Sections

Aligned sections are special types of orthographic draw-

ings used to revolve or align special features of parts to 

clarify them or make them easier to represent in section. 

Aligned sections are used when it is important to include 

details of a part by “bending” the cutting plane. The cut-

ting plane and the feature are imagined to be aligned or 

revolved before the section view is created. In other words, 

the principles of orthographic projection are violated in 

order to more clearly represent the features of the object.

Normally, the alignment is done along a horizontal or 

vertical center line, and the realignment is always less than 

90 degrees (Figure 16.46 on page 787). The aligned sec-

tion view gives a clearer, more complete description of the 

geometry of the part. The cutting plane line may be bent to 

pass through all of the nonaligned features in the unsec-

tioned view (Figures 16.47 through 16.49, pages 787, 788).

Conventional practice also dictates the method for 

representing certain features that are perpendicular to 

the line of sight. Figure 16.47 shows a part with a feature 
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Figure 16.37

Standard parts not section lined
Standard parts, such as fasteners and shafts, are not section lined in assembly sections, even if they are cut by the cutting plane.

Adjacent parts

Different material
symbol

Same part

Figure 16.38

Section lining adjacent parts
Adjacent parts in an assembly section are section lined at differ-
ent angles so that individual parts can be more easily identifi ed.

Figure 16.39

Translucency of a CAD model
With a 3-D CAD model, translucency can be used instead of cutting planes to reveal interior features.

(Courtesy of UGS PLM Software, Division of Siemens Research and Development.)
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called a spoke, which is bent at a 30-degree angle from 

the vertical center line. True projection would show the 

spoke foreshortened in the side view. However, aligning 

the spoke with the vertical center line in the front view 

allows the section view to be created more easily, and this 

is the preferred method for representing the part. Also, 

even though the spoke has been aligned, standard prac-

tice requires that section lines not be placed on the spoke. 

Also, spoke A is not drawn in the section view to save 

time and increase clarity.

Alignment of features is used for many applications. 

For example, the lug shown in Figure 16.48A is aligned 

in the section view but is not sectioned. A lug is consid-

ered a thin feature, so section lines are normally not used 

Auxiliary
Section

Figure 16.40

A full auxiliary section view

when the cutting plane is parallel to the lug’s thickness. 

However, if the lug were positioned as shown in Fig-

ure 16.48B, then the lug would be drawn with section 

lines. Figure 16.49 shows how ribs are aligned before the 

section view is drawn. The standard practice is to not put 

section lines on ribs (Figure 16.49C).

16.5.3 Conventional Breaks

Conventional breaks are used for revolved section views 

or for shortening the view of an elongated part, such as a 

shovel handle or vehicle axle. Shortening the length of a 

Auxiliary
Section

Figure 16.41

A partial auxiliary section view
Parts of the object appearing behind the auxiliary section view 
are sometimes not drawn, to improve the clarity of the drawing.

Web

Flange

LugRib

Figure 16.42

Ribs, webs, and lugs
Ribs, webs, and lugs are special types of features commonly found in mechanical components. These types of features require 
special treatment in section views.
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(C) Correct!

(A)  Incorrect! (B) Correct!

A A

Web

B

B

Web

SECTION B-B SECTION B-B

Web unsectioned
SECTION A-A

Web sectioned

Figure 16.43

Conventional practices for webs in section
Thin features, such as webs, are left unsectioned when cut parallel to the feature by the cutting plane.

With webs Without webs

(A) (B)  Avoid (C)  Preferred

WEB

Figure 16.44

Alternate method of representing a web in section
Thin features are section lined with alternate lines if it clarifi es 
the geometry of the object.

(A) (B)

Figure 16.45

Omitting section lines on webs
When the feature is not lost, section lines are omitted.
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The use of 3-D CAD design was an essential tool in 

meeting the packaging density requirements of the 

microFLEX test system developed by Teradyne, Inc. It 

allowed the development team to make trade-offs during 

the conceptual design of the product without building 

actual prototypes, and allowed a major reduction in size 

over previous generation products.

Teradyne is a leading supplier of test equipment to 

the semiconductor industry. The test equipment consists 

of several subsystems: mechanical housing, computers, 

environmental monitoring and cooling systems, elec-

tronics, instrumentation, cable systems, and mechanical 

interfaces to “dock” the tester to wafer or package chip 

handling equipment. Testers must be capable of docking 

to different kinds of handling equipment in many dif-

ferent orientations. Ergonomic requirements also com-

plicate the design: for example, fans vent external air to 

the tester, and designers must ensure that the fans do not 

blow on an operator in any of the tester’s confi gurations.

Historically, Teradyne has addressed these packaging 

issues by housing some of tester subsystems in a main-

frame, reducing the space required for the testhead, the 

part of the tester that docks to the handling equipment. 

An example of this design is the FLEX test system.

Because of the high facility costs of clean room 

space, cooling systems, and special fl ooring, semicon-

ductor manufacturers prefer testers with footprints that 

are as small as possible. Teradyne therefore developed 

microFLEX, a derivative of FLEX with a smaller 

amount of instrumentation and with all of the tester sub-

systems packed in the testhead. A testhead-only design 

reduces the material costs of the tester and dramatically 

reduces its footprint. However, it drives up design com-

plexity considerably. The constraints on the testhead size 

are still the same, yet now it needs to house the entire set 

of subsystems.

The team used SolidWorks to evaluate packing alter-

natives without developing a physical model. This saved 

cost and time in the development process and resulted in 

a product that is considered a breakthrough in the indus-

try with its combination of performance and small size.

New Generation of Tester Packs a Punch

Power distribution
and cooling system
in mainframe

Power distribution
and cooling
system moved
into testhead,
reducing system
foot-print and cost
of mechanics

FLEX Test System
Testhead/Mainframe Design

Cooling CoolingPower

Power

MicroFLEX Test System
Testhead-only Design

FLEX and microFLEX are trademarks of Teradyne, Inc.

(Courtesy of Teradyne, Inc., Boston, MA, with thanks to Glenn Green, Dane Krampitz, and the microFLEX development team.)
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(B) Preferred(A) True Projection

Figure 16.46

Aligned section
Aligned section conventions are used to rotate the holes into position along the vertical center line.

PreferredTrue ProjectionSpoke A omitted
in the “preferred"
section view

Figure 16.47

Aligning spokes
Aligning spokes in section views is the conventional method of representation.

(A) (B)

Figure 16.48

Aligning lugs
Aligning lugs in section views is the conventional method of representation.
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part leaves room for the part to be drawn to a larger scale. 

The printed dimension specifi es the true length (Fig-

ure 16.50).

Examples of the conventional breaks used for different 

materials and cross sections are shown in Figure 16.51. 

Cylindrical or tubular material is represented as a fi gure 

“8” or “S.” For very small parts, the fi gure “8” can be 

drawn freehand or using an irregular curve. With CAD, 

the SPLINE command can be used to create irregular 

curves. For larger parts, the fi gure “8” is drawn using a 

template or compass, following the procedures shown in 

Figure 16.52. These same procedures are followed with 

CAD, as well.

Breaks for rectangular metal or wood are drawn free-

hand, whether using traditional tools or CAD.

16.6 3-D CAD Techniques
CAD can create section views for 2-D orthographic 

drawings in a manner similar to that of using hand 

tools. However, 3-D CAD solid modeling programs can 

create section views using nontraditional techniques. In 

(A) True projection (B) Preferred (C) Section view

Figure 16.49

Aligning ribs
Aligning ribs in section views is the conventional method of representation.

Figure 16.50

Conventional break symbols can shorten the drawn length 
of a long object

(A) Round solid

(B) Round tubular

(C) Round tubular

(D) Rectangular

(E) Rectangular wood

Figure 16.51

Examples of conventional break symbols used for various 
materials
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Step 1 Step 2 Step 3 Step 4 Step 5

Step 1 Step 2 Step 3 Step 4 Step 5

1—
3 R

R

30°

30° 30°

30°

30°

Or use polar command

r r

r

Use compass
or  arc
command

Freehand ends
or use fillet
command

Or use hatch

Freehand ends
or use fillet
command

Freehand inside curve
or use spline command

r

r

Use compass
or arc
command

r

1—
2 R

R

1—
4 R

45°

45°

30°

30°

Figure 16.52

Procedures used to create a break for cylindrical or tubular material

Figure 16.53

A section view created of a 3-D CAD model
(Courtesy of Teguh P. Soetikno MSAE, Innovative Design Engineering, 

Indonesia.)

using CAD to create a solid model of a part, the user can 

assign material properties and can view the model from 

any position. The model can also be assigned surface 

properties, such as color, refl ectivity, and texture (Fig-

ure 16.53).

After the model is defi ned, section views of the part 

can be created by defi ning a cutting plane in 3-D space. 

The model can be separated along the cutting plane to re-

veal interior features, to check for fi t of multiple parts, 

or to create a pictorial assembly section view. The 3-D 

model can be rotated so that the line of sight is perpen-

dicular to the sectioned surface, creating an orthographic 

view for detail drawings.

An alternative to using a cutting plane is changing the 

surface property from opaque to translucent or transpar-

ent to reveal interior details.

It will soon become common practice to create 3-D 

solid models that can be manipulated and edited by the 

user. If a section view is necessary for the design or doc-

umentation of a part, a cutting plane will be defi ned and 

the section view will be created automatically by the CAD 

software.

With more advanced systems, cutting planes can be 

manipulated interactively, creating an animated sequence 

of sections of the object being cut away. In scientifi c and 

medical applications, it is quite common to use cutting 

plane techniques to create multiple sections of volumet-

ric data representing the human body, geological features, 

atmospheric conditions, and so forth. (See Chapter 3 for 

more information.)
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16.7 Summary
Section views are powerful aids in the design, documen-

tation, and construction of products. There are many dif-

ferent types of section views, and there are accepted stan-

dards and conventions for creating such views. CAD is 

particularly useful for automating the creation of section 

views and adding section lines. In the future, CAD will 

be used to create both traditional and nontraditional types 

of section views.

The important practices for creating section views are 

as follows.

■ Section lines (refer to Figures 16.20, 16.21, 16.22)

 1. Section lines are drawn thin (0.35 mm or .016 inch), 

black, uniform, and uniformly spaced.

 2. Section lines are drawn at 45 degrees to the hori-

zontal when possible.

 3. Section lines are not drawn parallel or perpendicu-

lar to the visible outline of the sectioned surface.

 4. Section lines do not extend beyond or stop short of 

the outline of the sectioned surface.

 5. The cast iron symbol is the general-purpose sec-

tion line symbol.

 6. Very thin parts are not shown with section lines; 

instead, they are shown in solid black.

■ Cutting plane lines (refer to Figure 16.15)

 1. Cutting plane lines are drawn as heavy (0.7 mm or 

.032 inch) black lines in the view where the cutting 

plane appears as an edge. One of two conventional 

methods is used: one long and two short dashes, or 

a series of short dashes.

 2. The cutting plane line has precedence over center 

lines.

 3. Cutting plane lines are terminated by bending 

them at 90 degrees at each end and placing arrows 

on the ends.

 4. The arrows on the ends of the cutting plane line 

show the direction of the line of sight necessary to 

create the section view.

 5. The arrows on the ends of the cutting plane line 

point away from the section view.

■ Full section views (refer to Figures 16.2, 16.7)

 1. The cutting plane passes completely through the 

object.

 2. The cutting plane line need not be drawn if its po-

sition is obvious.

 3. Hidden features are not represented with dashed 

lines, unless necessary for clarity or for eliminating 

the need for additional views.

■ Half section views (refer to Figure 16.27)

 1. The cutting plane only goes halfway through the 

object.

 2. The unsectioned half of the section view does 

not have hidden lines, unless necessary to clarify 

details.

 3. External features are drawn on the unsectioned half 

of the section view.

 4. A center line, not an object line, is used to separate 

the sectioned half from the unsectioned half in the 

section view.

■ Offset section views (refer to Figure 16.34)

 1. Offsets in the cutting plane line are at 90 degrees.

 2. In the sectioned view, changes of plane lines are 

not drawn where the cutting plane line bends 

90 degrees.

■ Revolved section views (refer to Figure 16.29)

 1. Lines adjacent to the revolved view can be either 

drawn or broken out using conventional breaks.

 2. The axis of revolution is drawn as a center line on 

the revolved view.

■ Removed section views (refer to Figure 16.30)

 1. The position of the cutting plane can be identifi ed 

by either a center line or a cutting plane line.

 2. Cutting plane lines may be drawn with labels to 

clarify the position from which the section is taken.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
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■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne section drawings.

 2. Describe how 3-D CAD is used to create section 

views.

 3. Describe how cutting plane lines are used.

 4. Sketch the two standard types of cutting plane lines.

 5. List three applications of section views.

 6. What convention is used for hidden lines in a section 

view?

 7. What convention is used for hidden lines on the un-

sectioned half of a half section view?

 8. Defi ne section lines.

 9. Sketch the material symbol used to represent steel.

 10. Describe how thin parts are represented in a section 

view.

 11. Describe the difference between a revolved and a re-

moved section view.

 12. List some of the standard parts that are not sec-

tioned in an assembly section. Explain why.

 13. What type of line is used to separate the sectioned 

half from the unsectioned half of a half section view?

 14. List some of the future applications of 3-D CAD sec-

tion views.

 16.1 Sketch, or draw with CAD, full-section views of 

the objects shown in Figure 16.54. Consider each 

grid to be 0.25� or 6 mm.

 16.2 Sketch, or draw with CAD, offset section views of 

the objects shown in Figure 16.55. Consider each 

grid to be 0.25� or 6 mm.

 16.3 Sketch, or draw with CAD, half-section views of 

the objects shown in Figure 16.56. Consider each 

grid to be 0.25� or 6 mm.

P r o b l e m s

 16.4 Sketch, or draw with CAD, broken-out section 

views of the objects shown in Figure 16.57. Con-

sider each grid to be 0.25� or 6 mm.

 16.5 Sketch, or draw with CAD, the views with sec-

tions as indicated by the cutting plane lines in Fig-

ure 16.58. Each grid square equals 0.25� or 6 mm.
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(A)

(B)

Figure 16.54

Create full-section views
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(D)

(C)

Figure 16.54

Create full-section views (Continued)
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(A)

(B)

Figure 16.55

Create offset-section views
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(C)

(D)

Figure 16.55

Create offset-section views (Continued)
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(A)

(B)

Figure 16.56

Create half-section views
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(C)

(D)

Figure 16.56

Create half-section views (Continued)
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(A)

(B)

Figure 16.57

Create broken-out section views
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(4) (5) (6)

(1) (2) (3)

(7) (8) (9)

(10) (11) (12)

Figure 16.58

Section view problems
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Figure 16.58

Section view problems (Continued)

(16) (17) (18)

(13) (14) (15)

(19) (20) (21)

(22) (23) (24)
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(28) (29)

(25) (26) (27)

(33)(32)

(30)

(31)

Figure 16.58

Section view problems (Continued)
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Figure 16.59

Idler pulley
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Figure 16.62

Force support

 16.6 Sketch, draw with CAD, then create the neces-

sary views, including a section view, of the objects 

shown in Figures 16.59 through 16.80 or create a 

3-D model.
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Figure 16.64

Axle center
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Taper collar
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Pulley
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Mounting
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Shoulder stop
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Figure 16.73

Heavy-duty V-pulley
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Ring block
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Column support

808

ber28376_ch16.indd   808ber28376_ch16.indd   808 1/2/08   3:15:47 PM1/2/08   3:15:47 PM



  CHAPTER 16  Section Views 809

C l a s s i c  P r o b l e m s

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by 

Thomas E. French, Charles J. Vierck, and Robert Foster.

   1 and 2.  Select views that will best describe the piece.

 3. Draw the top view as illustrated and the front view in 

half section on A–A.

 4. Draw the top view and sectional view (or views) to 

best describe the object.

Problem 1

End plate Problem 2

Piston cap

Problem 3

Brake-rod bracket

Problem 4

Column collar
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3D Solid Part Models and Auxiliary View from Technical Sketches

The technical sketches in Figures 16.82 through 16.93 

contain a variety of section views required to show com-

plex interior details and features. Sample illustrations are 

included with each sketch to help in visualizing the part. 

Construct accurate, fully constrained 3-D solid part mod-

els for each. Any available parametric solid modeling soft-

ware may be used. As required with your solid modeling 

software, determine the appropriate method to creating, 

rotating, and positioning compound angle datum/con-

struction planes needed to correctly model inclined and 

oblique surfaces and features. Refer to Chapter 9 Three-
Dimensional Modeling as needed for a review of construc-

tion or datum plane set up, profi les, and part bodies using 

standard extrusion, revolution, or lofting methods. Use ap-

propriate geometric and dimensional constraints to fully 

constrain each part. Apply 3-D features, such as holes, fi l-

lets, chamfers, ribs, and thin wall operations (as required) 

to create a logical, easy to edit history tree.

Use the fi nished part model to generate associated 

multiview and pictorial drawings containing appropriate 

views to fully describe the part, ie; front, top, right side, 

and sectional cutaway views. As an option, make para-

metric changes to key dimensions and features in the part 

model and use these revisions to the model to update the 

associated multiview drawing fi le.

Problems designated “FOR 3-D ASSEMBLY 
MODEL” are designed to be used as parts within 3-D 

Assembly Models contained at the end of chapter prob-

lems for Chapter 20 Working Drawings.

Figure 16.81

Roller–Deere: for 3-D assembly model
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Figure 16.82

Roller–model TX

Figure 16.83

Handwheel–Aluminum
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Figure 16.84

Ceiling fan cover
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Figure 16.85

Blade hub
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Figure 16.86

Base E-01: for 3-D assembly model
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Figure 16.87

Wheel layout

Figure 16.88

Valve handwheel
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Figure 16.89

Housing shell

Figure 16.90

Shift link
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Figure 16.91

Tester housing

Figure 16.92

Piston: for 3-D assembly model
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Figure 16.93

Apparatus clamp
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Chapter Seventeen

Dimensioning 
and Tolerancing 
Practices*

Objectives
After completing this chapter, you will be 
able to:

 1. Apply the standard dimensioning 

practices for mechanical drawings.

 2. Differentiate between current ASME 

standards and past practices for 

dimensioning.

 3. Apply English and metric tolerances 

to dimensions.

 4. Calculate standard tolerances for pre-

cision fi ts.

 5. Apply tolerances using the basic shaft 

and basic hole systems.

Introduction
The process of adding size information to 

a drawing is known as dimensioning, and 

standard dimensioning practices have been 

established for this purpose. There are 

different standards for different types of 

drawings, such as architectural drawings, 

mechanical drawings, highway drawings, 

If you can measure that of which you 

speak, and can express it by a number, 

you know something about your subject; 

but if you cannot measure it, your 

knowledge is meager and unsatisfactory.

—Lord Kelvin

*Some material for this chapter was written by Professor 

Thomas P. Sweeney, Hutchinson Technical College, 

Hutchinson, Minnesota, and Professor Ted Branoff, North 

Carolina State University, Raleigh, NC.

C
hapter Seventeen

ber28376_ch17.indd   818ber28376_ch17.indd   818 1/2/08   3:18:00 PM1/2/08   3:18:00 PM



  CHAPTER 17  Dimensioning and Tolerancing Practices 819

steel detail drawings, welding drawings, and so on. In 

this chapter, the focus will be on mechanical drawings.

The most common dimensioning standard used in the 

United States today was developed and adopted by the 

American National Standards Institute (ANSI) and was 

updated and published by the American Society of Me-

chanical Engineers (ASME). The current version of this 

standard is ASME Y14.5M–1994. The dimensioning 

practices described in this text follow this latest ASME 

standard, which is available from ASME at 345 East 47th 

Street, New York, NY 10017.

17.1 Dimensioning
Geometrics is the science of specifying and toler-

ancing the shapes and locations of features on ob-

jects. In design work, it is essential that the roundness of a 

shaft be as clearly stated as the size. Once the shape of a 

part is defi ned with an orthographic drawing, the size in-

formation is added in the form of dimensions. Dimension-

ing a drawing also identifi es the tolerance (or accuracy) re-

quired for each dimension. If a part is dimensioned 

properly, then the intent of the designer is clear to both the 

person making the part and the inspector checking the part 

(Figure 17.1). Everyone in this circle of information (de-

sign, manufacturing, quality control) must be able to speak 

and understand a common language. A well-dimensioned 

part is a component of this communications process.

Effective communication among design, manufactur-

ing, and quality control is more essential than ever be-

fore. In a modern manufacturing facility, the distinctions 

among design, drafting, prototype building, specifi cation 

writing, and all of the other functions involved in devel-

oping a product are becoming blurred. A product devel-

opment team may be comprised of several types of job 

classifi cations, to the point where it is diffi cult to identify 

any one “designer.”

In this concurrent engineering environment, the abil-

ity to convey ideas from one group to another is critical. 

Consistency is an essential part of effective communica-

tion. All drawings should be understood by all users of 

the drawings, regardless of the user’s role in the design 

process. For a drafter or designer, communication of the 

design needs of a part to the others on the team is done by 

dimensioning.

A fully defi ned part has three elements: graphics, di-

mensions, and words (notes) (Figure 17.2 on the next 

page). Dimensions are dependent on symbols, which are a 

specialized set of tools used for communication. Dimen-

sioning provides the vital details that cannot be conveyed 

by drawing details alone.

17.2 Size and Location Dimensions
A well-dimensioned part will communicate the size and 

location requirements for each feature. Communications 

is the fundamental purpose of dimensions.

Parts are dimensioned based on two criteria:

 1. Basic sizes and locations of the features

 2. Details of construction for manufacturing

17.2.1 Units of Measure

The unit of measurement selected should be in accor-

dance with the policy of the user. On a drawing for use 

in American industry, all dimensions are in inches, un-

Figure 17.1

Our technological world depends on dimensionally accurate 
drawings and models for communication of the design and for 
production.

(© Charles Thatcher/Tony Stone Images.)
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less otherwise stated. Generally, if parts are more than 

72 inches in length, the drawings will switch to feet and 

inches for the standard unit of measure. Most countries 

outside of the United States use the metric system of mea-

sure, or the international system of units (SI), which is 

based on the meter.

The SI system is being used more in the United States 

because of global trade and multinational company affi li-

ations. The common metric unit of measure on engineer-

ing drawings is the millimeter, abbreviated as mm.

Individual identifi cation of linear units is not required 

if all dimensions on a drawing are in either millimeters or 

inches. The drawing shall, however, contain a note stat-

ing ALL DIMENSIONS ARE IN MILLIMETERS (or 

INCHES, as applicable). If the drawing is in millimeters, 

an alternative is to use the word METRIC, shown in the 

upper right corner of the drawing. Where some inch di-

mensions are shown on a millimeter-dimensioned draw-

ing, the abbreviation IN follows the inch value. Where 

some millimeter dimensions are shown on an inch-

dimensioned drawing, the MM symbol is used.

Occasionally, a company will use dual dimension-

ing, that is, both metric and English measurements, on a 

drawing. Although the most recent ASME standard does 

not feature dual dimensioning (and the practice should be 

avoided), two methods are found: position and bracket. 

Position dual dimensioning, shown in Figure 17.3A on 

the next page, has the metric value placed above the 

inch value, separated by the dimension line. The bracket 

method, shown in Figure 17.3B, shows the decimal inch 

dimension in brackets.

Angular dimensions are shown either in decimal de-

grees or in degrees, minutes, and seconds. The symbol 

used for degrees is �, for minutes �, and for seconds �. 
Where only minutes and seconds are specifi ed, the num-

ber of minutes or seconds are preceded by the 0�. Fig-

ure 17.4 on the next page shows examples of angular units 

used to dimension angles.

Figure 17.2

Engineering drawing
An engineering drawing will have graphics, dimensions, and words or notes to fully defi ne the part.
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17.2.2 Terminology

There are a number of terms important to dimensioning 

practices. These terms are illustrated in Figure 17.5 on 

the next page and are defi ned as follows:

 1. Dimension—the numerical value that defi nes the 

size, shape, location, surface texture, or geometric 

characteristic of a feature. Normally, dimension 

text is 3 mm or 0.125� high, and the space between 

lines of text is 1.5 mm or 0.0625� (Figure 17.6 on 

the next page). With hand tools, guidelines should 

be used to print the dimension text. A lettering 

guide is a useful aid for making guidelines. In 

metric dimensioning, when the value is less than 

one, a zero precedes the decimal point. When the 

dimension exceeds a whole number by a decimal 

fraction of one millimeter, the last digit to the right 

of the decimal point is not followed by a zero. In 

decimal inch dimensioning, when the value is less 

than one, a zero is not used before the decimal 

point. A dimension is expressed to the same num-

ber of decimal places as the tolerance. Zeros are 

added to the right of the decimal point where nec-

essary. (In the text of this book, all values less than 

one are shown with a zero preceding the decimal 

point. On the drawings, however, the conventional 

practices stated here are followed.)

 2. Basic dimensions—a numerical value defi ning 

the theoretically exact size, location, profi le, or 

orientation of a feature relative to a coordinate 

system established by datums. They are identifi ed 

on a drawing by enclosing the dimension in a rect-

angular box. Basic dimensions have no tolerance. 

They locate the perfect geometry of a part, while 

the acceptable variation or geometric tolerance is 

described in a feature control frame.

 3. Reference dimension—a numerical value en-

closed in parentheses, providing for information 

only and not directly used in the fabrication of the 

part. A reference dimension is a calculated size 

without a tolerance used to show the intended de-

sign size of a part. Drawings made to older stan-

dards may have placed REF next to a reference 

dimension, instead of using parentheses.

 4. Dimension line—a thin, solid line that shows the 

extent and direction of a dimension. Dimension 

lines are broken for insertion of the dimension 

numbers.

 5. Arrows—symbols placed at the ends of dimen-

sion lines to show the limits of the dimension, 

leaders, and cutting plane lines. Arrows are uni-

form in size and style, regardless of the size of the 

1.00 [25.4]

3.00 [76.2]

5.00 [127]

1.50 [38.1]

2.50 [63.5]

ø .50 [12.7]

127
5.00 127/5.00or

(A)  Position Method

(B)  Bracket Method

Figure 17.3

A dual dimensioned drawing shows both millimeter and 
decimal inch measurements

0°0'45"

25°15'

25°30'45"

25.6°

Figure 17.4

Angular units
Angular dimensions are shown either in decimal degrees or in 
degrees, minutes, and seconds.
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drawing. Arrows are usually about 3 mm (1⁄8�) long 

and should be one-third as wide as they are long. 

Figure 17.7 shows the dimensions used to make an 

arrow by hand. Arrowheads on engineering draw-

ings are represented by freehand curves and can 

be fi lled, closed, or open, as shown in the fi gure.

 6. Extension line—a thin, solid line perpendicular 

to a dimension line, indicating which feature is as-

sociated with the dimension.

 7. Visible gap—there should be a visible gap of 

1.5 mm (1⁄16�) between the feature’s corners and the 

end of the extension line.

(2.00)

ø .50 R .75

1.250

Reference
dimension

+.032
-.010

Radius
symbol

Leader
line

Diameter
symbol

8

3

12
11

Plus and minus
dimensioning

10

ALL FORMATS +.05 UNLESS
OTHERWISE NOTED

.50

.50

2.510
2.490

Basic
dimension

2

Extension
line

6

Limits of size9

Dimension
line

4

Dimension1

Visible gap

Arrow5

7
13

Figure 17.5

Important elements of a dimensioned drawing

Millimeter dimensioning

50.8

12.7

9.5

0.95

TEXT HEIGHT 3mm

Use guidelines
for hand drawings

A

B

C

D

Decimal dimensioning

2.000

.500

.375

.125

TEXT HEIGHT .125"

Use guidelines
for hand drawings

A

B

C

D

Figure 17.6

Text height and standards used for decimal and millimeter 
dimensioning

3W

Filled Closed Open

W

3mm or .125"

Figure 17.7

Dimensions used to draw an arrowhead 
Arrows are three times as long as they are wide.
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 8. Leader line—a thin, solid line used to indicate the 

feature with which a dimension, note, or symbol 

is associated. Leader lines are generally a straight 

line drawn at an angle that is neither horizontal nor 

vertical. Leader lines are terminated with an arrow 

touching the part or detail. On the end opposite the 

arrow, the leader line will have a short, horizontal 

shoulder. Text is extended from this shoulder such 

that the text height is centered with the shoulder 

line. Two or more adjacent leaders on a drawing 

should be drawn parallel to each other.

 9. Limits of size—the largest acceptable size and the 

minimum acceptable size of a feature. The value for 

the largest acceptable size, expressed as the maxi-

mum material condition (MMC), is placed over the 

value for the minimum acceptable size, expressed 

as the least material condition (LMC), to denote the 

limit-dimension-based tolerance for the feature.

 10. Plus and minus dimension—the allowable posi-

tive and negative variance from the dimension 

specifi ed. The plus and minus values may or may 

not be equal.

 11. Diameter symbol—a symbol which precedes a 

numerical value, to indicate that the dimension 

shows the diameter of a circle. The symbol used is 

the Greek letter phi (�).

 12. Radius symbol—a symbol which precedes a nu-

merical value to indicate that the associated di-

mension shows the radius of a circle. The radius 

symbol used is the capital letter R.

 13. Tolerance—the amount that a particular dimen-

sion is allowed to vary. All dimensions (except ref-

erence dimensions) have an associated tolerance. 

A tolerance may be expressed either through limit 

dimensioning, plus and minus dimensioning, or a 

general note. The tolerance is the difference be-

tween the maximum and minimum limits.

 14. Datum—a theoretically exact point used as a ref-

erence for tabular dimensioning (see Figure 17.11 

on the next page). See Section 18.6 for the mean-

ing of datum within the context of geometric di-

mensioning and tolerancing.

17.2.3 Basic Concepts

A size dimension might be the overall width of a part, 

or the diameter of a drilled hole (Figure 17.8). A location 

dimension might be the length from the edge of an ob-

ject to the center of a drilled hole. The basic criterion is, 

“What information is necessary to make the object?” For 

example, to drill a hole, the manufacturer would need to 

know the diameter of the hole, the location of the center of 

the hole, and the depth to which the hole is to be drilled. 

These three dimensions describe the hole in suffi cient de-

tail for the feature to be made using machine tools.

Dimensions should not be excessive, either through 

duplication or by dimensioning a feature more than one 

way. For example, if the diameter of a hole is given in 

the front view, it should not be given again in the top or 

profi le views. Another excessive dimension would be the 

radius of the hole in addition to the diameter. The radius 

information adds nothing to the information about the 

feature and can actually be more confusing than helpful.

17.2.4 Size Dimensions

■ Horizontal—the left-to-right distance relative to the 

drawing sheet. In Figure 17.9 on the next page, the 

width is the only horizontal dimension.
■ Vertical—the up and down distance relative to the 

drawing sheet. In Figure 17.9, the height and the depth 

are both vertical dimensions, even though they are in 

two different directions on the part.
■ Diameter—the full distance across a circle, measured 

through the center. This dimension is usually used 

only on full circles or on arcs that are more than half 

of a full circle.

Location

ø Size

Size (H)

Location

Size (W)

Size (D)

Figure 17.8

Size and location dimensions are used to describe parts for 
manufacture.
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■ Radius—the distance from the center of an arc to any 

point on the arc, usually used on arcs less than half 

circles. In Figure 17.9, the RADIUS points to the out-

side of the arc, even though the distance measured is to 

the center, which is inside. The endpoints of the arc are 

tangent to the horizontal and vertical lines, making a 

quarter of a circle. This is assumed, and there is no need 

to note it. If the radius is not positioned in this manner, 

then the actual center of the radius must be located.

17.2.5 Location and Orientation Dimensions

■ Horizontal position—In Figure 17.10, dimensions A 

and D are horizontal position dimensions that locate 

the beginnings of the angle. Dimension A measures 

more than one feature—the sum of the arc’s radius 

and the straight line. The measurement for dimension 

A is taken parallel to the dimension line. Dimension 

D is the measurement of a single feature—the sloping 

line—but it is not the true length of the line. Rather, it 

is the left-to-right distance that the line displaces. This 

is called the “delta X value,” or the change in the X 

direction. The C dimension measures the horizontal 

location of the center of the hole and arc.
■ Vertical position—The B dimension in Figure 17.10 

measures the vertical position of the center of the hole. 

For locating the hole, the dimensions are given to the 

center, rather than the edges of the hole. All circular 

features are located from their centers.
■ Angle—The angle dimension in Figure 17.10 gives the 

angle between the horizontal plane and the sloping 

surface. The angle dimension can be taken from sev-

eral other directions, measuring from any measurable 

surface.

17.2.6 Coordinate Dimensions

The advent of computer-controlled manufacturing has 

encouraged dimensioning in terms of rectangular coor-

dinates. In rectangular coordinate dimensioning, a base-

line (or datum line) is established for each Cartesian co-

ordinate direction, and all dimensions are specifi ed with 

respect to these baselines. This is also known as datum 
dimensioning or baseline dimensioning. Dimensions may 

be given either with dimension lines and arrowheads 

(Figure 17.11) or without dimension lines and arrowheads 

(Figure 17.12 on the next page).

Depth

Height

ø Diameter

R Radius

Width

Figure 17.9

Dimensions showing the sizes of features, such as the height 
and depth of the part and the diameter of the hole

C

B

A D

Angle

Figure 17.10

Dimensions showing the location and orientation of 
features, such as the location of the center of the hole

75
45

30

100

30
40

60

90

Origin (0,0)

Datum surface for
horizontal dimensions (X)

Datum surface
for vertical
dimensions (Y)

Figure 17.11

A part dimensioned using coordinate dimensions, with a 
baseline or datum surface as a starting point
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All dimensions are specifi ed as X and Y distances from 

an origin point, usually placed at the lower left corner of 

the part. The origin is identifi ed as X and Y ZERO (0).

Datum dimensioning should be used with caution be-

cause of the tolerance stack-up that takes place (see dis-

cussion on tolerancing in this chapter).

Tabular coordinate dimensioning involves labeling 

each feature with a letter and then providing information 

on size and location in a table, as shown in Figure 17.12. 

In Figure 17.13, tabular coordinate dimensions are used 

with the origin located on an existing feature (the cen-

ter of hole A4). The dimension values are in a tabulated 

chart, and the holes are labeled. Features, such as hole 

center A2, that are located to the left of or below the ori-

gin have negative values.

17.2.7 Standard Practices

The guiding principle for dimensioning a drawing is clar-
ity. To promote clarity, ANSI developed standard prac-

tices for showing dimensions on drawings.

Placement  Dimension placement depends on the space 

available between extension lines. When space permits, 

dimensions and arrows are placed between the extension 

lines, as shown in Figure 17.14A and E.

When there is room for the numerical value but not 

the arrows as well, the value is placed between the exten-

sion lines and the arrows are placed outside the extension 

lines, as shown in Figure 17.14B and F.

When there is room for the arrows but not the numerical 

value, the arrows are placed between the extension lines, 

and the value is placed outside the extension lines and ad-

jacent to a leader, as shown in Figure 17.14C and G.

When the space is too small for either the arrows or 

the numerical value, both are placed outside the extension 

lines, as shown in Figure 17.14D and H.

Spacing  The minimum distance from the object to the 

fi rst dimension is 10 mm (3 ⁄8�), as shown in Figure 17.15 

on the next page. The minimum spacing between dimen-

90

60

40

30

0

0 30 45 75 100

A BSymbol

20 10Hole diameter

A

A

B

Figure 17.12

Tabular dimensions used to determine the size of the holes

0

0

A1

A2

A4

A3
A5

A6B1

B2
B3

A1
A2
A3
A4
A5
A6
B1
B2
B3

–1.00
–1.00
  1.10
  0
  3.38
  3.38
  1.50
  1.50
  2.88

 2.00
– .50
– .50
    0
    0
2.62
2.62
1.50
1.50

ø.50
ø.50
ø.50
ø.50
ø.50
ø.50
ø.25
ø.25
ø.25

Hole X Y Size

Figure 17.13

Coordinate dimensioned part with the origin at the center 
of hole A4 instead of the lower left corner of the part

Millimeter dimensioning

Decimal dimensioning

E F G H

.500

2.000
.375

.125

50.8

12.7

9.5

0.95

A

B

C

D

2.000

.500

.375

.125

A

B

C

D

E F G H

12.7

50.8
9.5

0.95

Figure 17.14

Dimension text placement
Standard practice for the placement of dimensions depends on 
the space available.
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sions is 6 mm (1⁄4�). These values may be increased where 

appropriate. There should be a visible gap between an ex-

tension line and the feature to which it refers. Extension 

lines should extend about 2 to 3 mm (1⁄8�) beyond the last 

dimension line.

Grouping and Staggering  Dimensions should be grouped 

for uniform appearance, as shown in Figure 17.16. As a 

general rule, do not use object lines as part of your di-

mension (Figure 17.16B). Where there are several parallel 

dimensions, the values should be staggered, as shown in 

Figure 17.17 on the next page.

Extension Lines  Extension lines are used to relate a di-

mension to one or more features and are usually drawn 

perpendicular to the associated dimension line. Where 

space is limited, extension lines may be drawn at an angle, 

as shown in Figure 17.18 on the next page. Where angled 

extension lines are used, they must be parallel, and the 

associated dimension lines must be drawn in the direction 

to which they apply.

Extension lines should not cross dimension lines, and 

should avoid crossing other extension lines whenever pos-

sible. When extension lines cross object lines or other ex-

tension lines, they should not be broken. When extension 

lines cross or are close to arrowheads, they should be bro-

ken for the arrowhead (Figure 17.19 on the next page).

When the center of a feature is being dimensioned, 

the centerline of the feature is used as an extension line 

(Figure 17.20A on the next page). When a point is being 

located by extension lines only, the extension lines must 

pass through the point (Figure 17.20B).

Limited Length or Area  If a limited length or area (such 

as the knurled portion of a shaft) will be further detailed, 

the limits may be defi ned by a chain line (alternating 

short and long dashes). The chain line is drawn parallel 

to the surface being defi ned. If the chain line applies to a 

surface of revolution, only one side need be shown (Fig-

ure 17.21A on page 828). When the limited area is being 

defi ned in a normal view of the surface, the area within 

the chain line boundary is section lined (Figure 17.21B). 

Dimensions are added for length and location, unless 

the chain line clearly indicates the location and size of the 

surface.

Reading Direction  All dimensions and note text must be 

oriented to read from the bottom of the drawing (rela-

tive to the drawing format). This is called unidirectional 

64

13

Approximately
2mm

Visible
Gap

6 mm MIN, (  ")1
4

10 mm MIN, (  ")3
8

Figure 17.15

Minimum dimension line spacing
Standard practice for the spacing of dimensions is 10 mm from 
the view and 6 mm between dimension lines.

130

5040

(A) Yes (B) No!

40

50

130

Figure 17.16

Group dimensions
In standard practice, dimensions are grouped on a drawing. Do not use object lines as extension lines for a dimension.
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50

40

20

ø 40
ø 50

ø 75
ø 100

ø 150
ø 20

68

Figure 17.17

Stagger dimension text
The general practice is to stagger the dimension text on paral-
lel dimensions.

10

23

30

41

45

55

30

12.5

5.0

2.5

Figure 17.18

Angling extension lines
Angling of extension lines is permissible when space is limited.

8

10

13

13
26

39

Break extension
lines for arrows

Do not break

Figure 17.19

Extension line practice
Extension lines should not cross dimension lines, are not 
broken when crossing object or other extension lines, and 
are broken when crossing arrows.

(B)

48

(A)

Centerline used as
an extension line

20

25

12

41

Figure 17.20

The center of a feature, such as a hole, is located by making the 
center lines extension lines for the dimension. Extension lines 
can also cross to mark a theoretical point.

827
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dimensioning (Figure 17.22). The aligned method of di-

mensioning may be seen on older drawings or on archi-

tectural drawings but is not approved by the current ANSI 

standard. Aligned dimensions have text placed parallel 

to the dimension line, with vertical dimensions read from 

the right of the drawing sheet.

View Dimensioning  Dimensions are to be kept outside the 

boundaries of views, wherever practical (Figure 17.23B). 

Dimensions may be placed within the boundaries where 

extension or leader lines would be too long or where clar-

ity would be improved.

Out-of-Scale Dimensions  Drawings are always made to 

scale, and the scale is indicated in the title block. If it is 

necessary to include a dimension that is not in that scale, 

the out-of-scale dimension text must be underlined with a 

heavy, straight line placed directly below the dimension 

text, as shown in Figure 17.24 on the next page. On older 

drawings, the letters NTS, for not to scale, may be found 

next to the dimension.

Repetitive Features  The symbol � is used to indicate the 

number of times a feature is to be repeated. The number 

of repetitions, followed by the symbol � and a space, 

POLISH

DIAMOND KNURL

Place label
in this area

10 40

20

40

(A) (B)

Figure 17.21

Chain line
(A) Limited area or length is indicated with a dashed chain line. (B) Limited area in the normal view is indicated with a chain line 
and section lines.

1.00

2.00

1.
00

2.
00

1.00

2.00

1.00

2.00

Unidirectional
Current standard

Aligned
Old standard

Figure 17.22

Unidirectional and aligned methods
The unidirectional method of placing text is the current stan-
dard practice.

(B) (A) No! Yes

Figure 17.23

Dimension outside of view
Dimensions are kept off the view, unless necessary for clarity.
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precedes the dimension text. For example, in Figure 

17.25, 4 � Ø .375 means that there are 4 holes with a 

diameter of .375�. Note that the symbol � may also be 

used to indicate “by,” such as when a slotted hole is speci-

fi ed as “width by length,” as seen in Figure 17.30 on the 

next page. Whenever the symbol � is used for both pur-

poses in the same drawing, care should be taken to avoid 

confusion.

17.3 Detail Dimensioning
Holes are typically dimensioned in a view that best de-

scribes the shape of the hole. For diameters, the diameter 

symbol must precede the numerical value. When holes 

are dimensioned with a leader line, the leader line must 

be radial (Figure 17.26). A radial line is one that passes 

through the center of a circle or arc if extended.

Symbols are used for spotface, counterbored, and 

countersunk holes. These symbols must always precede 

the diameter symbol (Figure 17.27). The depth symbol is 

24

Figure 17.24

Not-to-scale designation
A not-to-scale dimension is indicated by placing a line below 
the dimension text.

4X ø .375

Figure 17.25

Using the symbol � to dimension repetitive features

ø 40 (Correct)

ø 40 (Incorrect)

Figure 17.26

Radial leader lines
Leader lines used to dimension holes must be radial.

Counterbore or
spotface symbol

Countersink
symbol

Diameter
symbol

Square
symbol

ø 10
   ø 20
   8

ø 10
   ø 20
   2

ø 10
   ø 20 X 90°

Depth
symbol

Counterbore Countersink Spotface

Figure 17.27

Symbols for drilling operations
Symbols to represent machine drilling operations always pre-
cede the diameter symbol.
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used to indicate the depth of a hole. The depth symbol 

precedes the numerical value. When the depth of a blind 

hole is specifi ed, the depth is to the full diameter of the 

hole and not to the point (Figure 17.28). When a chamfer 

or countersink is placed in a curved surface, the diam-

eter refers to the minimum diameter of the chamfer or 

countersink. If the depth or remaining thickness of mate-

rial for a spotface is not given, the spotface depth is the 

smallest amount required to clean up the material surface 

to the specifi ed diameter. Chamfers are dimensioned by 

providing either an angle and a linear dimension, or two 

linear dimensions (Figure 17.29). Chamfers of 45 degrees 

may be specifi ed in a note.

Slotted holes may be dimensioned in any of several 

ways, depending on which is most appropriate for the ap-

plication. The various options for dimensioning slotted 

holes are shown in Figure 17.30. Notice that the end radii 

are indicated but not dimensioned.

Keyseats and keyways, which are fastening devices de-

scribed in more detail in Chapter 19, present some unusual 

problems. Figure 17.31 on page 831 shows the proper way 

to dimension keyseats and keyways. The height of the 

keyseat itself is not dimensioned because, once the top of 

the shaft is cut away, there is no feature left to measure. 

Also, the dimensions are unilateral: for the keyseat, the 

dimension is a minimum; for the keyway, the dimension 

is a maximum. This is to ensure a clearance once the key 

is inserted between the parts.

20

ø 30
   20

Figure 17.28

Dimensioning a blind hole
The depth of a blind hole refl ects the depth of the full diameter.

90°

45°

ø 40

ø 40
 

2

30°

2 X 45°
or

2 X 2

Internal Chamfers

Figure 17.29

Dimensioning chamfers
Chamfers are dimensioned by providing either an angle and a 
linear distance or two linear dimensions.

10 X 40

2 X R

2 X R

2 X R

30

10

40

10

Figure 17.30

Dimensioning slots
Several methods are appropriate for dimensioning slots.
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Figure 17.32 displays some of the dimensioning meth-

ods used for various features. On the left side are the 

ASME Y14.5–1994 versions. The right side shows some 

of the most common previously used dimensioning ver-

sions. The ASME style relies heavily on symbols, using 

very few English words. The old style relied heavily on 

words and descriptions. The problem with such notes is 

that they are subject to interpretation and may not be easy 

to translate into other languages.

It is important to be familiar with the older methods of 

dimensioning because there are still so many drawings in 

existence that were developed with these methods.

17.3.1 Diameter versus Radius

If a full circle or an arc of more than half a circle is being 

dimensioned, the diameter is specifi ed, preceded by the 

diameter symbol, which is the Greek letter phi. If the arc 

is less than half a circle, the radius is specifi ed, preceded 

by an R. Concentric circles are dimensioned in the lon-

gitudinal view, whenever practical (Figure 17.33 on the 

next page).

As previously stated, radii are dimensioned with the 

radius symbol preceding the numerical value. The dimen-

sion line for radii shall have a single arrowhead touching 

the arc. When there is adequate room, the dimension is 

placed between the center of the radius and the arrowhead 

Keyseat

.500

.125

ø .625

Keyway

ø .500

.625

.125

Figure 17.31

Standard method of dimensioning keyways and keyseats

Current ASME Y 14.5–1994
standards

Diameter dimensions Diameter dimensions

Through hole Through hole

Blind hole 1.00 deep Blind hole 1.00 deep

Previous standards

ø .50

ø .50 ø .50

ø .50

 .50 DIA

 .50 D  .50 DIA

DIA .50

ø .50
THRU

ø .50

Spotface

Countersink

ø .25
   ø .50 X 82°

 .25 DIA
THRU C'SINK 82

°

TO .50 DIA

Countersink

 .25 DIA
THRU C'BORE
.50 DIA X .31 DP

 .25 DIA
THRU SP FACE
.50 DIA

Counterbore Spotface

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

ø .25
   ø .50
   .31

ø .25
   ø .50

Counterbore

ø .50
   1.00

ø .50
X 1.00 DP

Figure 17.32

Summary of current and previous ASME standard 
dimensioning symbols

ber28376_ch17.indd   831ber28376_ch17.indd   831 1/2/08   3:18:15 PM1/2/08   3:18:15 PM



832 PART 4  Standard Technical Graphics Practices

(Figure 17.34). When space is limited, a radial leader line 

is used. When an arc is not clearly defi ned by being tan-

gent to other dimensioned features on the object, the cen-

ter of the arc is noted with a small cross (Figure 17.34). 

The center is not shown if the arc is tangent to other de-

fi ned surfaces. Also, if the center of an arc interferes with 

another view or is outside the drawing area, foreshortened 

dimension lines may be used (Figure 17.35 on the next 

page). When a radius is dimensioned in a view where it 

does not appear true shape (such as in Figure 17.36 on the 

next page), the word TRUE appears preceding the radius 

symbol.

A spherical radius, such as for the end of a spherical 

knob, is dimensioned with the symbol SR preceding the 

numerical value.

Earlier methods followed similar requirements, except 

that the abbreviation DIA. (or sometimes simply D) was 

used instead of the diameter symbol. It is not unusual to 

see the term DRILL, or DRILL & REAM rather than the 

DIA. callout. However, those terms specify how a part is 

to be made, and ASME specifi cally states that machining 

methods must be avoided.

17.3.2 Holes and Blind Holes

The diameter is specifi ed for holes and blind holes. 

Blind holes are ones that do not go through the part. If 

the hole does not go through, the depth is specifi ed, pre-

ceded by the depth symbol (Figure 17.32E and F). Holes 

with no depth called out are assumed to go through (Fig-

ure 17.32C and D).

Previously, DEEP or DP was added to the depth di-

mension. For holes that went all the way through a part, 

the term THRU was used.

58

50

40

20

ø 40
ø 50

ø 75
ø 100

ø 150
ø 20

68

Figure 17.33

Dimensioning concentric circles
Concentric circles are dimensioned in the longitudinal view.

R 10

R 40

95

80

R 46

Figure 17.34

Dimensioning arcs
Arcs of less than half a circle are dimensioned as radii, with 
the R symbol preceding the dimension value.
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17.3.3 Counterbored Holes

A counterbore symbol is placed before the diameter call-

out, and the depth of the counterbore is shown with a 

depth symbol. If a depth is stated, the feature is a counter-

bore; if not, the feature is a spotface. The full note shows 

the diameter of the through hole, followed by the diam-

eter of the counterbore, then the depth of the counterbore 

(Figure 17.32G). See Chapter 18 for more information 

about counterbores, countersinks, and spotfaces.

Previously, the term C’BORE or COUNTERBORE 

was added to the diameter callout, and the depth was 

called out with DEEP or DP.

17.3.4 Spotfaces

Spotfaces use the same specifi cations as the counterbore, 

except that the depth can be left out, which means that 

the machinist is to machine a fl at of the given diameter, 

with the minimum depth necessary to create the fl at (Fig-

ure 17.32G).

The previous technique also used the same specifi ca-

tion as the early counterbore, except that the term S’FACE 

or SPOTFACE was used.

17.3.5 Countersinks

A countersink symbol is placed with the diameter of the 

fi nished countersink, followed by the angle specifi cation. 

The depth is not given because the diameter is easier to 

measure (Figure 17.32I).

Previously, the term C’SINK or COUNTERSINK was 

used with the diameter of the fi nished countersink, and 

the angle was specifi ed.

17.3.6 Screw Threads

There are standards that apply directly to each size 

thread. ANSI Y14.6 is a complete defi nition of all of the 

inch series threads.

Local notes are used to identify thread types and di-

mensions (Figure 17.37). For threaded holes, the note 

should be placed on the circular view. For external threads, 

the dimension is placed on the longitudinal view of the 

thread. Chapter 19 covers threads more extensively.

17.3.7 Grooves

Two dimensions are necessary for a groove, the width 

and the depth or diameter. Figure 17.38 on the next page 

shows some of the most common ways to dimension a 

groove in a shaft.

110

85

R 92

Figure 17.35

Foreshortened leaders
Foreshortened leader lines are sometimes used on large arcs.

TRUE R 50

Figure 17.36

Use the word TRUE if the arc is dimensioned in a foreshort-
ened view.

.50–13 UNC–2 B

.50–13 UNC–2A 

Figure 17.37

Using a leader and note to dimension screw threads
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17.3.8 Manufacturers’ Gauges

Several manufacturers’ standards have been devised over 

the years to defi ne the sizes of certain commodities. For 

example, the Unifi ed National Screw Thread system is a 

gauge system applying to threads. A few other gauges are 

sheet metal, wire, steel plate, and structural steel shapes. 

Figure 17.39 shows a gauge table for sheet metal. For ex-

ample, a number 20 gauge galvanized sheet would have a 

thickness of 0.0396, using the table. Standard sheet metal 

may be dimensioned using a leader and a note.

17.4 Dimensioning Techniques
Dimensioning is accomplished by adding size and 

location information. One dimensioning technique 

is called contour dimensioning because the contours or 

shapes of the object are dimensioned in their most 

.03 X
   .03

.06

ø .125

.06 X
     .03

R.03

ø .125

Figure 17.38

Dimensioning grooves
Dimensioning grooves requires the width and the depth or 
diameter.

Sheet-Metal Gauges in Approximate Decimals of an Inch

 No. of Manufacturers’ Birmingham Galvanized Zinc No. of Manufacturers’ Birmingham Galvanized Zinc
 Sheet- Standard Gauge Gauge (B.G.) Sheet Gauge Gauge Sheet- Standard Gauge Gauge (B.G.) Sheet Gauge Gauge
 Metal for Steel for Sheets,   Metal for Steel for Sheets,
 Gauge  Hoops   Gauge  Hoops

 15/0 . . . 1.000 . . . . . . 20 0.0359 0.0392 0.0396 0.070
 14/0 . . . 0.9583 . . . . . . 21 0.0329 0.0349 0.0366 0.080
 13/0 . . . 0.9167 . . . . . . 22 0.0299 0.03125 0.0336 0.090
 12/0 . . . 0.8750 . . . . . . 23 0.0269 0.02782 0.0306 0.100
 11/0 . . . 0.8333 . . . . . . 24 0.0239 0.02476 0.0276 0.125
 10/0 . . . 0.7917 . . . . . . 25 0.0209 0.02204 0.0247 . . .
  9/0 . . . 0.7500 . . . . . . 26 0.0179 0.01961 0.0217 . . .
  8/0 . . . 0.7083 . . . . . . 27 0.0164 0.01745 0.0202 . . .
  7/0 . . . 0.6666 . . . . . . 28 0.0149 0.01562 0.0187 . . .
  6/0 . . . 0.6250 . . . . . . 29 0.0135 0.01390 0.0172 . . .
  5/0 . . . 0.5883 . . . . . . 30 0.0120 0.01230 0.0157 . . .
  4/0 . . . 0.5416 . . . . . . 31 0.0105 0.01100 0.0142 . . .
  3/0 . . . 0.5000 . . . . . . 32 0.0097 0.00980 0.0134 . . .
  2/0 . . . 0.4452 . . . . . . 33 0.0090 0.00870 . . . . . .
  1/0 . . . 0.3964 . . . . . . 34 0.0082 0.00770 . . . . . .
   1 . . . 0.3532 . . . . . . 35 0.0075 0.00690 . . . . . .
   2 . . . 0.3147 . . . . . . 36 0.0067 0.00610 . . . . . .
   3 0.2391 0.2804 . . . 0.006 37 0.0064 0.00540 . . . . . .
   4 0.2242 0.2500 . . . 0.008 38 0.0060 0.00480 . . . . . .
   5 0.2092 0.2225 . . . 0.010 39 . . . 0.00430 . . . . . .
   6 0.1943 0.1981 . . . 0.012 40 . . . 0.00386 . . . . . .
   7 0.1793 0.1764 . . . 0.014 41 . . . 0.00343 . . . . . .
   8 0.1644 0.1570 0.1681 0.016 42 . . . 0.00306 . . . . . .
   9 0.1495 0.1398 0.1532 0.018 43 . . . 0.00272 . . . . . .
  10 0.1345 0.1250 0.1382 0.020 44 . . . 0.00242 . . . . . .
  11 0.1196 0.1113 0.1233 0.024 45 . . . 0.00215 . . . . . .
  12 0.1046 0.0991 0.1084 0.028 46 . . . 0.00192 . . . . . .
  13 0.0897 0.0882 0.0934 0.032 47 . . . 0.00170 . . . . . .
  14 0.0747 0.0785 0.0785 0.036 48 . . . 0.00152 . . . . . .
  15 0.0673 0.0699 0.0710 0.040 49 . . . 0.00135 . . . . . .
  16 0.0598 0.0625 0.0635 0.045 50 . . . 0.00120 . . . . . .
  17 0.0538 0.0556 0.0575 0.050 51 . . . 0.00107 . . . . . .
  18 0.0478 0.0495 0.0516 0.055 52 . . . 0.00095 . . . . . .
  19 0.0418 0.0440 0.0456 0.060 . . . . . . . . . . . . . . .

Figure 17.39

Standard sheet metal gauge table
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This example describes the design of a 10-lane bridge 

in Boston, MA, where dimensioning and tolerancing 

were critical to the construction.

The Leonard P. Zakim Bunker Hill Bridge is consid-

ered the crown jewel of Boston’s Central Artery/Tunnel 

Project, otherwise known as “The Big Dig”—the most 

challenging and technologically complex highway con-

struction project ever attempted in the United States.

Swiss engineer Christian Menn designed the 10-lane, 

180-foot-wide cable-stayed bridge to carry Boston’s 

heavy traffi c on I-93 across the Charles River. Aston-

ishing for a project of this magnitude, Menn did not use 

any computer-aided design programs for the conceptual 

design. “With some simple calculations I determined 

the necessary cross sections and gradually checked the 

space for the reinforcement required,” said Menn. Vir-

tually every dimension in Menn’s initial calculations re-

mained unchanged for the fi nal design.

A design utilizing cable-stayed structures permit-

ted the most fl exibility in a complex urban environment 

such as Boston—allotting a wide surface for travel, yet 

providing a narrow and unobtrusive aesthetic, and al-

lowing maneuverability for boats and barges in the 

Charles River underneath. The anchorage of the fi rst 

cables of the bridge’s side spans presented the most 

trouble for Menn because the cables and the legs of the 

pylons exhibited different spatial inclinations.

Menn’s initial studies showed that bridge systems 

with three supporting planes—one on each side and one 

in the median of Interstate Highway I-93—were useless 

because the middle supporting plane was practically 

idle. However, systems constructed with two supporting 

planes on each side of the I-93 lanes provided the most 

economically effi cient solution, being able to withstand 

the abrasive New England winds, while utilizing the 

middle supporting plane for traffi c. These two support-

ing planes offered the most stability and balance for 

post-stress concrete decks with short back spans. The 

bridge’s north tower is 330 feet above the ground, while 

the south tower rises 295 feet above ground. The in-

verted Y design of the two supporting planes resembles 

the nearby Bunker Hill Monument, while bestowing the 

bridge with a symbolic role as the gateway into the city 

of Boston.

The Design of the Leonard Zakim Bunker Hill Bridge

A view of the cables and support for the Leonard Zakim 
Bunker Hill Bridge.

(Courtesy of Christian Menn.)

descriptive view (Figure 17.40 on page 836). For example, 

the radius of an arc would be dimensioned where it appears 

as an arc, not as a hidden line marking its extent (Figure 

17.40B).

A second dimensioning technique involves breaking 

the part down into its more basic geometric forms (Fig-

ure 17.41). This method is called geometric breakdown 
dimensioning and is used on objects made of geometric 

primitives, such as prisms, cylinders, and spheres, or their 

derivatives, such as half spheres or negative cylinders 

(holes). This technique is similar to that used for build-

ing a CAD solid model using geometric primitives. (See 
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836 PART 4  Standard Technical Graphics Practices

Chapter 9.) To create a cylinder with a solid modeler, you 

would have to defi ne its height and diameter. To dimen-

sion a cylinder on an engineering drawing, you would also 

have to specify the height and diameter (Figure 17.41).

A common problem in dimensioning is insuffi cient 

space for the dimensions. This occurs when the emphasis 

is placed on identifying and arranging the views, without 

consideration for the dimensions that will be needed. To 

avoid this problem, make a freehand sketch of the part, 

with all the views and all the dimensions in place. Actual 

dimension values are not required; just the layout of the 

dimensions, including all radii and diameters. Using the 

sketch as a guide for the formal drawing should result in 

suffi cient space being left for the dimension.

17.4.1 The Dimensioning Process

Figure 17.42 on the next page is a drawing of a part that is 

ready for dimensioning. The following steps describe the 

process for adding the dimensions.

Step 1. In the front view, locate the ends of the angled 

surface by drawing one vertical dimension line 0.375� or 

10 mm from the right edge of the object and a horizontal 

R

(B) Incorrect contour dimensioning

(A) Correct contour dimensioning

R

No!

Figure 17.40

Contour dimensioning
Contour dimensioning technique places dimensions in the most 
descriptive views of the feature.

S
LL

 2x ø SIZE

ø SIZE

S
L

S

S

S

L

L

ø SIZE

L

Figure 17.41

Geometric breakdown technique
Geometric breakdown dimensioning breaks the object down 
into its primitive geometric shapes.
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dimension line 0.375� or 10 mm from the top edge of the 

object. Leave a gap near the centers of the dimension 

lines for the text. (If using CAD, set a grid to 0.125� or 

3 mm spacing.) Draw arrows on the ends of the dimen-

sion lines. Leaving a small gap, draw extension lines 

from the corners of the block. Extend these lines ap-

proximately 1 mm past the dimension lines. Measure the 

distances and place the numerical values in the spaces 

in the dimension lines (Figure 17.43).

Another way to dimension the angled surface is also 

shown at the bottom of the fi gure. In this method, one 

of the two dimensions in Step 1 is used, and an angle is 

used to give direction. The other dimension used in Step 1 

is no longer necessary, although it could be shown as a 

reference dimension.

Step 2. Add the dimension lines for the overall dimen-

sions: height, width, and depth. The dimension lines 

for the width and height dimensions are located 0.625� 

or 16 mm from the object lines. Locate the ends 

of the angled line, then add numerical text to each 

dimension.

Step 3. Next, locate the hole. Locate the center by using 

horizontal and vertical dimension lines. Extend the cen-

ter lines, and use the lower left corner of the part as a 

reference point.

Step 4. To dimension the size of the hole, draw a radial 

leader line from the hole to a convenient location and 

add a short horizontal extension or shoulder. Since no 

depth dimension is added to the diameter, the hole goes 

all the way through the part.

Always check all dimensions for accuracy and com-

pleteness. Check the accuracy of numerical values by 

measuring each dimension with a scale. This should be 

done even for drawings created with CAD, since most 

CAD software has a provision for changing dimension 

text. Underline out-of-scale dimensions.

To ensure that each feature is dimensioned once and 

only once, pass a straightedge horizontally and vertically 

across all views, stopping at each feature to determine if 

an appropriate dimension has been specifi ed and to make 

sure only one dimension is specifi ed.

17.4.2 Dimensioning Guidelines

The importance of accurate, unambiguous dimensioning 

cannot be overemphasized. There are many cases where 

an incorrect or unclear dimension has added considerable 

expense to the fabrication of a product, caused premature 

failure, or, in some cases, caused loss of life. The primary 
guideline is clarity: Whenever two guidelines appear to 
confl ict, the method which most clearly communicates 
the size information shall prevail. Use the following di-

mensioning guidelines:

 1. Every dimension must have an associated toler-

ance, and that tolerance must be clearly shown on 

the drawing.

 2. Double dimensioning of a feature is not permitted. 

For example, in Figure 17.44 on page 839, there are 

two ways to arrive at the overall length of the ob-

ject: by adding dimensions A and B or by directly 

measuring the dimension C. Since each dimension 

must have a tolerance, it is not clear which toler-

ance would apply to the overall length: the toler-

ance for dimension C or the sum of the tolerances 

for dimensions A and B. This ambiguity can be 

eliminated by removing one of the three dimen-

sions. The dimension that has the least importance 

to the function of the part should be left out. In this 

case, dimension A would probably be deleted.

 3. Dimensions should be placed in the view that most 

clearly describes the feature being dimensioned 

(contour dimensioning). For example, Figure 17.45 

on page 839 illustrates a situation in which the height 

of a step is being dimensioned. In this case, the 

front view more clearly describes the step feature.

 4. Maintain a minimum spacing between the object 

and the dimension and between multiple dimen-

sions. This spacing is shown in Figure 17.15. If the 

spacing is reduced, the drawing will be more dif-

fi cult to read and a lack of clarity will result.

Figure 17.42

Object to be dimensioned
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Figure 17.43

Steps to create a dimensioned drawing

838

ber28376_ch17.indd   838ber28376_ch17.indd   838 1/2/08   3:18:20 PM1/2/08   3:18:20 PM



  CHAPTER 17  Dimensioning and Tolerancing Practices 839

 5. A visible gap shall be placed between the ends 

of extension lines and the feature to which they 

refer.

 6. Manufacturing methods should not be specifi ed as 

part of the dimension, unless no other method of 

manufacturing is acceptable. The old practice of 

using drill or bore is discouraged. Because a draw-

ing becomes a legal document for manufacturing, 

specifying inappropriate manufacturing methods 

can cause unnecessary expense and may trigger 

litigation.

 7. Avoid placing dimensions within the boundaries of 

a view, whenever practicable. If several dimensions 

are placed in a view, differentiation between the 

object and the dimensions may become diffi cult.

 8. Dimensions for materials typically manufactured 

to gauges or code numbers shall be specifi ed by 

numerical values. The gauges or code numbers 

may be shown in parentheses following the nu-

merical values.

 9. Unless otherwise specifi ed, angles shown in draw-

ings are assumed to be 90 degrees.

 10. Avoid dimensioning hidden lines. Hidden lines are 

less clear than visible lines.

 11. The depth and diameter of blind, counterbored, or 

countersunk holes may be specifi ed in a note (Fig-

ures 17.27 and 17.28).

 12. Diameters, radii, squares, counterbores, spotfaces, 

countersinks, and depths should be specifi ed with 

the appropriate symbol preceding the numerical 

value (Figure 17.27).

 13. Leader lines for diameters and radii should be ra-

dial lines (Figure 17.26).

17.4.3 ASME Standard Dimensioning Rules

The ASME Y14.5 standard identifi es a series of rules that 

help promote good dimensioning practices. The rules, 

with explanations and examples, are as follows:

a.  Each dimension shall have a tolerance, except 
for those dimensions specifi cally identifi ed as 
reference, maximum, minimum, or stock (com-
mercial stock size). The tolerance may be ap-
plied directly to a dimension (or indirectly in the 
case of basic dimensions), indicated by a general 
note, or located in a supplementary block of the 
drawing format.

Explanation: By defi nition, a dimension must have 

a nominal (Latin for name) value and a tolerance. For 

example “four and a half inches” does not constitute a 

BA

C

A

A. Correct B. Avoid

B

Figure 17.44

Avoid over-dimensioning
Double dimensioning can cause problems because of tolerancing.

AvoidPreferred

Figure 17.45

Dimension the most descriptive view
Dimensions are placed in the most descriptive or contour view.
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dimension; “four and a half inches, plus or minus one-

sixteenth inch” does.

b.  Dimensioning and tolerancing shall be complete 
so there is full understanding of the characteris-
tics of each feature. Neither scaling (measuring 
the size of a feature directly from an engineering 
drawing) nor assumption of a distance or size 
is permitted, except as follows: Undimensioned 
drawings, such as loft printed wiring, templates, 
and master layouts prepared on stable material, 
are excluded provided the necessary control di-
mensions are specifi ed.

Explanation: All features must be dimensioned di-

rectly, and a drawing should never have to be scaled. Do 

not assume that just because a hole is located in the middle 

of a square, it will be centered. There must be a dimension 

from an edge of the object to the center of the hole.

c.  Each necessary dimension of an end product 
shall be shown. No more dimensions than those 
necessary for complete defi nition shall be given. 
The use of reference dimensions on a drawing 
should be minimized.

Explanation: A common mistake is over-dimensioning. 
Only put down everything necessary to make the part, 

but no more. Remember that reference dimensions are 

only summing information: do not rely on them.

d.  Dimensions shall be selected and arranged to 
suit the function and mating relationship of a 
part and shall not be subject to more than one 
interpretation.

Explanation: If a 1-inch square part is drawn, and then 

a hole is placed on the centerline of the square, the hole 

should be ½-inch from one side. However, the side must 

be specifi ed. The tolerance on the centering of the hole is 

greatly affected by the tolerance on the width of the en-

tire block, and by the side to which it is referenced.

e.  The drawing should defi ne a part without speci-
fying manufacturing methods. Thus, only the 
diameter of a hole is given, without indicating 
whether it is to be drilled, reamed, punched, or 
made by any other operation. However, in those 
instances where manufacturing, processing, 
quality assurance, or environmental informa-
tion is essential to the defi nition of engineer-
ing requirements, it shall be specifi ed on the 
drawing or in a document referenced on the 
drawing.

Explanation: This rule is in direct response to the com-

mon practice of stating how to make a hole. Previously, a 

hole was specifi ed as follows:

DRILL .500 DIAMETER

or

DRILL .490 DIA., REAM TO .500 DIA.

Under current standards, these callouts are unaccept-

able. It may seem helpful to place the drill size fi rst and 

then the reamed size. However, there are two reasons 

that this calculation should be done by manufacturing 

personnel:

(1) Manufacturing personnel, not design personnel, 

are the experts at determining how to manufacture 

parts.

(2) Even if the designer has the expertise to make these 

decisions, it is a waste of time to do the work of the 

manufacturing experts. There is usually more than 

enough design work to be done.

f.  It is permissible to identify as nonmandatory 
certain processing dimensions that provide for 
fi nish allowance, shrink allowance, and other 
requirements, provided the fi nal dimensions are 
given on the drawing. Nonmandatory processing 
dimensions shall be identifi ed by an appropriate 
note, such as NONMANDATORY (MFG DATA).

Explanation: This rule does not specify how a part is 

to be manufactured; it simply permits showing dimension 

information that allows for losses or changes caused by 

manufacturing.

g.  Dimensions should be arranged to provide re-
quired information for optimum readability. 
Dimensions should be shown in the true profi le 
views and refer to visible outlines.

Explanation: This means that dimensions should be 

laid out carefully, and features should be dimensioned in 

the view in which they show up best.

h.  Wires, cables, sheets, rods, and other materials 
manufactured to gauge or code numbers shall 
be specifi ed by linear dimensions indicating 
the diameter or thickness. Gauge or code num-
bers may be shown in parentheses following the 
dimension.

Explanation: This infers that gauges should not be re-

lied on to tolerance materials. Add those tolerances di-

rectly, with linear numbers. For example, there is more 
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Sketch dimensions in decimal inches for the object 

shown in the multiview drawing.

Pract ice Problem 17.1
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than one sheet metal gauge code, and it is not always clear 

which one is meant by a callout.

i.  A 90� angle is implied where center lines and 
lines depicting features are shown on a drawing 
at right angles and where no angle is specifi ed.

Explanation: This rule implies that the tolerance on a 

square corner is the same as the tolerance on any other 

angle.

j.  A 90� BASIC angle applies where center lines or 
features in a pattern or surfaces shown at right 
angles on a drawing are located or defi ned by 
basic dimensions and no angle is specifi ed.

Explanation: When setting up a tolerance zone ref-

erence frame, all right angles are considered perfectly 

square.

k.  Unless otherwise specifi ed, all dimensions 
are applicable at 20�C (68�F). Compensation 
may be made for measurements made at other 
temperatures.

Explanation: Materials expand and contract due to 

changes in temperature. This can affect the measured 

size of dimensions; therefore, it is important that they be 

measured at a constant temperature. A similar problem 

occurs due to high humidity; therefore, for materials that 

are subject to humidity changes, all measurements should 

be made between 80 percent and 100 percent relative 

humidity.

l.  All dimensions and tolerances apply in a free 
state condition. This principle does not apply to 
nonrigid parts.

Explanation: Free state is a term used to describe distor-

tion of a part after removal of forces applied during manu-

facture. This distortion may be due to weight and fl exibil-

ity of the part and the release of internal stresses resulting 

from fabrication. So dimensions and tolerances apply to 

parts after all forces are removed. A nonrigid part, such as 

a part with a very thin wall, would not adhere to this rule.

m.  Unless otherwise specifi ed, all geometric toler-
ances apply for full depth, length, and width of 
the feature.

Explanation: For example, if two parallel surfaces are 

to be parallel within some defi ned tolerance, that tolerance 

is held across the whole length and width of both surfaces.

n.  Dimensions and tolerances apply only at the 
drawing level where they are specifi ed. A dimen-

sion specifi ed for a given feature on one level of 
drawing (e.g., a detail drawing) is not manda-
tory for that feature at any other level (e.g., an 
assembly drawing).

Explanation: Different types of drawings are used to 

serve different purposes. For example, detail drawings 

are used to manufacture the parts and assembly drawings 

are used to assemble the parts. Therefore, dimensions on 

a drawing may only apply to that drawing and no others.

17.5 Tolerancing
Tolerances are used to control the variation that exists 

on all manufactured parts. Toleranced dimensions con-

trol the amount of variation on each part of an assembly. 

The amount each part is allowed to vary depends on the 

function of the part and of the assembly. For example, the 

tolerances placed on electric hand-drill parts are not as 

stringent as those placed on jet engine parts. The more 

accuracy needed in the machined part, the higher the 

manufacturing cost. Therefore, tolerances must be speci-

fi ed in such a way that a product functions as it should at a 

cost that is reasonable.

A tolerance of 4.650 � 0.003 means that the fi nal 

measurement of the machined part can be anywhere from 

4.653 to 4.647 and the part would still be acceptable. The 

lower and upper allowable sizes are referred to as the limit 
dimensions, and the tolerance is the difference between 

the limits. In the example, the upper limit (largest value) 

for the part is 4.653, the lower limit (smallest value) is 

4.647, and the tolerance is 0.006.

Tolerances are assigned to mating parts. For example, 

the slot in the part shown in Figure 17.46 must accommo-

date another part. A system is two or more mating parts.

Figure 17.46

A system is two or more mating parts.
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17.5.1 Interchangeability

One of the great advantages of tolerances is that they 

allow for interchangeable parts, thus permitting the re-

placement of individual parts, rather than having to re-

place an entire system if only one part goes bad. For ex-

ample, if a bearing wears out, the replacement bearing of 

the same specifi cations will work in the system.

In the 1800s, you could not buy a threaded bolt by it-

self; you had to buy a matched set of bolt and nut because 

they were hand fi t together. Every bolt and nut were made 

in a set and not even the machinist who made them could 

tell you the actual size of the threads! The inability to de-

fi ne the threads, using dimensioning, made interchange-

able parts impossible.

Practice Exercise 17.1
Take a ballpoint pen that has a removable cap and re-

move the cap. The cap is not too diffi cult to remove, yet it 

is tight enough to stay on by itself. The cap represents an 

interchangeable part. Another cap like it will fi t just as well. 

Now imagine you have a small business and you are making 

these caps by hand. If you had all of the pens on hand, you 

could polish the inside of each cap until it fi t just right. This 

is exactly how manufacturing was done 100 years ago. Each 

part was hand fi t to its mating part.

The problems with such a “handmade” system today are 

as follows:

 a. There aren’t enough skilled machinists available.

 b. You only get 3¢ each for the caps; they would cost 

$5.00 in labor.

 c. No employee would do the work for more than a 

week: it would be very boring.

 d. The pens may not be available because another 

company in another state might make them.

In the early days of the Industrial Revolution, all parts 

were handmade and hand assembled. Each part of an as-

sembly was adjusted, polished, cut, and shaped to fi t per-
fectly with its mating part. A wagon wheel is a good ex-

ample. The spokes, hub, and rim were cut to fi t one wheel. 

The steel hoop was hand fi tted to the wheel and then 

heated and forced onto the rim. After cooling, the hoop 

would shrink and squeeze the entire assembly together. 

This was a precision assembly, but it required very little 

measuring and virtually no communications because one 

person made the whole assembly. In fact, the wagon smith 

made the entire wagon.

In today’s manufacturing world, one company would 

make the hub, another would make the spokes, and an-

other would make the rim. The solution lies in dimension-

ing and tolerancing to make sure that the parts will fi t to-

gether, even though they are made by different companies.

17.6 Tolerance Representation
Tolerance is the total amount a dimension may vary and 

is the difference between the maximum and minimum 

limits. Because it is impossible to make everything to an 

exact size, tolerances are used on production drawings to 

control the manufacturing process more accurately and to 

control the variation between mating parts. ASME stan-

dard Y14.5M–1994 is commonly used in U.S. industries 

to specify tolerances on engineering drawings.

Tolerances can be expressed in several ways:

 1. Direct limits, or as tolerance values applied di-

rectly to a dimension (Figure 17.47).

 2. Geometric tolerances (Figure 17.48 and Appen-

dix 3).

 3. Notes referring to specifi c conditions.

 4. A general tolerance note in the title block.

17.6.1 General Tolerances

General tolerances are given in a note or as part of the 

title block. A general tolerance note would be similar to:

ALL DECIMAL DIMENSIONS TO 

BE HELD TO � .002�

4.00 ± .003

(B) Tolerance values

3.53
3.49

  1"
16

Minimum
spacing

(A) Direct limits

Figure 17.47

Representing tolerance values
Tolerances are represented as direct limits or as tolerance 
values.
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This means that a dimension such as .500 would be 

assigned a tolerance of � .002, resulting in an upper limit 

of .502 and a lower limit of .498.

For metric dimensions, the note would be similar:

ALL METRIC DIMENSIONS 

TO BE HELD TO � 0.05

This means that a dimension such as 65.00 would be 

assigned a tolerance of � 0.05, resulting in an upper limit 

of 65.05 and a lower limit of 64.95.

If fractional dimensions are used, a general note 

might be:

ALL FRACTIONAL DIMENSIONS � 1⁄64� 
UNLESS OTHERWISE SPECIFIED

Angular dimensions can be toleranced through a note 

such as:

ALL ANGULAR TOLERANCES � 1 DEGREE

Another general tolerance method would specify the 

tolerances on dimensions in terms of the number of deci-

mal places found in the dimensions, as follows:

UNLESS OTHERWISE SPECIFIED, 

TOLERANCES ARE AS FOLLOWS:

Decimal inches:

� � � .020

�� � � .010

��� � � .005

Millimeters:

Whole numbers � � 0.5

 �� � � 0.25

 ��� � � 0.12

In this method, the dimension applied to each feature 

automatically identifi es the required tolerance. Actual 

tolerances may vary from one company to another, but 

the ones given here are common tolerances for machined 

parts.

If a dimension has a tolerance added directly to it, that 

tolerance supersedes the general tolerance note. A toler-
ance added to a dimension always supersedes the gen-
eral tolerance, even if the added tolerance is larger than 
the general tolerance.

17.6.2 Limit Dimensions

Tolerances can be applied directly to dimensioned fea-

tures, using limit dimensioning. This is the ASME pre-

ferred method; the maximum and minimum sizes are 

specifi ed as part of the dimension (see Figure 17.47A). 

Either the upper limit is placed above the lower limit, or, 

when the dimension is written in a single line, the lower 

limit precedes the upper limit, and they are separated by 

a dash. A minimum spacing of 1⁄16 inch is required when 

the upper limit is placed above the lower limit.

17.6.3 Plus and Minus Dimensions

With this approach, the basic size is given, followed by 

a plus/minus sign and the tolerance value (Figure 17.49). 

Tolerances can be unilateral or bilateral. A unilateral 
tolerance varies in only one direction. A bilateral toler-
ance varies in both directions from the basic size. If the 

variation is equal in both directions, then the variation is 

preceded by a � symbol. The plus and minus approach 
can only be used when the two variations are equal.

17.6.4 Single Limit Dimensions

When other elements of a feature will determine one 

limit dimension, MIN or MAX is placed after the other 

limit dimension. Items such as depth of holes, length of 

threads, corner radii, and chamfers can use the single 

limit dimension technique.

0.01 A
-A-

Figure 17.48

Geometric tolerance system used to dimension parts

25° 15' ±0° 5'

0
0.3-

22

0.1
0

+12

Plus tolerance
on top

0
0.2°-

25.6°

22 ± 0.2

Plus tolerance
on top

0.1
0.2

+22
-

(A) Unilateral tolerancing (B) Bilateral tolerancing

Figure 17.49

Plus and minus tolerance system applied to various 
dimensioning conditions
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17.6.5 Important Terms

Figure 17.50 shows a system of two parts with toleranced 

dimensions. The two parts are an example of ASME 

Y14.5M–1994 important terms.

Nominal size—a dimension used to describe the general 

size, usually expressed in common fractions. The slot 

in Figure 17.50 has a nominal size of 1⁄2�.
Basic size—the theoretical size used as a starting point 

for the application of tolerances. The basic size of the 

slot in Figure 17.50 is .500�.
Actual size—the measured size of the fi nished part after 

machining. In Figure 17.50, the actual size is .501�.
Limits—the maximum and minimum sizes shown by 

the toleranced dimension. The slot in Figure 17.50 has 

limits of .502 and .498, and the mating part has limits 

of .495 and .497. The larger value for each part is the 

upper limit, and the smaller value is the lower limit.

Allowance—the minimum clearance or maximum in-

terference between parts, or the tightest fi t between 

two mating parts. In Figure 17.50, the allowance is 

.001, meaning that the tightest fi t occurs when the slot 

is machined to its smallest allowable size of .498 and 

the mating part is machined to its largest allowable 

size of .497. The difference between .498 and .497, or 

.001, is the allowance.

Tolerance—the total allowable variance in a dimension; 

the difference between the upper and lower limits. The 

tolerance of the slot in Figure 17.50 is .004� (.502 	 

.498 � .004) and the tolerance of the mating part is 

.002� (.497 	 .495 � .002).

Maximum material condition (MMC)—the condition 

of a part when it contains the greatest amount of mate-

rial. The MMC of an external feature, such as a shaft, 

is the upper limit. The MMC of an internal feature, 

such as a hole, is the lower limit.

.495

.498

Machined
Part

.497
Lower Limit (LMC)

.502 Upper Limit (LMC)
Lower Limit (MMC)

Engineering Dimensioned
Drawing

Tolerance .002
Clearance varies
Tolerance .004

Maximum .007
Average .004
Minimum .001

.501 – Actual measured
dimension

Upper Limit (MMC)

Figure 17.50

Toleranced parts and the important terms
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Least material condition (LMC)—the condition of a 

part when it contains the least amount of material pos-

sible. The LMC of an external feature is the lower limit. 

The LMC of an internal feature is the upper limit.

Piece tolerance—the difference between the upper and 

lower limits of a single part.

System tolerance—the sum of all the piece tolerances.

17.6.6 Fit Types

The degree of tightness between mating parts is called 

the fi t. The basic hole and shaft system shown in Figures 

17.51 and 17.52 is an example of the three most common 

types of fi t found in industry.

Clearance fi t occurs when two toleranced mating parts 

will always leave a space or clearance when assembled. 

HOLESHAFT

SHAFT

.999

.998

MAX Clearance

MIN Clearance ALLOWANCE

Tolerance

Tolerance

1.000
1.001

1.003
1.002

MIN Interference

MAX Interference

Tolerance

Allowance always equals smallest hole minus largest shaft

CLEARANCE FIT
Allowance = + .001

INTERFERENCE FIT
Allowance = – .003

(A) (B)

Figure 17.51

Clearance and interference fi ts between two shafts and a hole
Shaft A is a clearance fi t, and shaft B is an interference fi t.

HOLESHAFT

SHAFT

.998

MAX Clearance

ALLOWANCE

Tolerance

1.000
1.001

1.002

MAX Interference

CLEARANCE FIT
+ .001

INTERFERENCE FIT
–.002

(A) (B)

Figure 17.52

Transition fi t between a shaft and a hole
When the shaft is machined to its smallest diameter (.998), there is a clearance fi t with the hole. When the shaft is machined to its 
largest diameter (1.002), there is an interference fi t with the hole.
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In Figure 17.51, the largest that shaft A can be manufac-

tured is .999, and the smallest the hole can be is 1.000. The 

shaft will always be smaller than the hole, resulting in a 

minimum clearance of 
.001, also called an allowance. 
The maximum clearance occurs when the smallest shaft 

(.998) is mated with the largest hole (.1001), resulting in a 

difference of 
.003.

Interference fi t occurs when two toleranced mating 

parts will always interfere when assembled. An interfer-

ence fi t fi xes or anchors one part into the other, as though 

the two parts were one. In Figure 17.51, the smallest that 

shaft B can be manufactured is 1.002, and the largest the 

hole can be manufactured is 1.001. This means that the 

shaft will always be larger than the hole, and the minimum 

interference is 	.001. The maximum interference would 

occur when the smallest hole (1.000) is mated with the 

largest shaft (1.003), resulting in an interference of 	.003. 

In order to assemble the parts under this condition, it would 

be necessary to stretch the hole or shrink the shaft or to use 

force to press the shaft into the hole. Having an interfer-

ence is a desirable situation for some design applications. 

For example, it can be used to fasten two parts together 

without the use of mechanical fasteners or adhesive.

Transition fi t occurs when two toleranced mating parts 

are sometimes an interference fi t and sometimes a clear-

ance fi t when assembled. In Figure 17.52, the smallest the 

shaft can be manufactured is .998, and the largest the hole 

can be manufactured is 1.001, resulting in a clearance of 


.003. The largest the shaft can be manufactured is 1.002, 

and the smallest the hole can be is 1.000, resulting in an 

interference of 	.002.

17.6.7 Fit Type Determination

If feature A of one part is to be inserted into or mated 

with feature B of another part, the type of fi t can be deter-

mined by the following (Figure 17.53):

■ The loosest fi t is the difference between the smallest 

feature A and the largest feature B.
■ The tightest fi t is the difference between the largest 

feature A and the smallest feature B.

This technique also works when there are more than 

two parts in a system. For example, if two parts are to be 

inserted into a third, then the tightest fi t is determined by 

adding the maximum size of the two parts together, then 

comparing that value with allowable sizes of the third 

part. For example, the loosest fi t is the difference between 

the minimum size of the two parts together and the maxi-

mum size of the third part.

Practice Exercise 17.2
Try writing a general equation that can be used to determine 

tightest and loosest fi ts for a system having any number of 

parts.

17.6.8 Tolerance Costs

Cost is a necessary consideration when determining the 

tolerances for various parts of an assembly. The cost of a 

part escalates rapidly as tolerances are tightened. Chang-

ing a tolerance from �.010 to �.005 can more than double 

the cost of that feature. The tolerance is twice as accurate, 

but the reject rate may go up dramatically, or the new tol-

erance may require a totally different machining opera-

tion. (See Section 4.9 in Chapter 4 for more information 

about machining.) In all cases, the specifi ed tolerance and 

the manufacturing process must be carefully matched to 

achieve the desired level of quality at minimum cost.

Largest Hole

Tightest Fit
(Allowance)

Tolerance

Smallest Hole

Largest Shaft

Smallest Shaft

Tolerance

Loosest
Fit

Figure 17.53

Determining fi ts
Determining the tightest and loosest fi ts for a system of parts 
requires evaluating the extremes in possible dimensions.
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It is important to remember that there may be other 

ways to enhance the fi t of mating parts, such as an align-

ment pin or some other centering device. These options 

should be carefully considered before a decision is made 

to tighten the tolerances.

17.6.9 Functional Dimensioning

When dimensioning a part, identify the functional 
features fi rst. Functional features are those that 

come in contact with other parts, especially moving 

parts. Dimension and tolerance these features fi rst, then 

do all the remaining features. This is called functional 
dimensioning.

As an example, in Figure 17.54, the holes and the dis-

tance between them are dimensioned fi rst, with a tighter 

tolerance. Then, the dimensions for the material around 

the holes are added, at a much looser tolerance. Holes are 

usually functional features. The tolerance on the positions 

of the two holes is �.005. In this case, the “pattern of two 

holes” is located and dimensioned fi rst since the most im-

portant dimension is the distance between the holes, or 

the dimension within the pattern.

17.6.10 Tolerance Stack-Up

The additive rule for tolerances is that tolerances taken 

in the same direction from one point of reference are ad-

ditive. The corollary is that tolerances to the same point 

taken from different directions become additive. The ef-

fect is called tolerance stack-up.

An example is shown in Figure 17.55 on page 849 where 

Part A is manufactured to fi t Part B. When assembled, the 

cylindrical features on Part B are inserted into Part A so 

that the inclined surface on each part is aligned. The holes 

in Part A are dimensioned from the left side of the part, and 

the holes in Part B are dimensioned from the right side of 

the part. If the distance between the two holes were toler-

anced on the basis of Part A or Part B alone, the tolerance 

would be � 0.010, which is the sum of the two tolerances 

taken from the side in each case. However, the two parts 

are to be fi t together, and the tolerance for the distance be-

tween the holes must be determined on the basis of both 

Parts A and B. Since the distances to the two holes were 

taken from different references in the two parts, the toler-

ances must again be added. This makes the tolerance for 

the distance between the holes � 0.020.

If the reference for Part B had been the same as that 

for Part A, that is, the left side of the part, the tolerance 

for the distance between the holes would have remained 

at � 0.010, which would have been more desirable (Fig-

ure 17.56 on page 849).

The most desirable, and the most recommended, pro-

cedure is to relate the two holes directly to each other, not 

to either side of the part, and not to the overall width of the 

part. The result will be the best tolerance, � 0.005, for the 

distance between the holes (Figure 17.57 on page 850).

Coordinate dimensioning is an alternative way to apply 

dimension values. The inherent problem with this method 

is that the distance between two features is never a single 

toleranced dimension. Each dimension is referenced to 

the origin, and the additive rule given in the preceding 

section applies.

Figure 17.58A on page 850 shows a typical group of 

holes. As in the previous example, an undesirable toler-

ance stack-up takes place if the holes are dimensioned as 

shown. Figure 17.58B shows the same part dimensioned 

using the locate, then dimension the pattern concept. 

This will greatly increase the probability that the holes 

will match up with the mating part, assuming that the 

mating part is dimensioned in the same manner.

R 10.00 ± .05

4.000 ± .005

ø 1.000 ± .005ø 1.250 ± .005

ø 1.000 ± .005ø 1.250 ± .005ø 1.50 ± .05

ø 1.20 ± .05
R 9.00 ± .05

Functional dimensioning
Step 2

Functional dimensioning
Step 1

4.000 ± .005

Figure 17.54

Functional dimensioning
Functional dimensioning begins with tolerancing the most 
important features.
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 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

XX ±.005

PART B

1 2

XX
±.005

XX
±.005

PARTS A and B
assembled

Figure 17.55

Tolerance stack-up
Tolerance stack-up causes assembly problems.

 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

PART B

 XX ±.005

1 2

XX
±.005

XX
±.005

Figure 17.56

Tolerance stack-up eliminated
Tolerance stack-up can be eliminated by careful selection and 
placement of dimensions.

849
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17.6.11 Metric Limits and Fits

The standards used for metric measurements are rec-

ommended by the International Standards Organization 

(ISO) and are given in ANSI B4.2–1978. The terms used 

in metric tolerancing are as follows:

Basic size—the size to which limits of deviation are as-

signed. The limits must be the same for both parts. Ba-

sic sizes are selected from the chart in Figure 17.59 on 

the next page.

Deviation—the difference between the actual size of the 

part and the basic size.

Figure 17.57

Alternate dimensioning technique
An alternate method of dimensioning involves locating the pat-
tern, then dimensioning it.

 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

PART B

 XX ±.005

1 2

XX
±.005

XX
±.005

XX

(A)  No!

XX

XX XX

XX

XX

(B)

XX

XX XX

XX

XX

XX

Figure 17.58

Coordinate dimensioning stack-up
Avoid coordinate dimensioning stack-up by using a common 
reference point and dimensioning the hole spacing directly (B).
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Upper deviation—the difference between the maximum 

size limit and the basic size (Figure 17.60).

Lower deviation—the difference between the minimum 

size limit and the basic size.

Fundamental deviation—the deviation closest to the 

basic size. In Figure 17.61, the letter H represents the 

fundamental deviation for the hole, and the letter f in-

dicates the fundamental deviation for the shaft.

Tolerance—the difference between the maximum and 

minimum size limits on a part.

Tolerance zone—the tolerance and its position relative to 

the basic size (Figure 17.60).

International tolerance grade (IT)—a group of toler-

ances that vary depending on the basic size but have the 

same level of accuracy within a given grade. The num-

bers 7 and 8 in Figure 17.61 are IT grades. There are 18 

IT grades: IT0, IT1, and IT01 to IT16. The smaller the 

grade number, the smaller the tolerance zone.

Hole basis—the system of fi ts where the minimum hole 

size is the basic size. The fundamental deviation for a 

hole basis system is indicated by the uppercase letter H 

(Figure 17.61A).

Shaft basis—the system of fi ts where the minimum shaft 

size is the basic size. The fundamental deviation for a 

shaft basis system is indicated by the lowercase letter f 

(Figure 17.61B).

1.2 —
— 1.4
1.6 —
— 1.8
2.0 —
— 2.2
2.5 —
— 2.8
3.0 —
— 3.5
4.0 —
— 4.5
5.0 —
— 5.5
6.0 —
— 6.5

1.0

Basic Size,
mm

1st
Choice

2nd
Choice

—
— 1.1

— 9.0
10 —
— 11
12 —
— 13
14 —
— 15
16 —
— 17
18 —
— 19
20 —
— 21
22 —
— 23
— 24

—

Basic Size,
mm

1st
Choice

2nd
Choice

7.0
8.0 —

— 28
30 —
— 32
35 —
— 38
40 —
— 42
45 —
— 48
50 —
— 55
60 —
— 65
— 70
— 75
80 —

25

Basic Size,
mm

1st
Choice

2nd
Choice

—
— 26

— 110
120 —
— 130

140 —
— 150

160 —
— 170

180 —
— 190

200 —
— 220

250 —
— 280

300 —
— 320
— —

—

Basic Size,
mm

1st
Choice

2nd
Choice

90
100 —

Figure 17.59

ANSI preferred metric sizes used for metric tolerancing

Upper deviation Max size

Lower deviation Min size

International
tolerance grade

(IT Number)

Fundamental
deviation

(Letter) Basic size
Lower deviation

Upper deviation

Fundamental
deviation
(Letter)

International
tolerance

grade
(IT Number) Max size

Min size

Tolerance
zone

Tolerance
zone

Figure 17.60

Important defi nitions used in metric tolerancing
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Metric Tolerance Symbols  Combining the IT grade num-

ber and the tolerance position letter establishes the toler-

ance symbol, which identifi es the actual upper and lower 

limits of a part. The toleranced size of the part is defi ned 

by the basic size followed by a letter and a number, such 

as 40H8 or 40f7. The internal part is preceded by the ex-

ternal part in the symbol. The basic callout for a metric fi t 

would appear as 40H8, where:

 40 The basic size of 40 millimeters.

 H An internal feature (hole).

 8 A close running clearance fi t.

Figure 17.62 indicates three methods of designating 

metric tolerances on drawings. The values in parenthe-

ses are for reference only and come from ANSI Standard 

B4.2–1978 tables, as shown in Figure 17.63.

(B)

(C)

(A)

Tolerance
grade

Fundamental
deviation

HOLE 40 H8

Basic size

IT grade

SHAFT 40 f7

Basic size
Tolerance
grade

IT grade
Fundamental

deviation

FIT 40 H8 / f 7

Tolerance
grade

Shaft
tolerance

Hole
tolerance

Figure 17.61

Metric symbols and their defi nitions

40H8

(C)

40H8
40.039
40.000

40.039
40.000 40H8

(B)(A)

Figure 17.62

Three methods of showing metric tolerance symbols used 
for dimensions

LOCATIONAL CLEARANCE

40.160

Hole
H11

40.000
39.880
39.720

0.440
0.120

Shaft
c11

Fit

LOOSE RUNNING

50.160
50.000

49.870
49.710

0.450
0.130

60.190
60.000

59.860
59.670

0.520
0.140

80.190
80.000

79.550
79.660

0.530
0.150

100.220
100.000

99.830
99.610

0.610
0.170

120.220
120.000

119.820
119.600

0.620
0.180

160.250
160.000

159.790
159.540

0.710
0.210

200.290
200.000

199.760
199.470

0.820
0.240

250.290
250.000

249.720
249.430

0.860
0.280

300.320
300.000

299.670
299.350

0.970
0.330

400.360
400.000

399.600
399.240

1.120
0.400

500.400
500.000

499.520
499.120

1.280
0.480

40.062

Hole
H9

40.000
39.920
39.858

0.204
0.060

Shaft
d9

Fit

FREE RUNNING

50.062
50.000

49.920
49.858

0.204
0.080

60.074
60.000

59.900
59.826

0.248
0.100

80.074
80.000

79.900
79.826

0.248
0.100

100.087
100.000

99.880
99.793

0.294
0.120

120.087
120.000

119.880
119.793

0.294
0.120

160.100
160.000

159.855
159.755

0.345
0.145

200.115
200.000

199.830
199.715

0.400
0.170

250.115
250.000

249.830
249.715

0.400
0.170

300.130
300.000

299.810
299.680

0.450
0.190

400.140
400.000

399.790
399.650

0.490
0.210

500.155
500.000

499.770
499.615

0.540
0.230

40.039

Hole
H8

40.000
39.975
39.950

0.029
0.025

Shaft
f7

Fit

CLOSE RUNNING

50.039
50.000

49.975
49.950

0.089
0.025

60.046
60.000

59.970
59.940

0.106
0.030

80.046
80.000

79.970
79.940

0.106
0.030

100.054
100.000

99.964
99.929

0.125
0.036

120.054
120.000

119.964
119.929

0.125
0.036

160.063
160.000

159.957
159.917

0.146
0.043

200.072
200.000

199.950
199.904

0.168
0.050

250.072
250.000

249.950
249.904

0.168
0.050

300.081
300.000

299.944
299.892

0.189
0.056

400.089
400.000

399.938
399.881

0.208
0.062

500.097
500.000

499.932
499.869

0.228
0.068

40.025

Hole
H7

40.000
39.991
39.975

0.050
0.009

Shaft
g6

Fit

SLIDING

50.025
50.000

49.991
49.975

0.050
0.009

60.030
60.000

59.990
59.971

0.059
0.010

80.030
80.000

79.990
79.971

0.059
0.010

100.035
100.000

99.988
99.966

0.069
0.012

120.035
120.000

119.988
119.966

0.069
0.012

160.040
160.000

159.986
159.961

0.078
0.014

200.046
200.000

199.985
199.956

0.040
0.015

250.046
250.000

249.985
249.956

0.090
0.015

300.052
300.000

299.983
299.951

0.101
0.017

400.057
400.000

399.982
399.946

0.111
0.018

500.063
500.000

499.980
499.940

0.123
0.020

40.025

Hole
H7

40.000
40.000
39.984

0.041
0.000

Shaft
h6

Fit

50.025
50.000

50.000
49.984

0.041
0.000

60.030
60.000

60.000
59.981

0.049
0.000

80.030
80.000

80.000
79.981

0.049
0.000

100.035
100.000

100.000
99.978

0.057
0.000

120.035
120.000

120.000
119.978

0.057
0.000

160.040
160.000

160.000
159.975

0.065
0.000

200.046
200.000

200.000
199.971

0.075
0.000

250.046
250.000

250.000
249.971

0.075
0.000

300.052
300.000

300.000
299.968

0.084
0.000

400.057
400.000

400.000
399.964

0.093
0.000

500.063
500.000

500.000
499.960

0.103
0.000

BASIC
SIZE

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

40

50

60

80

100

120

160

200

250

300

400

500

Figure 17.63

A standard hole basis table for determining upper and lower limits of a hole dimensioned metrically
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Preferred Fits  The hole basis system for clearance, inter-

ference, and transition fi ts is shown in Figure 17.64. Hole 

basis fi ts have a fundamental deviation of H on the hole, 

as shown in the fi gure.

The shaft basis system for clearance, interference, and 

transition fi ts is shown in Figure 17.65. Shaft basis fi ts 

have a fundamental deviation of h on the shaft, as shown 

in the fi gure.

A description of the hole basis system and shaft basis 

system is given in Figure 17.66.

Determining the Tolerance Using the Hole Basis 
System
Use Appendix 13 and Figures 17.59 and 17.67 (on page 855).

Step 1. Given: A shaft and a hole, the hole basis system, 

clearance fi t, and a basic diameter of 41 mm for the hole.

Step 2. Solution: From Figure 17.59, assign the basic size 

of 40 mm to the shaft. From Figure 17.66, assign the slid-

ing fi t H7/g6. Sliding fi t is defi ned in the fi gure.

Step 3. Hole: Determine the upper and lower limits of the 

hole from Appendix 13, using column H7 and row 40 

from the hole basis charts. From the table, the limits are 

40.025 and 40.000.

Step 4. Shaft: Determine the upper and lower limits of the 

shaft from Appendix 13, using column g6 and row 40. 

From the table, the limits are 39.991 and 39.975.

Two methods are acceptable for representing metric 

tolerances on a drawing. Figure 17.67 shows the limit form 

and the note form. The limit form gives the actual toler-

ance values, and the note form uses the basic size (40) and 

letters that refer to standard tables to determine the size. 

Figure 17.68 on page 855 shows the techniques for apply-

ing metric tolerances to a technical drawing.

17.6.12 Standard Precision Fits: English Units

A special group of English unit tolerance relationships, 

called preferred precision fi ts, have been developed over 

many years and have a history of working well under cer-

tain circumstances. ANSI Standard B4.1 specifi es a series 

of standard fi ts between cylindrical parts, based on the 

basic hole system. The tables in Appendixes 7 through 

11 list each type of fi t, showing the ANSI recommended 

sizes, allowances, tolerances, and fi ts in decimal inches. 

The different fi t classes are as follows:

Running and sliding fi ts (RC)—These are the loosest of 

the fi t classes. These fi ts would be used when there is a 

u6
s6

p6
n6

k6

Minimum
interference

H11

H9
H8 H7 H7 H7 H7 H7 H7 H7

h6
g6

f7

d9

c11

Hole
tolerance

Minimum
clearance

Shaft
tolerance

Shaft

Maximum
clearance

Hole

Clearance Transition Interference

Shaft tolerance

Hole
tolerance

Basic size

Maximum
interference

Figure 17.64

The metric preferred hole basis system of fi ts
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C11

D9

F8

G7
H7

h6
K7

h6
N7

h6 h6 h6

P7
S7

U7

h6h6h7
h9

h11
Shaft

Hole

Basic
size

Minimum
interference

Hole
tolerance

Minimum
clearance

Shaft
tolerance

Maximum
clearance

Clearance Transition Interference

Shaft tolerance

Hole
tolerance

Maximum
interference

Figure 17.65

The metric preferred shaft basis system of fi ts

H11/c11

ISO Symbol

Hole
Basis

Shaft
Basis

C11/h11 Loose running fit for wide commercial tolerances or allowances on external members

Free running fit not for use where accuracy is essential, but good for large temperature
variations, high running speeds, or heavy journal pressures

Close running fit for running on accurate machines and for accurate location at moderate
speeds and journal pressures

Sliding fit not intended to run freely but to move and turn freely and locate accurately

H9/d9 D9/h9

H8/f7 F8/h7

H7/g6 G7/h6

H7/h6 H7/h6

H7/k6 K7/h6

H7/n6 N7/h6

H7/p6* P7/h6

H7/s6 S7/h6

H7/u6 U7/h6

Locational clearance fit provides snug fit for locating stationary parts but can be freely
assembled and disassembled

Locational transition fit for more accurate location where greater interference is permissible

Locational transition fit for accurate location; a compromise between clearance
and interference

Locational interference fit for parts requiring rigidity and alignment with prime accuracy of
location but without special bore pressure requirements

Medium drive fit for ordinary steel parts or shrink fits on light sections; the tightest fit
usable with cast iron

Force fit suitable for parts that can be highly stressed or for shrink fits where the heavy
pressing forces required are impractical
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*Transition fit for basic sizes in range from 0 through 3 mm

Figure 17.66

Description of preferred metric fi ts
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Method 1
Limit Form

39.991
39.975

40.025
40.000

40.025
40.000

.025 Hole
tolerance

39.991
39.975

Shaft

.016 Shaft
tolerance

ø

ø

Hole

Method 2
Note Form

40.025
40.000

Hole

.025 Hole
tolerance

39.991
39.975

Shaft

.016 Shaft
tolerance

ø 40g6

ø 40H7

Figure 17.67

The limit form and note form of metric tolerancing

36.5
36.0

39.991
39.975

25.2°
25.1°

25° 30' 45"
25° 30' 15"

ø 4.2 – 4.3

Small limit
first

40.025
40.000

Large limit
on top

  1"
16

Min.

ø ø

Figure 17.68

Standard methods of representing metric tolerances on drawings
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shaft that must move freely inside a bearing or hole, and 

when the positioning of the shaft is not critical. There is 

always clearance between the shaft and the hole.

Clearance locational fi ts (LC)—These are tighter than 

the RC class fi ts, but the shaft and hole may be the 

same size, which is called a line-to-line fi t. In an LC 

fi t, the shaft is located more accurately than in the RC 

fi t, but it may still be loose. The shaft does not move as 

freely inside the hole.

Transition locational fi ts (LT)—These are the transition 

between LC and LN fi ts. In some cases, these are sim-

ilar to LC (clearance) fi ts, and in other cases they will 

act like LN (interference) fi ts.

Interference locational fi ts (LN)—In these fi ts, the shaft 

can be line to line with the hole, but it is almost al-

ways larger than the hole. These are used for align-

ment dowel pins and other devices where a part must 

be positively located relative to another part.

Force and shrink fi ts (FN)—These are pure interference 

fi ts, where the shaft is always considered larger than 

the hole. Such fi ts are used to transmit torque; they 

will secure a pulley or bearing to a shaft, even if there 

is a twisting force. These fi ts are also used to anchor 

parts that may slide along a shaft.

The letters plus a number determine the class of fi t 

within each type. For example, LC 4 means a class 4 lo-

cational clearance fi t.

Basic Size  The basic size is the exact theoretical size 

from which the limits of mating parts are assigned when 

tolerancing. In Figure 17.69, the nominal size is 1⁄2 inch, 

and the basic size of 0.500 inch is assigned to the small-

est hole. The other limits of the hole and shaft are then 

assigned by adding or subtracting the desired allowance 

and tolerance. Normally, only two systems are used when 

determining the basic size: basic hole and basic shaft.

Basic Hole System  In the basic hole system, which is 

used to apply tolerances to a hole and shaft assembly, the 

smallest hole is assigned the basic diameter from which 

the tolerance and allowance is applied (Figure 17.69). The 

basic hole system is widely used in industry because many 

of the tools used to drill holes, such as drills and reamers, 

are designed to produce standard-sized holes.

Creating a Clearance Fit Using the Basic Hole System
Step 1. Using the basic hole system, assign a value of 

.500� to the smallest diameter of the hole, which is the 

lower limit (Figure 17.70 on the next page).

Step 2. The allowance of .004� is subtracted from the di-

ameter of the smallest hole to determine the diameter of 

the largest shaft, .496�, which is the upper limit.

Step 3. The lower limit for the shaft is determined by sub-

tracting the part tolerance from .496�. If the tolerance of 

the part is .003�, the lower limit of the shaft is .493�.

Step 4. The upper limit of the hole is determined by adding 

the tolerance of the part to .500�. If the tolerance of the 

part is .003�, the upper limit of the hole is .503�.

Step 5. The parts are dimensioned on the drawing, as 

shown in Figure 17.70.

Step 6. Using the assigned values results in a clearance 

fi t between the shaft and the hole. This is determined by 

fi nding the difference between the smallest hole (.500� 

lower limit) and the largest shaft (.496� upper limit), which 

Basic
Size

.500

Smallest
Hole

.500

Basic hole system

Interference
Fit

Clearance
Fit

Largest
Shaft

.500

Basic shaft system

Interference
Fit

Clearance
Fit

Figure 17.69

The basic hole and shaft systems for applying English unit tolerances to parts
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is a positive .004�. As a check, this value should equal 

the allowance used in Step 2.

Step 7. The difference between the largest hole (.503� up-

per limit) and the smallest shaft (.493� lower limit) equals 

a positive .010�. Because both the tightest and loosest 

fi ts are positive, there will always be clearance between 

the shaft and the hole, no matter which manufactured 

parts are assembled.

Step 8. Check the work by determining the piece toler-

ances for the shaft and the hole. To do so, fi rst fi nd the 

difference between the upper and lower limits for the 

hole. Subtract .500� from .503� to get .003� as a piece 

tolerance. This value matches the tolerance applied in 

Step 4. For the shaft, subtract .493� from .496� to get 

.003� as the piece tolerance. This value matches the tol-

erance applied in Step 3.

Step 9. The system tolerance is the sum of all the piece 

tolerances. To determine the system tolerance for the 

shaft and the hole, add the piece tolerances of .003� and 

.003� to get .006�.

.500 LOWER LIMIT HOLE

Step 1 Step 2 Step 3

Step 4

Tightest Fit Equals
the Allowance

Step 7

Loosest Fit

Step 8 Step 9

.496
–.003
.493

PART TOLERANCE
LOWER LIMIT SHAFT

.500
–.004
.496

ALLOWANCE
UPPER LIMIT SHAFT

.500
+.003

.503
PART TOLERANCE
UPPER LIMIT HOLE

Step 6

.500
–.496
.004

SMALLEST HOLE
LARGEST SHAFT

.503
–.493
.010

LARGEST HOLE
SMALLEST SHAFT

.003
+.003

.006

HOLE TOLERANCE
SHAFT TOLERANCE
SYSTEM TOLERANCE

Step 5

.503

.500
.496
.493

.503
–.500
.003

UPPER LIMIT HOLE
LOWER LIMIT HOLE
PIECE TOLERANCE

.496
–.493
.003

UPPER LIMIT SHAFT
LOWER LIMIT SHAFT
PIECE TOLERANCE

Basic
Size

.500

Smallest
Hole

.500

Basic hole system

Interference
Fit

Clearance
Fit

Figure 17.70

Applying tolerances for a clearance fi t using the basic hole system
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An interference fi t would be possible if an allowance is 

added to the basic size assigned to the hole (Figure 17.71).

Creating an Interference Fit Using the Basic Hole 
System
Step 1. Using the basic hole system, assign a value of 

.500� to the smallest diameter of the hole, which is the 

lower limit.

Step 2. The allowance of .007� is added to the smallest 

hole diameter to determine the diameter of the largest 

shaft, .507�, which is the upper limit.

Step 3. The lower limit for the shaft is determined by sub-

tracting the part tolerance from .507�. If the part toler-

ance is .003�, the lower limit of the shaft is .504�.

Step 4. The upper limit of the hole is determined by adding 

the part tolerance to .500�. If the part tolerance is .003�, 

the upper limit of the hole is .503�.

Step 5. The parts are dimensioned on the drawing, as 

shown in Figure 17.71.

Step 6. Using the assigned values results in an interfer-

ence fi t between the shaft and the hole. This is deter-

mined by fi nding the difference between the smallest 

hole (.500� lower limit) and the largest shaft (.507� upper 

limit), which is a negative .007�. This value equals the al-

lowance used in Step 2.

Step 7. The difference between the largest hole (.503� up-

per limit) and the smallest shaft (.504� lower limit) equals 

a negative .001�. Because both the tightest and loosest 

fi ts are negative, there will always be an interference be-

tween the shaft and the hole, no matter which manufac-

tured parts are assembled.

Basic Shaft System  The basic shaft system, a less popu-

lar method of applying tolerances to a shaft and hole, can 

be used for shafts that are produced in standard sizes. For 

this system, the largest diameter of the shaft is assigned 

the basic diameter from which all tolerances are applied 

(Figure 17.72 on the next page).

Creating a Clearance Fit Using the Basic 
Shaft System
Step 1. Using the basic shaft system, assign a value of 

.500� to the largest diameter of the shaft.

Step 2. The allowance of .004� is added to the largest shaft 

diameter to determine the diameter of the smallest hole, 

.504�.

Step 3. The largest limit for the hole is determined by add-

ing the part tolerance to .504�. If the part tolerance is 

.003�, the upper limit of the hole is .507�.

Step 4. The smallest limit of the shaft is determined by 

subtracting the part tolerance from .500�. If the part 

tolerance is .003�, the lower limit of the shaft is .497�. 

This results in a clearance fi t between the shaft and the 

hole. An interference fi t would be possible by subtract-

ing the allowance from the basic size assigned to the 

shaft.

Precision Fit Calculation  In the following exercise, dimen-

sion and tolerance a shaft diameter. A 1⁄2-inch shaft is to 

be fi t into a hole by pressing (an interference fi t). In this 

type of fi t, the shaft is always larger than the hole and 

they must be mechanically forced together.

.500 LOWER LIMIT HOLE

Step 1 Step 2 Step 3 Step 4

Tightest Fit Equals the Allowance

Step 7

Loosest Fit

Step 6

.500
–.507
–.007

SMALLEST HOLE
LARGEST SHAFT

.500
+.007

.507
ALLOWANCE
UPPER LIMIT SHAFT

.507
–.003
.504

TOLERANCE
LOWER LIMIT SHAFT

.500
+.003

.503
TOLERANCE
UPPER LIMIT HOLE

.503
–.504
–.001

LARGEST HOLE
SMALLEST SHAFT

Step 5

.503

.500
.507
.504

Figure 17.71

Applying tolerances for an interference fi t using the basic hole system
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Using Precision Fit Tables
Step 1. Select the precision fi t class that is appropriate. In 

this case, use FN (Force or Shrink class), and select a 

midrange class, such as FN 2.

Step 2. Consider the nominal dimension. In this case, the 

nominal is .5000. (In precision fi ts, it is common to use 

four decimals of accuracy.)

Step 3. Using the fi t table shown in Figure 17.73 (from Ap-

pendix 11), under the Nominal Size Range, inches col-

umn, look up the nominal shaft range from 0.40 through 

0.56. Read across this row and fi nd the shaft column val-

ues under the Class FN 2 column. The values 
1.6 and 


1.2 appear in the box.

Step 4. It is important to remember that the two num-

bers (1.6 and 1.2) are in thousandths (.001) of an inch. 

To avoid mistakes, write these numbers properly so that 

their true values are obvious: .0016 and .0012.

Step 5. Add the .0016 to .5000 to create the upper limit 

value, and add the .0012 to .5000 to create the lower limit 

value. These are the limit tolerances for the shaft. The 

resulting shaft dimension will look as follows:

  .5016

  .5012

Step 6. To calculate the limit dimensions for the hole, fol-

low the same procedure, but use the hole column val-

ues, which are 
0.7 and 	0.

Step 7. These values are also in thousandths of an inch 

and are written as .0007 and .0000.

Step 8. Add the .0007 to .5000 to create the upper limit 

value of the hole, and subtract the .0000 from .5000 to 

create the lower limit value. These are the limit tolerances 

for the hole. The resulting hole dimension will look as 

follows:

  .5007

  .5000

Compare the values in Step 5 with those in Step 8 to re-

veal that this is an interference fi t because the hole is always 

smaller than the shaft.

17.7 Tolerances in CAD
Some tolerancing concepts are unique to CAD. In 

hand drawing, the graphics are an image of the part, 

and the dimensions add important information to the 

drawing. In CAD, the graphics can become more descrip-

tive because an accurate mathematical defi nition of the 

shape of a part is created, whereas in hand drawing, the 

graphics are not as accurate.

CAD drawings, then, can be considered geometry 
fi les rather than simply drawings. CAD geometry data-

bases are often translated directly to machining equip-

ment, making them considerably more useful than hand 

drawings. Rather than having a machinist interpret the 

dimension shown on the drawing, the machine tool uses 

the size of the geometric elements encoded in the CAD 

database.

17.7.1 Geometric Accuracy

When the geometry of a part is created using CAD, that 

geometry must be completely accurate. Do not use coor-

dinate positions from a readout to locate features because 

readouts are accurate only to the number of decimals dis-

Step 2

.500
+.004

.504
ALLOWANCE
LOWER LIMIT HOLE

Step 3

.504
+.003

.507
TOLERANCE
UPPER LIMIT HOLE

Step 4

.500
–.003

.497
TOLERANCE
LOWER LIMIT SHAFT

.500 UPPER LIMIT SHAFT

Step 1

Basic
Size

.500

Largest
Shaft

.500

Basic shaft system

Interference
Fit

Clearance
Fit

Figure 17.72

Applying tolerances for a clearance fi t using the basic shaft 
system
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860 PART 4  Standard Technical Graphics Practices

played. For example, a reading of 4.0000 may appear to 

be 4 inches, but if the readout is changed to fi ve decimals, 

it may read 4.00004. An angle may appear to be 45 de-

grees, when in fact it is 45.00035 degrees.

Part geometry should be made so that it can be directly 

translated to a CAM system for machining. In order for 

this to occur, lines must

End exactly at corners.

Never be short (even by .00002 inches).

Never be one on top of another.

Have all lengths and angles that are perfect.

17.7.2 Associative Dimensioning

Most CAD systems have a function that ties a feature di-

rectly to its dimension; if the feature changes, the dimen-

sion will change automatically. This associative function 

is an excellent tool for checking geometry as it is being 

dimensioned. Avoid the temptation to type over a dimen-

sion when it is not exactly correct; change the geometry, 
not the dimension value. Uniformly applying a size stan-

dard simplifi es the later addition of dimensions to a CAD 

drawing. For example, if the part is drawn using nomi-

nal sizes, the dimensioning command can be set up to 

FN1  Light drive fi ts are those requiring light assembly pressures, and produce more or less permanent assemblies. They are 
suitable for thin sections or long fi ts, or in cast-iron external members.

FN 2  Medium drive fi ts are suitable for ordinary steel parts, or for shrink fi ts on light sections. They are about the tightest fi ts 
that can be used with high-grade cast-iron external members.

FN3 Heavy drive fi ts are suitable for heavier steel parts or for shrink fi ts in medium sections.
FN4
FN5  

Force fi ts are suitable for parts which can be highly stressed, or for shrink fi ts where the heavy pressing forces required 
are impractical.

Basic hole system. Limits are in thousandths of an inch.
Limits for hole and shaft are applied algebraically to the basic size to obtain the limits of size for the parts.

(Reprinted from ASME B4.1–1967 (R2004), by permission of The American Society of Mechanical Engineers.)

 Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

 Nominal  Standard Standard Standard Standard Standard
 Size Range,  Limits Limits Limits Limits Limits

 

inches

  Hole Shaft  Hole Shaft  Hole Shaft  Hole Shaft  Hole Shaft
 Over   To  H6   H7 s6  H7 t6  H7 u6  H8 x7

 0    –   0.12 0.05 +0.25 +0.5 0.2 +0.4 +0.85    0.3 +0.4 +0.95 0.3 +0.6 +1.3
  0.5 –0 +0.3 0.85 –0 +0.6    0.95 –0 +0.7 1.3 –0 +0.9

 0.12 – 0.24 0.1 +0.3 +0.6 0.2 +0.5 +1.0    0.4 +0.5 +1.2 0.5 +0.7 +1.7
  0.6 –0 +0.4 1.0 –0 +0.7    1.2 –0 +0.9 1.7 –0 +1.2

 0.24 – 0.40 0.1 +0.4 +0.75 0.4 +0.6 +1.4    0.6 +0.6 +1.6 0.5 +0.9 +2.0
  0.75 –0 +0.5 1.4 –0 +1.0    1.6 –0 +1.2 2.0 –0 +1.4

 0.40 – 0.56 0.1 +0.4 +0.8 0.5 +0.7 +1.6    0.7 +0.7 +1.8 0.6 +1.0 +2.3
  0.8 –0 +0.5 1.6 –0 +1.2    1.8 –0 +1.4 2.3 –0 +1.6

 0.56 – 0.71 0.2 +0.4 +0.9 0.5 +0.7 +1.6    0.7 +0.7 +1.8 0.8 +1.0 +2.5
  0.9 –0 +0.6 1.6 –0 +1.2    1.8 –0 +1.4 2.5 –0 +1.8

 0.71 – 0.95 0.2 +0.5 +1.1 0.6 +0.8 +1.9    0.8 +0.8 +2.1 1.0 +1.2 +3.0
  1.1 –0 +0.7 1.9 –0 +1.4    2.1 –0 +1.6 3.0 –0 +2.2

 0.95 – 1.19 0.3 +0.5 +1.2 0.6 +0.8 +1.9 0.8 +0.8 +2.1 1.0 +0.8 +2.3 1.3 +1.2 +3.3
  1.2 –0 +0.8 1.9 –0 +1.4 2.1 –0 +1.6 2.3 –0 +1.8 3.3 –0 +2.5

 1.19 – 1.58 0.3 +0.6 +1.3 0.8 +1.0 +2.4 1.0 +1.0 +2.6 1.5 +1.0 +3.1 1.4 +1.6 +4.0
  1.3 –0 +0.9 2.4 –0 +1.8 2.6 –0 +2.0 3.1 –0 +2.5 4.0 –0 +3.0
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Figure 17.73

Table used to apply precision tolerances to parts
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SURFACE TEXTURE SYMBOLS AND CONSTRUCTION

Symbol Meaning

Basic surface texture symbol.  Surface may be produced by
any method, except when the bar or circle is specified.

Material removal by machining is required. The horizontal
bar indicates that material removal by machining is required
to produce the surface and that material must be provided
for that purpose.

Material removal allowance. The number indicates the
amount of stock to be removed by machining in millimeters
(or inches). Tolerances may be added to the basic value
shown or in a general note.

Material removal prohibited. The circle in the vee indicates
that the surface must be produced by processes such as
casting, forging, hot finishing, cold finishing, die casting,
powder metallurgy, or injection molding, without subsequent
removal of material.

Surface texture symbol. This is used when any surface
characteristics are specified above the horizontal line or to
the right of the symbol.  Surface may be produced by any
method, except when the bar or circle is specified.

The recommended proportions for drawing the surface texture
symbol are shown above. The letter height and line width
should be the same as that for dimensions and dimension
lines.

3.5

0.00

1.5 X

3 X

LETTER HEIGHT = X

00
00
00

3 X APPROX.

60°

60°

1.5 X
3 X

Figure 17.74

Surface texture symbols and construction

LAY SYMBOLS

Lay
symbol

Meaning

Lay approximately parallel to the line
representing the surface to which the
symbol is applied.

Lay approximately perpendicular to the
line representing the surface to which
the symbol is applied.

Lay angular in both directions to line
representing the surface to which the
symbol is applied.

Lay multidirectional.

Lay approximately circular relative to
the center of the surface to which the
symbol is applied.

X

M

C

R

P

X

Lay approximately radial relative to the
center of the surface to which the
symbol is applied.

Lay particulate, nondirectional, or
protuberant.

Example showing
direction of tool marks

R

C

M

P

Figure 17.75

Special surface texture lay symbols

1.6
1.6

ø XX 1.6
3.2

UNLESS OTHERWISE SPECIFIED:
ALL SURFACES

Figure 17.76

Application of surface symbols to a simple part

APPLICATION OF SURFACE TEXTURE VALUES TO SYMBOL

1.6
Roughness average rating is placed at the left of the long leg. The specification
of only one rating shall indicate the maximum value, and any lesser value shall
be acceptable.  Specify in micrometers (microinch).

1.6
0.8

The specification of maximum and minimum roughness average values indicates
permissible range of roughness.  Specify in micrometers (microinch).

0.8
0.005-5 Maximum waviness height rating is the first rating placed above the horizontal

extension. Any lesser rating shall be acceptable.  Specify in millimeters (inch).
Maximum waviness spacing rating is the second rating placed above the
horizontal extension and to the right of the waviness height rating. Any lesser
rating shall be acceptable.  Specify in millimeters (inch).

Material removal by machining is required to produce the surface. The basic
amount of stock provided for material removal is specified at the left of the short
leg of the symbol.  Specify in millimeters (inch).

1.6
3.5

1.6 Removal of material is prohibited.

0.8 Lay designation is indicated by the lay symbol placed at the right of the long leg.

2.50.8
Roughness sampling length or cutoff rating is placed below the horizontal
extension. When no value is shown, 0.80 mm (0.030 inch) applies.  Specify in
millimeters (inch).

Where required, maximum roughness spacing shall be placed at the right of
the lay symbol. Any lesser rating shall be acceptable.  Specify in millimeters
(inch).0.5

0.8

Figure 17.77

Surface texture values and related symbols
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862 PART 4  Standard Technical Graphics Practices

automatically add and subtract from the nominal size to 

show the upper and lower limits, respectively.

17.8 Surface Texture Symbols
The surface texture of a fi nished part is critical for many 

products, such as automobiles and aircraft, to reduce fric-

tion between parts or aerodynamic drag caused by the fric-

tion of air passing over the surface. Standard drawing prac-

tices relate directly to the grinding process, which is used 

to produce fi nished surfaces. ANSI Y14.36–1978 (R1987) 

is the standard used for designating surface texture and 

material. The surface fi nish for a part is specifi ed on an en-

gineering drawing using a fi nish mark symbol similar to a 

checkmark (Figure 17.74 on the previous page). One leg of 

the symbol is drawn 1.5 times the height of the lettering, 

the other leg is drawn three times the height of the letter-

ing, and the angle between the two legs is 60 degrees.

Less frequent application

ROUGHNESS AVERAGE Ra - MICROMETERS μm (MICROINCHES μin.)

Process 50 25 12.5 6.3 3.2 1.6 0.80 0.40 0.20 0.10 0.05 0.025 0.012

Flame cutting
Snagging
Sawing
Planing, shaping

Drilling
Chemical milling
Elect. discharge mach.
Milling

Broaching
Reaming
Electron beam
Laser
Electrochemical
Boring, turning
Barrel finishing

Electrolytic grinding
Roller burnishing
Grinding
Honing

Electropolishing
Polishing
Lapping
Super finishing

Sand casting
Hot rolling
Forging
Perm. mold casting

Investment casting
Extruding
Cold rolling, drawing
Die casting

The ranges shown above are typical of the processes listed.

Higher or lower values may be obtained under special conditions.

KEY Average application

(2000) (1000) (500) (250) (125) (63) (32) (16) (8) (4) (2) (1) (0.5)

Figure 17.78

Surface roughness produced by common production methods
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Variations of the surface texture symbol are shown in 

Figure 17.74. A number preceding the fi nish symbol rep-

resents the amount of material to be removed by machin-

ing. The direction that the machine tools passes over the 

part (i.e., the lay of the tool) can be controlled by adding 

a letter or symbol to the right of the fi nish mark (Figure 

17.75). For example, the letter M means the machine tool 

is multidirectional.

Finish marks are shown in every view in which the 
fi nished surface appears as a visible or hidden line (Fig-

ure 17.76 on page 861). Various applications of surface 

symbols are shown in Figure 17.77 (on page 861).

The surface roughness produced by common pro-

duction methods is shown in Figure 17.78. The average 

roughness heights are shown across the top of the chart, 

and the range of roughness produced by each process is 

shown as a solid bar.

17.9 Summary
Dimensioning is a method of accurately communicating 

size information for objects and structures so that they 

can be produced. Dimensioning of mechanical devices 

follows standards established by ANSI. These standards 

Parts of a Dimension

Dimension—A dimension is a numerical value shown on a drawing to defi ne the size of an object or a part of an object. Dimensions 
may be expressed in either U.S. or metric units.

Dimension line—A dimension line is a thin solid line used to show the extent and direction of a dimension.

Arrowheads—Arrowheads are placed at the ends of dimension lines to show the limits of the dimension.

Extension line—Extension lines are thin lines drawn perpendicular to dimension lines, and they indicate the feature of the object to 
which the dimension refers.

Leader line—A leader line is a thin solid line used to direct dimensions or notes to the appropriate feature.

Tolerance—Tolerances are the amount a dimension is allowed to vary. The tolerance is the difference between the maximum and 
minimum permitted sizes.

Principles of Good Dimensioning

The overriding principle of dimensioning is clarity.

 1. Each feature of an object is dimensioned once and only once.

 2. Dimensions should be selected to suit the function of the object.

 3. Dimensions should be placed in the most descriptive view of the feature being dimensioned.

 4.  Dimensions should specify only the size of a feature. The manufacturing method should only be specifi ed if it is a mandatory 
design requirement.

 5.  Angles shown on drawings as right angles are assumed to be 90 degrees unless otherwise specifi ed, and they need not be 
dimensioned.

 6. Dimensions should be located outside the boundaries of the object whenever possible.

 7. Dimension lines should be aligned and grouped where possible to promote clarity and uniform appearance.

 8. Crossed dimension lines should be avoided whenever possible. When dimension lines must cross, they should be unbroken.

 9.  The space between the fi rst dimension line and the object should be at least 
3
⁄8 inch (10 mm). The space between dimension 

lines should be at least ¼ inch (6 mm).

 10. There should be a visible gap between the object and the origin of an extension line.

 11. Extension lines should extend 
1
⁄8 inch (3 mm) beyond the last dimension line.

 12. Extension lines should be broken if they cross or are close to arrowheads.

 13. Leader lines used to dimension circles or arcs should be radial.

 14. Dimensions should be oriented to be read from the bottom of the drawing.

 17. Diameters are dimensioned with a numerical value preceded by the diameter symbol.

 16. Concentric circles should be dimensioned in a longitudinal view whenever possible.

 17. Radii are dimensioned with a numerical value preceded by the radius symbol.

 18. When a dimension is given to the center of an arc or radius, a small cross is shown at the center.

 19.  The depth of a blind hole may be specifi ed in a note. The depth is measured from the surface of the object to the deepest 
point where the hole still measures a full diameter in width.

 20. Counterbored, spotfaced, or countersunk holes should be specifi ed in a note.

Basics of DimensioningTable 17.1
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The basics of tolerancing are explained in terms of a mating 
shaft and hole.

Limits of Size

■ The upper limit of the shaft is the diameter of the largest 
permissible shaft.

■ The upper limit of the hole is the largest permissible 
diameter of the hole.

■ The lower limit of the shaft is the smallest permissible 
diameter of the shaft.

■ The lower limit of the hole is the smallest permissible 
diameter of the hole.

The piece tolerance is the difference between the upper and 
lower limits of one part (hole or shaft).

Limits of Fit

■ The tightest fi t (between hole and shaft) is the difference 
between the largest shaft and the smallest hole. This 
creates the minimum clearance.

■ The loosest fi t (between hole and shaft) is the difference 
between the smallest shaft and the biggest hole. This 
creates the maximum clearance.

The system tolerance is the difference between the tightest 
and loosest fi ts. As a check, this value should equal the sum 
of the piece tolerances.

Types of Fit

■ A clearance fi t means that all the shaft(s) will fi t into the 
hole(s), resulting in a positive clearance.

■ An interference fi t means the shaft(s) will not fi t freely into 
the hole(s), thus resulting in a negative clearance.

■ A transition fi t means that some shafts will fi t into some 
of the holes, but not all of the shafts will fi t into all of the 
holes.

Basics of TolerancingTable 17.2

Clearance fit

Interference fit

Lower limit
Upper limit

Upper limit
Lower limit

Transition fit

864
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include the proper use and placement of dimensional in-

formation on engineering drawings. Many parts need to 

be dimensioned using toleranced values. Tolerances al-

low a dimension to vary within limits. Toleranced dimen-

sions are especially useful in the accurate manufacture of 

assembled parts.

Just as the clear communication about the shape of an 

object is accomplished by following the standard prin-

ciples and conventions of orthographic projection, the 

clear communication about the size of an object is ac-

complished through adherence to standard dimensioning 

practices. Unless both shape and size information is com-

municated clearly, it is not possible to move design ideas 

to reality. Tables 17.1 and 17.2 summarize the basics of 

dimensioning and tolerancing.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Stapler Design Problem

Questions for Review
 1. How are concentric circles best dimensioned?

 2. Sketch the symbols for diameter, radius, depth, 

counterbore, countersink, and square.

 3. Where are these symbols placed with respect to 

their numerical values?

 4. What is the primary difference between counterbore 

and spotface?

 5. When is a small cross required at the center of a 

radius?

 6. Defi ne the depth of a blind hole.

 7. When are oblique extension lines used? Sketch an 

example.

 8. When should extension lines be broken?

 9. How is a reference dimension identifi ed?

 10. How can you tell if a dimension is out of scale (with-

out measuring the drawing)?

 11. Write a note showing that a .25-inch deep .875-inch 

diameter hole is to be repeated six times.

 12. When is an arc dimensioned with a diameter, and 

when is one dimensioned with a radius?

 13. When should the word “drill” replace the word “di-

ameter” when dimensioning a hole?

 14. What is the proper proportion of width to length of 

arrowheads?

 15. What is the difference between limit dimensioning 

and plus and minus dimensioning?

 16. What is MMC?

 17. What is the term for the theoretical size of a feature?

 18. Compare the thickness of dimension lines with ob-

ject lines.

 19. Compare the thickness of dimension lines with ex-

tension lines.

 20. If two dimensioning guidelines appear to confl ict, 

which guideline should be followed?
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866 PART 4  Standard Technical Graphics Practices

P r o b l e m s

 17.1 (Figures 17.79 and 17.80) Using an A- or B-size 

layout, sketch or draw the assigned problems, us-

ing instruments or CAD. Each grid square equals 

.25� or 6 mm. Completely dimension the drawing, 

using one-place millimeter or two-place decimal 

inches.

 17.2 (Figure 17.81) Sketch, or draw with instruments or 

CAD, a multiview drawing of the gusseted angle 

bracket; then add dimensions.

 17.3 (Figure 17.82) Sketch, or draw with instruments or 

CAD, a multiview drawing of the clamp strap; then 

add dimensions.

 17.4 (Figure 17.83) Sketch, or draw with instruments 

or CAD, a multiview drawing of the angle clamp; 

then add dimensions.

 17.5 (Figure 17.84) Sketch, or draw with instruments or 

CAD, a multiview drawing of the clevis eye; then 

add dimensions.

 17.6 (Figure 17.85) Sketch, or draw with instruments or 

CAD, a multiview drawing of the foot mounting; 

then add dimensions.

 17.7 (Figure 17.86) Sketch, or draw with instruments or 

CAD, a multiview drawing of the fl ange mounting; 

then add dimensions.

 17.8 (Figure 17.87) Sketch, or draw with instruments 

or CAD, a multiview drawing of the retainer; then 

add dimensions.

 17.9 (Figure 17.88) Sketch, or draw with instruments or 

CAD, a multiview drawing of the mounting saddle; 

then add dimensions.

(4) (5) (6)

(1) (2) (3)

Figure 17.79

Problem 17.1
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(1) (2) (3)

(4) (5) (6)

Figure 17.80

Problem 17.1

.40

1.20

R .20
.70

1.50

2.00

6.00

1.90 4.20

.40

45° 1.30

R .40

6.00 2.50

.70

Figure 17.81

Gusseted angle bracket

8.75

1.37
3.50 6.50

10°
FILLETS & ROUNDS

R .25

10°

10°

R 1.50
ø 1.00

12.63

4.63

2.00

15°
1.63

R .50

2X R 1.63

.50

Figure 17.82

Clamp strap
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2.72

.75

.69

.75

15°

.69ø .375-24 UNF

ø .43

ø .31

3.27

1.50

1.38
.39

1.18

ø .75-16 UNF

ø .88.71 OPPOSITE SIDE

Figure 17.83

Angle clamp

1.25

CHAMFER .13 X .13

ø 1.1251.19
1.19

ø 2.125-16 UNC

2.19

.96

1.94
3.06

4.06

ø 1.00

45°

Figure 17.84

Clevis eye

2X ø .78
ø 1.19

.75

ø 6.60ø 6.80 X 82°

5.60

11.20

4.10

8.20

2.50 1.25

8.70

1.25

Figure 17.85

Foot mounting

2.125

4X ø .75ø 1.13.75

ø 9.00

ø 6.50

11.50

 2X .13 X .13

Figure 17.86

Flange mounting
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4.8

2X M 1.6-6H
.35

ø 41.0
M33-6H

ø 37.6 B.C.

METRIC

Figure 17.87

Retainer

ø .25-20UNC

1.13

.32
1.38

2.12

ø 1.50-16UNC

.32

2.25

6X ø .41

2.75

2.13

.50
1.00

1.38

.31

1.61

Figure 17.88

Mounting saddle

 17.10 (Figure 17.89) Sketch, or draw with instruments or 

CAD, a multiview drawing of the mounting block; 

then add dimensions.

 17.11 (Figure 17.90) Sketch, or draw with instruments or 

CAD, a multiview drawing of the mounting fl ange; 

then add dimensions.

 17.12 (Figure 17.91) Sketch, or draw with instruments or 

CAD, a multiview drawing of the cylinder clamp; 

then add dimensions.

 17.13 (Figure 17.92) Sketch, or draw with instruments 

or CAD, a multiview drawing of the accumulator 

saddle; then add dimensions.

2X M14 X 2.0-6H

ø 2412

120

20
20

40

66

80

160

M90X 6-6H

METRIC

120

Figure 17.89

Mounting block

11.20

ø 4.0-4UNC

5.60

4.10

8.20

4X ø .75-16UNF

1.00

9.50

.80
1.25 2.50

Figure 17.90

Mounting fl ange
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 17.14 (Figure 17.93) Sketch, or draw with instruments or 

CAD, a multiview drawing of the cylinder bracket; 

then add dimensions.

 17.15 (Figure 17.94) Sketch, or draw with instruments or 

CAD, a multiview drawing of the standard bracket; 

then add dimensions.

 17.16 (Figure 17.95) Sketch, or draw with instruments or 

CAD, a multiview drawing of the threaded bracket; 

then add dimensions.

 17.17 (Figure 17.96) Sketch, or draw with instruments or 

CAD, a multiview drawing of the offset strap; then 

add dimensions.

 17.18 (Figure 17.97) Sketch, or draw with instruments or 

CAD, a multiview drawing of the gang mill fi xture 

base; then add dimensions.

ø .25-20UNC

ø 1.50-12UNF

2.88

2X ø .28ø .41.31

.03 X .03

ø 2.25

.75

.37

ø

Figure 17.91

Cylinder clamp

.38

4.50

1.67

.58

.58

1.67

4.50

4X ø .47

ø 3.75-16UN

2.25

ø .25-20UNC

.75

1.67

1.67

Figure 17.92

Accumulator saddle

4X ø .70

ø 2.80

2.00

1.95

R .61

3.13

R 1.95

2.50

.15

1.05
1.25

R 1.40

4X ø 1.10

3.90

Figure 17.93

Cylinder bracket
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METRIC

108

32

64

10

M 45 X 1.5

32

 

2X M 33ø 5212

42

36
38

36
124

38

128
90

R76

Figure 17.94

Standard bracket

2X ø .20
ø .30

.193°

1.32

1.55

.35
.44

1.00

.95

2X ø .397
ø 1.00-12 UNC

2.25

1.12

.34

.31

.63

.785

.785

Figure 17.95

Threaded bracket

R .06

2X ø .19

R .25

.03

.75

.50

1.50

ø

 .

250-20UNC

.31

.19

.56
1.13

.50

1.12

.25

Figure 17.96

Offset strap

7.00

.20

.75
.50

2X ø .34

4.40
2.25

.75
30°

4X R 1.63

3.25

1.00

.40
.20.32

.20

3.25

R .06

Figure 17.97

Gang mill fi xture base
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 17.19 (Figure 17.98) Sketch, or draw with instruments or 

CAD, a multiview drawing of the mill fi xture base; 

then add dimensions.

 17.20 (Figure 17.99) Sketch, or draw with instruments or 

CAD, a multiview drawing of the hand wheel; then 

add dimensions.

 17.21 (Figure 17.100) Use the tolerancing tables in Ap-

pendixes 7 through 11 to calculate the limit di-

mensions between the shaft and hole for the given 

classes of fi t.

23 17

METRIC
FILLETS & ROUNDS

R2

2X R 4
24x44

48

4X R 15

56

8
14

2X ø 4

6
212

24

5
3

Figure 17.98

Mill fi xture base

.437

ø .87ø 1.13
ø 3.50

4X ø .25ø .63
1.00

SR .69

#10-24UNC

.25 (SPHERE

CENTER)
1.131.251.44

1.00

DETAIL A-A

R.312

.312

R 3.75
4X R .063

Figure 17.99

Hand wheel

 17.22 (Figure 17.101) Determine the limit dimensions be-

tween the shoulder screw and bushing and between 

the bushing and housing, using the specifi ed fi t and 

the tolerancing tables in Appendix 11.
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Class of fit RC 4 LC 6 FN 5

Li
m

its
 o

f f
it

S
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e

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Smallest hole

Largest shaft

Tightest fit

Largest hole

Smallest shaft

Loosest fit

±

±

±

±

–

=

=

=

=

=

=

±

±

±

±

=

=

=

=

=

=

±

±

±

±

=

=

=

=

=

=

±

±

±

±

=

=

=

=

=

=

.75

–

–

–

–

–

–

–

Figure 17.100

Shaft and hole

873

ber28376_ch17.indd   873ber28376_ch17.indd   873 1/2/08   3:18:34 PM1/2/08   3:18:34 PM



Limits of size 1 2 - FN 4 fit

Li
m

its
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f f
it

S
ha

ft
H
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e

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Smallest hole

Largest shaft

Tightest fit

Largest hole

Smallest shaft

Loosest fit

±

±

±

±

–

=

=

=

=

=

=

±

±

±

±

=

=

=

=

=

=

±

±

±

±

=

=

=

=

=

=

.500 .750

.500 .750

.500 .750

.500 .750

21

.553

.556*

See appendix for American Standard
Socket-head Shoulder Screw Bushing Housing

*

–

–

–

–

–

ø

Figure 17.101

Shoulder screw and bushing
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*By Thomas Sweeney, Hutchinson Technical College, 

Hutchinson, Minnesota, and Ted Branoff, North Carolina 

State University, Raleigh, NC.

Chapter Eighteen

Geometric 
Dimensioning 
and Tolerancing 
(GDT)*

Objectives
After completing this chapter, you will be 
able to:

 1. Identify and draw geometric dimen-

sioning and tolerancing symbols.

 2. Create a dimensioned drawing 

 using geometric dimensioning and 

tolerancing.

 3. Describe maximum and minimum 

material conditions.

 4. Describe and apply datums to 

technical drawings.

 5. Identify inspection tools.

Introduction
Geometric dimensioning and toleranc-

ing (GDT) was developed over the past 40 

years as a tool to defi ne parts and features 

more effi ciently. GDT takes the function of 

the part into consideration, as well as its fi t 

with related parts. This allows the designer 

to defi ne the part’s features more accu-

rately, without increasing the tolerances. In 

There is no royal road to geometry.

—Euclid

C
hapter E

ighteen
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876 PART 4  Standard Technical Graphics Practices

this chapter, you will learn both the theory and practice of 

geometric dimensioning and tolerancing using the latest 

standards.

18.1 Overview
Geometric dimensioning and tolerancing (GDT) is a 

method of defi ning parts based on how they function, us-

ing standard ASME/ANSI symbols. For many years, only 

a few companies used GDT to any extent, and even within 

those companies, there was disagreement on the actual 

meaning of the symbols and terms. Within the last fi fteen 

years, there has been a resurgence of interest and training 

in GDT, mostly because of the increased use of statistical 

process control (SPC), and because GDT is a powerful tool 

in reducing the cost of precision parts.

Statistical process control offers real advantages to 

companies that manufacture large numbers of parts, be-

cause they can reduce or even eliminate the inspection of 

some features. However, SPC does require that the actual 

feature be toleranced very effi ciently in order to take ad-

vantage of the cost reductions. Often, the only way to tol-

erance such features so that SPC can be used properly is 

through the use of GDT.

Another reason GDT has become so popular is the 

widespread acceptance of worldwide quality standards, 

such as the ISO 9000 series. These standards require that 

a manufacturer specify not only that something is con-

trolled, but also how it is to be controlled. For example, 

a drawing may say that a feature is round. The questions 

would be: “How round?” and “How is that roundness in-

spected?” The standard that controls the dimensioning and 

tolerancing of parts is ASME Y14.5–1994, and it includes 

all of the GDT symbols and concepts.

Size tolerances alone are sometimes not enough to meet 

the design needs of a part. Relationships between features 

may also need to be controlled. In such cases, notes are 

added to the drawing defi ning these relationships.

For example, a table height from the fl oor to the top 

is given as 30 inches (Figure 18.1). Is the top of the table 

fl at? It is, if the tolerance on the 30-inch height is, say, 

�1 inch. The top could never be more than 31 inches 

or less than 29 inches. This means that the top must be 

fl at within 2 inches. If the top must be fl atter than that, a 

tighter tolerance would be, say, �1/4 inch. Now the top 

would be fl at to within 1/2 inch. However, the height tol-

erance would become too restrictive, causing the rejec-

tion of any table that is out of the height tolerance range, 

even if it is a good table. This is an example of trying to 

control the form of a part with a size tolerance.

Without GDT, the only way to separate the height tol-

erance from the fl atness tolerance is with notes. The note 

for the table could read something like this:

NOTE 1.   TABLE TOP TO BE FLAT WITHIN 1/2 

INCH TOTAL.

Using GDT, we could return to the �1 inch tolerance 

and simply place a fl atness control (total of .50 inch, in this 

example) on the top surface. This would solve the problem 

and would communicate the design needs to the manufac-

turer and the inspector. The symbols used in GDT create 

manufacturing and inspection defi nitions with a minimum 

of confusion and misinterpretation.

The questions that should be asked continuously during 

the design phase are, What kind of part would be rejected 

Actual Surface
of Table

Total Flatness Tolerance, .50 Inch
This Entire Tolerance Zone May
Move Up and Down within the
Size Tolerance Zone

30+/–1

.50

Total Height
Tolerance 2 Inches

Figure 18.1

Table height with fl atness
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  CHAPTER 18  Geometric Dimensioning and Tolerancing (GDT) 877

with these tolerances? Will the rejected parts be unusable? 

Will we reject all of the parts we cannot use? For our table 

example, the answers are as follows:

 1. Any table that is too high or too low (over 31 inches 

or under 29 inches), even if the top is perfectly 

fl at. What good is a perfectly fl at table if it is only 

4 inches off the fl oor?

 2. Any table for which the top is not fl at enough, even 

if the table is within height limits. What good is a 

30-inch table if the top is too wavy to set a cup of 

coffee on it?

18.2 GDT Symbols
The GDT symbols for specifying concise requirements 

for features are shown in Figure 18.2. The fl atness symbol 

shown is used in Figure 18.1 and is located in a rectangu-

lar feature control frame, which is divided in half (ap-

proximately). On the left side is the symbol for fl atness, 

which states the actual geometric control for the table 

top. On the right side is the total size of the tolerance 

zone. In this case, the tolerance zone is 0.50 inch total. 

Examples of feature control frames are shown in Fig-

ure 18.3.

S P

X R

SR S

Datum target Target point Concentricity Circularity MMC

M

L
LMC RFS Projected

tolerance
zone

Parallelism Flatness Cylindricity

Diameter Position All around
(profile)

(ISO-none)

Profile surface Profile line Straightness

Counterbore or
spotface

(ISO-proposed)

Runout
total

Runout
circular

AngularityPerpendicularity

Countersink
(ISO-proposed)

Depth
(or deep)

(ISO-proposed)

Dimension
origin

Conical taper Square
(shape)

RadiusPlaces, times
or by

SlopeArc length
(ISO-none)

Reference

Spherical
radius

Spherical
diameter

Dimension
not to scale Miscellaneous symbols

Feature control frame Symmetry

F

Free
state

T

Tangent
plane

Datum feature

A

Between

ST
Statistical
Tolerance

Figure 18.2

Dimensioning and tolerancing symbols
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18.3 Individual Feature of Size
Geometrics is the part of tolerancing that has to do with 

the shapes and positions of features. All dimensions in-

clude geometric controls, whether or not geometric toler-

ancing symbols are used. 

Individual Feature of Size
Where only a tolerance of size is specifi ed, the limits 

of size of an individual feature prescribe the extent to 

which variations in its geometric form, as well as size, 

are allowed. (ASME Y14.5–1994)

For example, if a shaft is dimensioned as 0.500 inch 

in diameter, this controls the circularity of the shaft (Fig-

ure 18.4). The diameter dimension (the “limit of size”) re-

quires that the shaft be within the size tolerance, and that 

diameter symbol requires the shaft to take on a specifi c 

“geometric form.” The total circularity depends on the di-

ameter size tolerance. For example, if the 0.500-diameter 

dimension has a tolerance of � .005, then the circularity 

control is the equivalent of 0.005 (form control tolerance 

is specifi ed differently from size control tolerance).

To inspect the circularity of a part, measure the di-

ameter, and compare the largest reading to the smallest 

reading at any circular cross section. The shaft can never 

be larger or smaller than the minimum and maximum di-

ameters. This simple inspection method ensures that the 

shaft is within both the size tolerance and the circularity 

tolerance.

In addition, if the shaft drawing is fully dimensioned, 

the following geometric controls would be required:

 1. Straightness of the line elements of the cylinder. 
The line elements of the cylinder cannot be more 

“bent” than the total size tolerance, or a portion 

of them would protrude outside of the maximum 

size zone.

 2. Flatness of the ends of the shaft.

 3. Parallelism between any two opposite line ele-
ments. The line elements of the cylinder must not 

only be straight, they must also be parallel to one 

another, within the size tolerance of the cylinder.

The key element is as follows: All dimensions have 

built-in (natural) geometric controls. Additional symbols 

should only be used when these natural controls must be 

refi ned. In fact, geometric symbols are often used to re-

duce the accuracy required on a part. For example, con-

sider a shaft used to mount linear positioning bearings 

(Figure 18.5), which are used for sliding rather than rotat-

ing motion. In this case, the shaft must be highly accu-

rate in size and roundness, but that same accuracy is not 

possible for the straightness. This situation is common in 

machine controls design. The solution is to tolerance the 

shaft diameter as accurately as necessary, and then add a 

larger straightness tolerance to the shaft center line axis.

.01 A

.755

.735

.010

A

1.50 ± .02

ø

Figure 18.3

Examples of feature control frames

ø.500 ± .005

2.00 ± .01

Figure 18.4

Application of Rule 1

Shaft

Bearing

Shaft in Use

Drawing Callout

ø.500±.005

— ø.015 M

Figure 18.5

Shaft and linear positioning bearings
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18.4 Maximum Material Condition
Maximum material condition (MMC) is the condition 

in which an external feature (like a shaft) is at its larg-

est allowable size or an internal feature (like a hole) is at 

its smallest allowable size. Stated differently, MMC is the 

condition in which a part will weigh the most.

This should not be confused with the “largest size.” A 

feature is at its largest size under MMC principles only 

when it is an external feature, such as a shaft. An internal 

feature, such as a hole, is at MMC when it is at its smallest 

size; there is more metal in a part with the smallest hole.

18.4.1 Material Condition Symbols

The two symbols used for material conditions are shown 

in Figure 18.6. The maximum material condition (MMC) 

symbol is an M, and the least material condition (LMC) 
is an L.

LMC is the opposite of MMC; it refers to a shaft that is 

at its smallest or a hole that is at its largest. Another mate-

rial condition that does not have a symbol is regardless of 
feature size (RFS). RFS requires that the condition of the 

material not be considered. This is used where a tolerance 

is specifi ed and the actual size of the controlled feature is 

not considered when applying the tolerance.

18.4.2 Departure from MMC

In GDT, the term departure from MMC is often used. To 

understand this term, remember that in a batch of parts 

(all of which are within size tolerance limits), there will 

be many different sizes. In fact, if the inspection equip-

ment were accurate enough, it would reveal that no two 

parts were exactly the same size.

If a pin is at its largest allowable size, then it is at MMC. 

The only way it can “depart from MMC” is by becoming 

smaller (approaching LMC); it cannot get larger. There-

fore, if 100 pins are separated by actual size, some would 

have “departed from MMC” more than others. In other 

words, some will be smaller than the others (closer to 

LMC). For a hole, “departure from MMC” means being 

larger than the minimum allowable.

18.4.3 Perfect Form at MMC

An extension of Rule 1 is the concept of perfect form at 
MMC. If, for example, a shaft is made at its absolute maxi-

mum size, it cannot be anything but round. Any eccentric 

shape would be detectable with a diameter inspection; it 

would measure oversize at some point.

This is called the envelope principle, which says that, 

if we think of the “perfect part” as an “envelope,” the man-

ufactured parts must never violate the boundaries of the 

perfect part. For example, as a shaft gets smaller in size, 

while staying within its size limits, it can get more out of 

round and still go into the same hole. On the other hand, a 

hole can be misshaped only if it is larger than its minimum 

size (departs from MMC).

In Figure 18.7, notice that the boundary is the perfect 

shape of a shaft, and the actual part can be any size or 

shape (within limits) as long as it fi ts inside the boundary. 

One caution is that no cross section can measure under 

the minimum size allowed.

Geometric controls are almost always used to refi ne 

other tolerances rather than to control features by them-

selves. For example, in Figure 18.8 the roundness of the 

LM
Figure 18.6

Material condition symbols

Minimum
Diameter

Minimum Diameter

Perfect form boundary,
at MMC

Actual part outline

Figure 18.7

Shaft with perfect form boundary at MMC

Tolerance zone

Actual part
outline

ø.500

.002

Figure 18.8

Shaft with circularity control
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shaft is controlled fi rst by the diameter tolerance. If the 

roundness control were removed, the shaft would still 

have to be round within the limits of the diameter toler-

ance, per Rule 1.

18.4.4 Separation of Control Types

The roundness control simply says that the shaft must be 

circular to a higher accuracy than that required by the 

size control. Rule 1 combines size and form control into 

a single tolerance, and a circularity control separates size 

from form. This ability to separate size and form controls 

makes geometrics extremely valuable. If you rely on size 

controls alone, ignoring geometrics and using very pre-

cise tolerances for every part, you would ensure that the 

part would fi t, but you would have increased costs dra-

matically. Tolerancing is the art and science of using the 
largest tolerance possible that will still allow a part to 
function. Ignoring geometrics takes away half of the tools 

available to accomplish this task.

18.5 Inspection Tools
There are several inspection tools used in industry, and 

their use is important to the science of tolerancing.

Surface plate—a very precise fl at plate made from either 

steel or granite and used as a base for many inspec-

tions. The fl atness of these plates is often within a few 

millionths; for our purposes, they are perfectly fl at 

(Figure 18.9).

Height gauge—a precision instrument for measuring the 

heights of features from a surface plate (Figure 18.10).

Caliper—a hand-held instrument for measuring lengths, 

depths, and inside and outside diameters (Figure 18.11 

on page 881).

Micrometer—a hand-held instrument used the same way 

as a caliper; it is usually more accurate (Figures 18.12 

and 18.13 on page 881).

Precision spindle—a device used to mount a part in a 

collet for inspection.

Centers—a set used to mount a part from both ends and 

used in a similar way as a precision spindle.

Dial indicator—a multipurpose instrument used to in-

spect and measure minute amounts of motion (Fig-

ure 18.14 on page 881).

Coordinate measuring machine—an electromechanical 

instrument that allows the operator to measure three-

dimensional parts and features. This device is the most 

versatile and useful tool available for open inspections 

(Figure 18.15 on page 881).

Figure 18.9

Surface plate
A surface plate is made of steel or granite and is used as a base 
for making inspections.

(Courtesy of Starrett Co.)

Figure 18.10

Height gauge
A height gauge is a precision instrument used to measure the 
heights of features from a surface plate.

(Courtesy of Starrett Co.)
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18.6 Datums and Datum Features
A datum is a starting place for a dimension. A datum may 

be a perfect plane, a centerline, or a point. Datums are per-

fect, and they are not real. Examples are the center line 

of a shaft or the point at the center of a sphere. These are 

theoretical positions that can either be represented with in-

spection tools or can be derived. For example, a center line 

Figure 18.11

Caliper
A caliper is a hand-held instrument for measuring lengths, 
depths, and inside and outside diameters.

(Courtesy of Starrett Co.)

Figure 18.12

Micrometer
A micrometer is a hand-held instrument used like a caliper.

(Courtesy of Mitutoyo Corporation.)

Figure 18.13

For more accurate readings, use a digital micrometer.

(Courtesy of Mitutoyo Corporation.)

Figure 18.14

Dial indicators
A dial indicator is an instrument used to inspect and measure 
minute amounts of motion.

Figure 18.15

Coordinate measuring machine
A coordinate measuring machine (CMM) is an electromechan-
ical device used to take precision measurements of parts.
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is represented by the center of an inspection pin or gauge 

or by the center of an inspection spindle. A center line is 

derived by measuring to the edge of a gauge pin and then 

adding half the diameter of the pin to locate the center of 

the gauge pin from an edge or another feature. For a hole, 

the measurement is not to the edge of the feature hole but 

to the largest gauge pin that will fi t into the hole.

A datum that is harder to visualize is the perfect plane. 

We see surfaces on parts, which are not true unlimited 

planes but limited planes, and it may be diffi cult to dis-

tinguish between such a surface and the perfect plane it 

locates. In Figure 18.16, the part has a vertical dimension 

from the bottom to the top. One way to measure this di-

mension is to set the part on a surface plate and use a 

height gauge as shown. The bottom surface of the part (a 

limited plane) is called a datum feature, and the surface 

plate represents the datum (a true unlimited plane) and is 

called a simulated datum. The simulated datum feature is 

the one from which measurements are referenced.

18.6.1 Datum Uses

Once a datum has been established, measurements can be 

taken from the datum rather than from the feature. The im-

portance of doing this is illustrated by Figure 18.17. When 

measured at location A, the part seems to be within toler-

ance; however, measuring at location B creates a problem 

because the measurement is being taken at a high spot of 

the surface roughness, which may make the part appear to 

be unacceptably out of tolerance. A better approach is to 

take a measurement of the largest distance, not a spot lo-

cation. This distance can be derived by laying the part on 

a surface plate and measuring from the plate, rather than 

from the part itself.

18.6.2 Datums and Assembly

Looking at datums from the perspective of assembly func-

tion, if one part is mounted on another, as in Figure 18.18, 

the mating surfaces need not be perfect. The two parts 

will fi t well (i.e., will function) if the mating surfaces (the 

chosen datum features) have no protrusions that extend 

beyond the design planes (datums). Note that it may be ac-

ceptable for the surfaces to have depressions, which will 

not interfere with the mating of the parts.

18.6.3 Datum Feature Control

At times, you may have a choice of features that could be 

the datum feature. Among the considerations is the fact 

that a feature chosen as a datum feature is not controlled 

by the associated feature control. This is an important con-

sideration when selecting datum features. As an example, 

a feature control may require a fl at surface to be smooth 

Height gauge

Part

Datum

Figure 18.16

The bottom surface of the part is the datum feature, and the 
surface plate is the simulated datum.

AB

Figure 18.17

This fi gure shows the difference in measuring from a surface 
plate (datum) versus from the part itself.

Mating Part Features

Actual Surface
Datum Boundary

Figure 18.18

Part with corner mount and shaft hole, including mating 
parts
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within certain tolerances, with no protrusions or depres-

sions. As a datum feature, however, the surface may be 

acceptable with depressions. Other things to consider are 

size, stability, accessibility, etc., which are covered later in 

the chapter.

18.6.4 Datum Reference Frame

There are six degrees of freedom in space. A part may 

move up, down, left, right, forward, and backward. When 

designing a part for manufacturing, you must locate the 

part in space while it is being made, as well as while it is 

being inspected and then used. Datums are the locators, 

and the datum reference frame is the six-direction loca-

tor of a part in space. For example, if a piece of wood is 

mounted in a vise for planing, the vise is a six-degree-of-

freedom locator for the wood.

To reduce waste and scrap material, the design, manu-

facturing, and inspection functions must all use the same 

six-degree location in space. In other words, if design se-

lects the left edge of a part from which to dimension a hole, 

then manufacturing must use that same left edge to deter-

mine where to drill the hole. Likewise, the inspectors must 

inspect the hole location by measuring from the left edge. 

The left edge is a datum and should be identifi ed as such.

If a hole is located from the left edge and from the bot-

tom of the part, then we have two datums accounting for 

four degrees of freedom. In a fl at part, this may be suffi -

cient (Figure 18.19).

In those cases where it is important to locate features 

in all six degrees, a three-plane datum reference frame is 

needed. The frame is composed of three perfect planes, 

all of which are perfectly perpendicular to each other 

(Figure 18.20).

18.6.5 Primary Datum

In any case, the critical part of datum selection is identifi -

cation of the primary datum. In many instances, this will 

be the only datum; in all cases, it is the most important. 

The criteria for this selection are explained in the follow-

ing paragraphs.

Functional Relationship  Usually, the primary datum fea-

ture relates to a controlled feature in function. This means 

you must consider how features mate with other features 

in an assembly.

Accessibility  When considering a feature for the primary 

datum, determine whether it is recessed into the part, has 

a projection in the middle of it, is a hole or a shaft, or is 

continuous and uninterrupted. Anything that gets in the 

way of mounting or measuring should be evaluated. Usu-

ally, these types of problems can be overcome with some 

modifi cation to the inspection equipment, but if there is a 

better feature to use, it should be considered.

Repeatability  In castings and sheet metal parts, large fl at 

surfaces have a tendency to become concave or convex. 

Sometimes they will “oil can” or “potato chip,” which 

means they will have a complex curve shape. These sur-

face defi ciencies can be unpredictable and can cause datum 

problems. If the variations are predictable, then the surface 

can be used by including datum targets or by introducing 

some other accommodation. If the variations are not pre-

dictable, then another feature should be considered.

xx

xx

B
A

Figure 18.19

Two-plane datum reference frame in which the hole is 
dimensioned from the left and bottom

A

xx

xx

B

C

xx

Figure 18.20

Three-plane datum reference plane
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18.6.6 Secondary and Tertiary Datums

Once the primary datum has been established, the sec-

ondary datum is created, from which features are located. 

This should be a functional feature, and it must be perpen-

dicular to the primary feature. The tertiary datum must 

be perpendicular to both the primary and the secondary.

The most useful secondary datum feature can be a hole 

that is perpendicular to the primary datum (Figure 18.21). 

The surface creates the primary datum, and the hole cre-

ates two perpendicular planes. This reference frame is 

probably the most commonly used and is called the plane 

and cylinder reference frame.

18.6.7 Datum Feature Symbols

In Figure 18.22, the three symbols A, B, and C are called 

datum feature symbols. These are not feature control 

symbols; they identify the features used to create the da-

tums. Such symbols may be attached to the feature with 

either an extension line or a leader line, as shown in Fig-

ure 18.22.

18.7 Geometric Controls
Geometric controls fall into three major categories: form, 

orientation, and position. In this section, we will fi rst pre-

sent some defi nitions that are basic to the understanding of 

geometric controls. Then the individual controls in each 

group will be discussed.

18.7.1 Perfection

Although we use the term “perfect,” it is important to 

recognize that nothing truly is perfect. Therefore, for our 

purposes, any inspection instrument will be considered 

“perfect” if it is at least 10 times more accurate than the 

part being measured. This accuracy is sometimes referred 

to as gauging tolerance.

18.7.2 Tolerance Zones

The tolerance zone is defi ned in Chapter 17. The shape 

of the tolerance zone is directly related to the geometric 

controls. To make the controls more understandable, you 

must be able to clearly visualize the tolerance zone that is 

created.

18.7.3 Virtual Condition

Virtual condition is the combined effect of the largest 

allowable size (MMC) of a feature, such as a shaft, added 

to the maximum allowed geometric distortion. For exam-

ple, if a shaft is allowed to be 0.505 inch in diameter, and 

the straightness control allows 0.010 inch of crookedness, 

the shaft would no longer always go into a 0.505-inch di-

ameter hole. The minimum size of the hole would have to 

be 0.515 inch in diameter in order for the shaft to always 

go into the hole. The worst condition of the shaft would 

be 0.515 inch in diameter. This is called the virtual condi-

tion of the shaft.

Secondary
Datum
Plane B

Primary
Datum

Secondary
Datum
Plane A

Secondary Datum Axis

 B 
A

Figure 18.21

Plane and cylinder datum reference plane

A

B

C

Figure 18.22

Datum feature symbols
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18.7.4 Inspection Processes

Another technique for understanding geometric controls 

is to study how parts are inspected. This section includes 

the design of fi xtures for checking parts which will help 

explain how the geometric controls work. We will also 

look at what fl aws will be cause for rejection of a part. We 

will understand the controls better if we understand why 

a part may be rejected under a specifi c control.

Functional Gauging  Functional gauging (also called hard 

gauging) is the term used when fi xtures and devices are 

made for use in checking parts. Functional gauging is 

useful if MMC modifi ers are used.

Functional gauging is practical when large numbers 

of parts are to be inspected. By nature, functional gauges 

are designed to be quick and simple to use, requiring no 

particular expertise.

Open Gauging  Open gauging is the inspection of parts 

without any dedicated fi xtures, using standard inspection 

devices, such as surface plates, calipers, coordinate mea-

suring machines (CMMs), etc. Consequently, open gaug-

ing can be very costly, so open gauging is used only when 

relatively few parts are to be inspected. For example, open 

gauging is used when it is important to fi nd out what is 

wrong rather than if something is wrong. A fi xture will not 

accept a bad part, but it will not tell what is wrong with that 

part. Such information is critical if inspection information 

is being used to adjust manufacturing equipment. As an-

other example, open gauging is used when parts are either 

too large, too small, or the wrong weight for being handled 

in a fi xture. Finally, open gauging is the only practical in-

spection method if RFS modifi ers are used in a control.

Feature of Size  A feature of size is a feature that is di-

rectly measurable. For example, a hole is a feature of size 

because it is directly measurable. In contrast, a plane 

surface of a part is only indirectly measurable by length 

and width. These two dimensions are not measures of the 

surface itself; therefore, the surface cannot be a feature 

of size.

18.7.5 Form Controls

Form controls include straightness, roundness, fl atness, 

and cylindricity. All are comparisons of an actual feature 

to a theoretically perfect feature.

Straightness  All geometric form controls are variations 

and combinations of straightness. For example, fl atness is 

straightness applied in all directions at once. Therefore, 

understanding straightness is important to understanding 

the entire concept of form controls. Straightness itself is 

based on line elements. A line element is any single line 

on any surface, in any direction (Figure 18.23). A circular 
line element is any single line on the surface of a cylinder 

and perpendicular to the axis (center line) of the cylinder.

Straightness has two distinct variations: line element 

straightness and center plane or axis straightness. These 

variations operate very differently, and they are discern-

able by the way in which the feature control frame is at-

tached to the feature. For example, if the control frame is 

part of the diameter callout on a shaft, then the form con-

trol is axis straightness; in other words, the control modi-

fi es the size of the shaft. However, if the control applies 

to the edge of the shaft, that is, the surface line elements, 

then the form control is line element straightness (Fig-

ures 18.24 and 18.25 on the next page).

If straightness is applied to line elements, then MMC 

cannot be used because line elements have no size and 

therefore cannot be features of size. If straightness is ap-

plied to the axis of a cylinder or the center plane of a rect-

angular solid, then MMC may be used because the feature 

is a feature of size.

Line Element Straightness  A line element straightness 

control compares a line on a part to a perfectly straight 

line. Any type of line element can be evaluated, including 

those on a fl at surface or on the surface of a shaft. If the 

line is on a fl at surface, then a direction must be identifi ed. 

This is done by the feature control frame. In Figure 18.24, 

the straightness of the top surface of the rectangular part 

applies in the long direction only because the feature con-

trol frame is attached to the long view. The tolerance zone 

Circular
Line Element

Line Element

Figure 18.23

Examples of a line and a circular line element
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for straightness of a line element is “two perfectly straight 

lines, parallel, and the tolerance value apart.”

Open Inspection  A straightedge may be used to inspect a 

line element feature. If a straightedge is set on the feature 

and gaps appear between the straightedge and the feature, 

the gaps are measured. If all gaps measure less than the 

tolerance value, then the feature is accepted. One method 

of measuring the gaps is to use a round wire feeler gauge; 

a fl at gauge may give a false reading.

CMM Gauging  The part is mounted in v-blocks and the 

probe is touched off on both ends of the shaft. The CMM 

is zeroed out and the probe is run the length of the part. 

The largest variation from end to end is a measure of the 

straightness. The part is rotated and probed again several 

times. Any single line element that is not within specifi -

cation will cause the part to be rejected.

Functional Gauging  There is no practical functional gauge 

for line element straightness.

Inspection
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Tolerance
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Drawing
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.002
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Actual Profile
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  .495
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Figure 18.24

Examples of straightness line elements
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Straightness of axis
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Axis (or Center Plane) Straightness  Axis straightness com-

pares the axis (center line) of a cylinder to a perfectly 

straight line in three dimensions because shaft center 

lines can distort in three dimensions. A perfectly straight 

center line will fi t inside a tube that has a zero diameter. 

Since such a tube is not reliable, the comparison is revised 

to mean the smallest perfect tube that would still capture 

the axis.

When the axis straightness control is used for rectangu-

lar shapes, both internal and external, the control does not 

apply to a center line but rather to a median or center plane. 

This application of straightness is appropriate for features 

of size only. It is applied when the local size of the feature 

is critical but bowing or warping is allowed. Straightness 

of a median plane requires the use of a material condition 

modifi er (MMC or LMC) in the feature control frame.

RFS or MMC  Straightness of an axis or center plane can 

be examined using either RFS or MMC. If the feature 

control frame does not include the MMC symbol, the 

tolerance is applied using RFS. If MMC is used, the tol-

erance value will have bonus tolerance added. Applying 

MMC to the control says that the tolerance is at the stated 

value (the value in the feature control frame) only when 

the part is at MMC. The real tolerance is the stated toler-

ance plus any departure of the part from MMC. In virtu-

ally all cases, the real tolerance is larger than the stated 

value because a part would only rarely be made at MMC. 

Therefore, use of the MMC modifi er almost guarantees 

lower part cost with no loss of part quality.

The tolerance zone for an axis is “a perfect cylinder, 

the tolerance value in diameter, for RFS application. For 

MMC application, any departure from MMC of the fea-

ture is added to the tolerance value.”

The tolerance zone for a center plane is “a pair of per-

fect planes, parallel, and the tolerance value apart, for RFS 

application. For MMC application, any departure from 

MMC of the feature is added to the tolerance value.”

Open Inspection  For axis straightness, the shaft can be 

mounted in v-blocks, a dial indicator can be run the length 

of the shaft, and the center line axis can be created (de-

rived) from a number of readings.

For center plane straightness, the same technique can 

be used, although there would be no need for v-blocks.

Functional Gauging  There is no practical functional gaug-

ing for a control at RFS. The following gauging principles 

are used if the control is applied at the MMC condition.

For the axis of a shaft, the gauge is a cylindrical hole, 

with a diameter that is the virtual condition of the shaft. 

The virtual condition is the MMC size of the shaft plus 

the straightness tolerance.

For a center plane, the same technique described ear-

lier can be used, and the hole is replaced with a slot.

Circularity  Circularity compares a circle (circular ele-

ment) to a perfect circle. Circularity could be considered 

straightness bent into a circle. Since the circle is measured 

for form only, not for size, no MMC may be applied (Fig-

ure 18.26).

The tolerance zone is “two perfect circles, concentric, 

and the tolerance value apart.” The diameter of the larger 

circle is “the diameter of the smaller circle plus two times 

the tolerance value.”

Open Inspection  Mount the part in v-blocks and probe 

several cross sections. Do not compare cross sections with 

one another. Ideally, the part would be mounted on a pre-

cision spindle, and the probe readings would read radii 

rather than diameters.

Functional Gauging  No functional gauging is practical for 

evaluating circularity since MMC cannot be used.

Flatness  Flatness evaluates the largest vertical distance 

between the highest and lowest points on a surface. The 

fl atness tolerance defi nes the distance between two per-

fect planes within which all points on a surface must lie 

(Figure 18.27). Flatness could be considered straightness 

on a surface, applied in all directions.

Open Inspection  In one approach, the part is mounted on 

a surface plate on a parallel surface. A dial indicator probe 

is passed over the surface, and the highest and lowest read-

ings are compared. If the total variation is less than the tol-

erance value, the surface is acceptable. In reality, this is a 

parallelism inspection, but it is viable if the readings are 

within tolerance. If the readings are larger than the toler-

ance value, then the parallel surface may be mounted on a 

leveling device and the controlled surface manipulated to 

get the best possible reading.

Some modifi cations to open inspection instruments are 

also helpful. For example, a hole can be made in the cen-

ter of a surface plate for insertion of a dial indicator probe. 

The surface itself becomes its own base, and no leveling or 

manipulation is necessary.
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CMM Inspection  The part is mounted on a surface plate, 

and the probe is used to fi nd any three points on the sur-

face. The CMM is electronically zeroed, and the entire 

surface is probed from this zero position. The zero posi-

tion (plane) may be adjusted until the minimum readings 

are obtained.

Functional Gauging  There are no practical functional 

gauges that can be used.

Cylindricity  Cylindricity compares a cylinder to a perfect 

cylinder. Three controls are at work: straightness of all 

line elements, roundness of all circular elements, and taper 

(comparison of the circular elements with each other) (Fig-

ure 18.28 on the next page). Cylindricity could be consid-

ered fl atness bent into a perfect barrel. Since this is a form 

control, no MMC can be applied. Cylindricity is probably 

the most expensive control. Under most circumstances, it 

can be replaced with combinations of other controls, such 
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as roundness and straightness, which are easier to meet and 

much easier to inspect. The tolerance zone is “two perfect 

cylinders, concentric, and the tolerance value apart.”

Open Inspection  In the ideal inspection setup, the part is 

mounted on a precision spindle with a precision slide. All 

probe readings are then compared with a perfect cylinder.

Functional Gauging  There is no practical functional gaug-

ing available for cylindricity.

18.7.6 Orientation Controls

Parallelism  Parallelism could be considered fl atness at 

a distance or straightness of an axis at a distance (Figure 

18.29). Parallelism requires that a feature stay parallel to a 
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datum. If the controlled feature is a surface, then all points 

on that surface must stay between two perfect planes that 

are perfectly parallel to the datum. If the feature is an axis, 

then all points on the axis must stay between two planes 

that are perfectly parallel to the datum. The distance be-

tween these pairs of planes or pairs of lines is the tolerance 

value given in the feature control frame.

Another way to control the parallelism of an axis is 

to defi ne a cylindrical tolerance zone within which the 

axis must lie. Placing a diameter symbol in front of the 

tolerance value in the feature control frame will accom-

plish this.

Open Inspection, Surface Control  Mount the part on the 

datum surface, and probe the controlled surface using 

fl atness principles.

Open Inspection, Axis Control: RFS or MMC Modifi er  Mount 

the part on the datum surface, locate the feature axis, and 

compare its orientation with the datum. If MMC is ap-

plied, the tolerance zone size will vary, depending on the 

size of the feature.

Functional Gauging  The only practical functional gauging 

is one that takes advantage of the MMC bonus toleranc-

ing. In the part shown in Figure 18.30, a functional gauge 

works because the controlled feature and the datum fea-

ture are both modifi ed with MMC. This means that the 

virtual conditions of both can be used for the gauge hole 

sizes. If the datum were not MMC modifi ed (meaning it 

must be at RFS), the gauge hole would have to be a collet; 

that is, it must collapse around the datum pin.

Perpendicularity  Perpendicularity is either fl atness at 

90 degrees to a datum or straightness of an axis at 90 de-

grees to a datum (Figure 18.31). Perpendicularity requires 

that a feature remain perpendicular to a datum. If the con-

trolled feature is a surface, then all points on that surface 

must stay between two perfect planes that are perfectly 

perpendicular to the datum. If the feature is an axis, then 

all points on the axis must stay between two planes that 

are perfectly perpendicular to the datum. The distance 

between the pairs of planes is the tolerance value given in 

the feature control frame.

The perpendicularity tolerance may also specify a cy-

lindrical tolerance zone perpendicular to a datum plane 

within which the axis of the feature must lie. For this case, 
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a diameter symbol is placed in front of the specifi ed toler-

ance value in the feature control frame.

The inspection procedure used for parallelism is used 

for perpendicularity, except that the datum feature is 

mounted on a 90-degree-angle block.

Angularity  Angularity is either fl atness at some angle to 

a datum, or straightness of an axis, at an angle to a datum 

(Figure 18.32). Angularity requires that a feature remain 

at a given angle to a datum. If the controlled feature is a 

surface, then all points on that surface must stay between 

two perfect planes that are at a specifi c perfect angle to 

the datum. If the feature is an axis, then all points on the 

axis must stay between two planes that are at a specifi c 

perfect angle to the datum. The distance between the pairs 

of planes is the tolerance value given in the feature control 

frame.

The surface tolerance zone is “two planes, parallel, and 

the tolerance value apart, at exactly the angle stated from 

the datum.” As with parallelism and perpendicularity, an 

axis can be controlled by specifying a cylindrical toler-

ance zone at a specifi ed basic angle relative to one or more 

datums.

The inspection procedure used for parallelism is used 

for angularity, except that the datum feature is mounted 

on an angle block at the angle specifi ed.

Line Profi le  A line profi le takes cross-sectional slices 

of irregular shapes and compares the slices with perfect 

shapes (Figure 18.33). Profi le is usually used to control 

shapes that are combinations of contiguous lines, arcs, 

and other curves. The circle at the bend in the control 

frame leader line means that the tolerance is to be applied 

around the entire part.

The tolerance zone is a composite shape made up of two 

profi les. Unless otherwise specifi ed, the fi rst is the perfect 

profi le of the feature minus half the tolerance value. The 

second profi le is the perfect profi le plus half the tolerance 

value. This pair of profi les creates a tolerance zone around 

the perfect shape.

Open inspection often uses optical comparators with 

profi le templates. Other open inspections check for 

straightness, roundness, etc., and contiguity.
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Surface Profi le  A surface profi le takes line profi le slices 

and stacks them into three-dimensional surfaces (Fig-

ure 18.34), which are then compared with perfect shapes. 

A surface profi le is usually used to control shapes that are 

combinations of contiguous surfaces, cylinders, and other 

curved shapes.

The boundary established by surface profi le could be 

considered a combination of fl atness, cylindricity, paral-

lelism, perpendicularity, etc., joined contiguously. The tol-

erance zone is a composite shape made up of two profi les. 

Unless otherwise specifi ed, the fi rst is the perfect profi le of 

the feature minus half the tolerance value. The second pro-

fi le is the perfect profi le plus half the tolerance value. This 

pair of profi les creates a tolerance zone around the perfect 

shape. With both line profi le and surface profi le, the toler-

ance zone may also be disposed unequally or unilaterally 

about the perfect geometry.

Open inspection often uses optical comparators with 

profi le templates. Other open inspections check for fl at-

ness, cylindricity, etc., and contiguity.

18.7.7 Location Controls

One of the oldest controversies in dimensioning is, How 

accurately must a diameter be located when it is concentric 

with another diameter? (Figure 18.35) Unless geometric 

feature controls are used, there is no standard answer to 

this question. In the fi gure, the two diameters are located 

on the same center line. The question is, How accurately 

must the diameter be located?

This example introduces the three location controls 

for features that are on the same center (i.e., are coaxial): 

concentricity, runout, and position. For a balance situa-

tion, see concentricity. For a situation in which the datum 

feature is mounted in bearings and the controlled feature 

must account for all types of errors, see runout. For al-

most all other situations use position.

For instance, when a shaft with two diameters must 

mate with a hole that has two diameters (such as in the 

case of a shoulder bolt), the position control is used. To ex-

plain when one diameter on the bolt departs from MMC, 

it can move off center and still assemble. This means that 

MMC can be used in this situation.

Runout is a useful control when it is not important to 

determine the cause for a bad reading. An excessive run-

out reading on a shaft could be caused by a bent shaft, an 

out-of-round surface, or an eccentrically placed feature. 
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The runout inspection will not discriminate between fail-

ures; it will only indicate that there has been a failure.

Concentricity is a diffi cult inspection process, which 

should be avoided if at all possible. However, when it is 

important to compare the positions of axes of features, 

concentricity should be used.

Concentricity  Concentricity is the condition in which the 

axes of all cross-sectional elements of a cylinder, cone, or 

sphere are common to a datum axis, using RFS only. In 

other words, concentricity compares the location of the 

real axis of the feature to the position of the datum axis. 

Concentricity is frequently used on spinning parts, where 

dynamic balancing is important. The symbol for concen-

tricity is two concentric circles (Figure 18.36). Although 

concentricity is a control of the location of the center line 

axis of a feature, it is also concerned with the shape of 

the feature because changes in the shape can affect the 

location of that axis.

The tolerance zone is “a perfect cylinder equal to the 

tolerance value in diameter.” The actual derived center 

line axis must fi t inside the tolerance cylinder.

Open Inspection, Concentricity  To use open inspection for 

concentricity, mount the part on the datum diameter, and 

set up two dial indicators, 180 degrees apart. Zero out 

both indicators. Then, take and compare several readings 

with both indicators. The difference between any pair of 

readings, one from each indicator, cannot exceed the tol-

erance value.

Functional Gauging  No functional gauging is practical. 

This control requires a derived axis, which cannot be 

found with a fi xture.

Runout  There are two types of runout: circular and to-

tal. Circular runout is denoted by a single arrow in the 

symbol, and it is similar to circularity in that it only con-

trols one circular element (Figure 18.37). Total runout is 

comparable to cylindricity in that it is a control of an en-

tire surface rather than a single element.

For runout, the datum feature is mounted in a spindle, 

and the movement of a dial indicator needle placed on the 

controlled feature is measured. When a shaft is turned on 

a spindle, several things could move a dial indicator nee-

dle touching that shaft, including the following:

 1. Any bend in the axis of the controlled feature.

 2. Any imperfections in the surface of the controlled 

feature, such as any scratches, gouges, burrs, key-

seats, etc.

 3. Any eccentricities in the location of the feature rel-

ative to the datum axis.

One feature of runout is that it cannot discriminate 

what is wrong with a feature. If a part is rejected for exces-

sive runout, the cause of the excess is not revealed. Also, 

no MMC may be applied.
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Another situation with runout is the possibility of a 

false reading. For example, a shaft bent in one direction 

might be mitigated by an egg-like lobe situated in just the 

right position. Care should therefore be taken to examine 

the controlled feature properly and completely.

The tolerance zone shape for a single element runout 

is “a pair of perfect circles, the tolerance value apart, and 

perfectly centered on the datum axis.” The pairs of circles 

are moved back and forth along the surface, but the read-

ings between positions are not compared.

The tolerance zone shape for a total runout is the same 

as for circular runout, except that the readings are com-

pared at all positions along the surface.

Open Inspection, Circular Runout  Mount the part on the 

datum feature, and set up a dial indicator on the surface. 

Rotate the part through a full 360-degree turn, and note 

the movement of the indicator. The indicator must move 

less than the tolerance value. After each reading, move 

the indicator to a new position along the surface, and ro-

tate the part again. Evaluate each reading individually. 

Do not compare readings.

Open Inspection, Total Runout  Use the same inspection 

procedure as for circular runout, except that all readings 

are compared. The highest and lowest readings taken from 

the entire surface are then compared, and the difference 

must be within the tolerance value. This is a much more 

severe requirement than circular runout.

Position  Position is the single most valuable, fl exible, and 

versatile geometric control available. Position tolerancing 

takes maximum advantage of MMC bonus tolerancing. 

Therefore, the vast majority of functional gauges are made 

to check position tolerances.

A few of the things that position tolerancing can do are 

as follows:

 1. Locate a hole, or a pattern of holes, from many 

combinations of features. The features can include 

other holes, surfaces, the centers of slots, the cen-

ters of parts, etc.

 2. Locate the center of a feature, such as a slot. This 

is sometimes called symmetry, which means that 

the controlled feature will be centered on the da-

tum feature.

 3. Keep holes and other features perpendicular or par-

allel to other features.

 4. Allow loose tolerances on the sizes of features, 

while maintaining close control on their locations. 

Or, allow loose tolerances on locations, while main-

taining close control of feature sizes.

Position tolerancing is ideal in situations where parts 

must assemble under a variety of conditions, allowing for 

maximum tolerances. Position tolerances are also practi-

cal in that their use simulates actual assembly situations.

Hole Location from Edges  This position control ensures 

that multiple holes are located accurately enough that a 

mating part with the same number of pins will assemble 
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with the part. For example, Figure 18.38 shows two mat-

ing parts, one with three holes and the other with three 

pins. Any one of several defects could keep the mating 

parts from assembling properly:

 1. The holes may not be big enough for the mat-

ing pins.

 2. The holes may not be located accurately enough.

 3. The holes may be bent or tilted so that the pins will 

only go in part way.

 4. The holes may have deformations, gouges, or 

scratches. The deformations may protrude into the 

space allowed for the mating pin, effectively reduc-

ing the size of the holes.

 5. A hole may be out of position, but it may be so 

large that the mating part will still fi t.

 6. A hole may be deformed, but the mating part 

may still fi t because the hole is close to its perfect 

location.

The tolerance zone shape is “three separate perfect 

cylinders, each located at the exact basic dimensions from 

the datums and from each other.” The axes of the holes 

must fall into the cylinders.

The three cylinders may have different sizes, based on 

how much each hole departs from MMC. All three are at 

least 0.005 inch. For example, one hole may be at the ex-

act minimum size, and its tolerance cylinder will be 0.005 

inch. Another hole may be 0.003 inch over the minimum 

size, and its tolerance cylinder will grow to 0.008 inch.

Open Inspection, Position  Both open inspection and func-

tional gaging can be used for position control inspections. 

The key to open inspection is to reference each measure-

ment to the proper datum. An open inspection will in-

clude numerous checks to compare the locations of the 

holes both with the datums and with each other. Also, 

care must be taken to inspect the entire depth of each 

hole, not just one end.

Functional Gauging  For functional gauging, the impor-

tant element of control position tolerance is the MMC 

modifi er, relating the sizes of the holes and their location 

tolerance. Without MMC, a functional gauge would not 

be practical. The gauge is illustrated in Figure 18.38. It 

is made up of three rigid surfaces, which represent the 

datum, and three spring-loaded (or removable) pins. The 

pins are made to the virtual condition of the holes (i.e., 

the minimum size minus the position tolerance).

At a minimum, the part must contact the primary sur-

face with at least three points of contact, the secondary 

with two points, and the tertiary with one point. The pins 

are movable so that the part can be located securely on 

the three surfaces before the pins are inserted. If they 

were rigid, the part might bind on the pins before it came 

into proper contact with the surfaces.

If the part is located securely on the surfaces and the 

pins go completely into the holes, then the pattern is good. 

If any hole is out of position, then the associated pin will 

not go into the part, unless that hole is over the minimum 

size allowed. This is the true effect of the MMC modifi er.
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Hole Location from Hole  This control ensures that the three 

controlled holes are located accurately enough that when 

the part is mounted on the larger hole, the three mating 

pins will always fi t into the three controlled holes (Fig-

ure 18.39). The key element in this control is that the three 

small holes are positioned relative to the large hole, not to 

any of the edges of the part.

As in the previous position control, there are several 

defects that will keep the mating parts from assembling 

properly:

 1. The holes may not be big enough for the mat-

ing pins.

 2. The holes may not be located accurately enough.

 3. The holes may be bent or tilted so that the pins 

will only go in part way.

 4. The holes may have deformations, gouges, or 

scratches. The deformations may protrude into the 

space allowed for the mating pin, effectively reduc-

ing the size of the holes.

 5. A hole may be out of position, but it may be so 

large that the mating part will still fi t.

 6. A hole may be deformed, but the mating part 

may still fi t because the hole is close to its perfect 

location.

 7. A hole may be out of position, but it could still fi t 

if the datum hole is larger than its minimum size.

This control creates three separate perfect cylinders, 

each located at the exact basic dimensions from the datum 

surface, the datum hole, and each other. The centers of the 

holes must fall within the cylinders. The primary datum 

keeps the three cylinders perpendicular to the top surface.

The three cylinders may have different sizes. All three 

will be at least 0.005 inch, but each will expand by the 

amount of departure of the hole from MMC. For exam-

ple, one hole may be at the exact minimum size, and its 

tolerance cylinder will be 0.005 inch. Another hole may 

be 0.003 inch over the minimum size, and its tolerance 

cylinder will be 0.008 inch.

The group of three holes may be out of position as a 

group by any amount that the datum hole departs from 

MMC. This is the effect of the MMC modifi er on the 

-B- datum callout. Individually, however, the holes can-

not move outside of their cylinders.

Inspections for this type of position control are similar 

to those for the previous type, with some modifi cations. 

For instance, a functional gauge must take into account 

the MMC modifi er on both the position tolerance and the 

datum hole. MMC on both relates the sizes of the holes, 

the size of the datum hole, and their location tolerance.

The gauge, illustrated in Figure 18.39, is made up of 

a rigid pin representing the datum hole and three spring-

loaded (or removable) pins. All pins are made to the vir-

tual condition of the holes (i.e., the minimum size minus 

the position tolerance). The part is located securely on the 

primary surface and on the datum pin before the other 

pins are inserted. The part must contact the primary sur-

face with at least three points of contact.

If the part is located on the surface and the pins go 

completely into the holes, then the pattern is good. If any 

hole is out of position, the associated pin will not go into 

the hole, unless that hole is over the minimum size al-

lowed. If the pattern of three holes is out of position but 

the datum hole is oversize, then the pattern may still be 

good. These are the true effects of the MMC modifi ers.
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Coaxial Datum and Feature  This control ensures that the 

small diameter is centered on the large diameter (i.e., is 

coaxial) accurately enough that a mating part will as-

semble (Figure 18.40). Because both the controlled fea-

ture and the datum are MMC modifi ed, this control is 

the most effi cient possible. If either the controlled feature 

or the datum is smaller than the maximum allowed, the 

feature can be out of position only by the amount of that 

departure from MMC.

This control ignores any deformities in the controlled 

feature, unless those deformities tend to make the feature 

larger. For example, the keyseat shown in the fi gure has 

no effect on the control because it is internal.

The tolerance zone is “a perfect cylinder, located on 

the center of the datum diameter.” The diameter of the tol-

erance zone is 0.005 inch, plus the departure of the con-

trolled feature from MMC. This tolerance zone is allowed 

to shift by the departure of the datum feature from MMC.

For open inspections of this control, mount the part on 

the datum diameter. Use a ring gauge to fi nd the small-

est circle that will still enclose the controlled diameter. 

The center of that ring gauge must be inside the tolerance 

cylinder.

A functional gauge would include two diameters: one at 

the virtual condition of the controlled feature and the sec-

ond at the virtual condition of the datum diameter. If the 

part fi ts into both diameters, the controlled feature must 

be accurately located enough to meet the requirements. If 

the controlled feature is out of position but is smaller than 

its maximum size, the part may still assemble.

Symmetry of a Hole  This position tolerance ensures that 

the controlled feature is centered on the datum. For exam-

ple, in Figure 18.41, the axis of the feature is positioned by 

the center plane of the datum.

The tolerance zone is “a pair of planes, centered on the 

center of the datum.” The distance between the planes is 

the stated tolerance value, plus the departure of the fea-

ture from MMC. This tolerance zone is allowed to shift 

by the departure of the datum feature from MMC.

For open inspections, locate the center of the datum 

(i.e., establish a datum plane) by taking one-half of the 

width of the datum feature at numerous locations. Locate 

the center of the controlled feature in the same manner, 

and then compare the two center planes.

A functional receiver gauge takes advantage of the 

MMC modifi er on both the controlled feature and datum. 

If both were not modifi ed, a functional gauge would be 

impractical. The functional gauge has an opening the size 

of each feature, at their virtual condition sizes. If the con-

trolled feature is out of position, it may still fi t if it is not at 

its maximum size.
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18.8 Tolerance Calculations
18.8.1 Floating Fastener Tolerancing

One of the most common tolerance calculations for mat-

ing parts is for the fl oating fastener, that is, for loose bolts 

and nuts used to assemble mating parts. The bolts will 

have standard clearance holes. For example, Machinery’s 
Handbook specifi es that for a #6-32 UNC screw, a 0.149-

diameter clearance hole should be used, and the tolerance 

on the diameter can be � .005.

If the screw has a 0.138 diameter � 0.000 � 0.005, we 

can then calculate the position tolerance for the two mat-

ing parts. The formula is as follows:

T � H � F

where T � tolerance for both parts,

H � MMC of the hole, and

F � MMC of the screw.

For the example, 0.006 � 0.144 � 0.138, which pro-

vides the tolerance applied to each of the parts.

18.8.2 Fixed Fastener Tolerancing

In this case, the parts are assembled by fasteners that are 

already located in or on one of the parts.

The calculation is essentially the same as for the fl oat-

ing fastener, except that the tolerance is divided between 

mating parts rather than being applied to both. Although 

it is easiest to simply divide the tolerance by two, there 

are situations in which one of the parts would get more 

than half of the total, usually for ease of manufacturing.

18.8.3 Hole Diameter Tolerancing

If the position tolerance of a pair of parts is known, it is 

possible to calculate the hole size tolerance from this in-

formation, using the same equation as before, but solv-

ing for H (the MMC of the hole). For the example given 

previously, the MMC of the hole would be: 0.144 � 

0.138 � 0.006.

18.9 Design Applications
Geometric dimensioning and tolerancing (GDT) is inte-

gral to the design process. Therefore, standard problem-

solving techniques should be used when applying GDT to 

the design function.

18.9.1 Five-Step GDT Process

There is a fi ve-step process for applying GDT principles 

to the design process. These steps are explained in the 

following, and the next section is an example of the appli-

cation of this process to the design of a specifi c part.

Five steps to geometric control
Step 1. Isolate and defi ne the functions of the feature/part. 

Break the part down to its simplest functions. Be spe-

cifi c; do not generalize. For example, a bracket might be 

used “to maintain a center distance between two shafts” 

rather than “to hold the shafts.”

Step 2. Prioritize the functions. Identify trouble spots. 

Again, be specifi c. Ideally, only one function should have 

top priority. This step can be one of the more diffi cult, 

especially if creative design principles are used and the 

parts are designed to incorporate many functions.

Step 3. Identify the datum reference frame based on the 

functional properties and control the datum features. 

On a specifi c part, this step may mean creating several 

reference frames, each based on a prioritized item. The 

frame can be either one, two, or three planes. Controlling 

the datum features limits the instability of imperfect parts 

relative to the theoretically exact datum reference frame.

Step 4. Select the proper control. In those cases where 

several controls may be used, such as in the case of co-

axial features (i.e., position, runout, or concentricity), start 

with the simplest and least restrictive control and move up 

in restrictiveness, as necessary. This is similar to “zero-

based budgeting” in that you must fi rst prove the need 

for control, starting with the assumption that no control is 

needed.

Step 5. Calculate the tolerance values. The tolerance cal-

culations are the last step, even though the tendency is 

to do them fi rst. They are also the easiest because they 

are usually formula based.

18.9.2 Application Example

Figure 18.42 on the next page shows a part that mounts on 

a rail and holds a shaft at a distance above and over from 

the rail. The part is secured with three screws that must 

fi t easily into the holes. Therefore, the screws cannot be 

used to locate the shaft accurately; instead, the shoulder 

must be used to locate the part in the X direction. The 

screws are used only to clamp the part after positioning. 

(This is a common situation.)
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In analyzing this design, remember that only machined 

surfaces can be held to any kind of accuracy; cast surfaces 

are unreliable.

Step 1. Isolate and defi ne the functions of the feature/part. 

The most obvious functions are as follows:

 a. Hold a shaft in the large hole.

 b. Provide the three mounting holes in a pattern.

 c. Provide a shoulder to butt up against another part.

 d. Keep the shaft parallel to the shoulder.

 e. Provide a large bearing surface for the shaft.

 f. Keep the shaft level.

Step 2. Prioritize the functions. This is probably the most 

overlooked step, but it is also the most important. All 

parts can be broken down into their basic functions. In 

Figure 18.42, it may not be obvious at fi rst, but the bracket 

must hold the shaft at a specifi c height and at a certain 

distance from the shoulder (see dimensions A and B). 

This positioning seems to be its most important function. 

A trouble spot on this part is likely to be the long shoulder; 

it may not stay aligned with the shaft hole center. Another 

trouble spot is the alignment of the three mounting holes 

with the shoulder.

 PRIORITIES

  Locate the shaft relative to the shoulder.

  Locate the bolt holes relative to the shoulder.

Step 3. Identify the datum reference frame and control the 

datum features. In this step, we create the datum refer-

ence frame before selecting the control to be used. A 

common problem in GDT work is the urge to decide too 

quickly on which control to apply. In doing so, the de-

signer may overlook a simpler or more direct control and 

may mentally “lock into” a particular control becoming 

blinded to a better solution.

  For the example in Figure 18.42, the vertical shoulder 

appears to be a critical feature, and it could be a primary 

datum. Examining that feature against the guidelines on 

datum feature selection, presented earlier in this chapter, 

we obtain the following results:

 a.  Size and stability—The datum feature is to be used to 

mount the part for manufacture and inspection. How-

ever, the vertical shoulder is rather small.

 b. Accessibility—The vertical shoulder is exposed.

 c.  Feature and form controls—The vertical shoulder 

should probably be controlled, and a form control (fl at-

ness, roundness, etc.) should probably be used.

 d.  Functionality—The vertical shoulder relates to the fea-

ture being controlled and is therefore very functional.

  The conclusion is to use the vertical shoulder as a 

secondary or tertiary datum feature, but not for the pri-

mary datum because of its relatively small size.

  The shaft hole is the most functional feature. But a 

cylindrical feature usually makes a poor primary datum 

feature because it is not a feature on which to mount a 

part. When holes are used as a primary datum, inspec-

tors use expanding mandrels to secure parts.

  The next feature that could be used as the primary 

datum is the horizontal shoulder surface. It is large and 

stable, easily accessible, controllable with a form control, 

and very functional in that it locates the shaft hole verti-

cally and will provide a means for holding the shaft. There-

fore, the horizontal shoulder surface should be used as 

the primary datum feature. This feature can be controlled 

with a fl atness tolerance and the short vertical shoulder 

can be controlled with a perpendicularity tolerance.

Step 4. Select the proper control. One requirement is that 

the shaft hole should be parallel to the shoulder. There-

fore, parallelism might be a logical selection as a control. 

But that selection might be premature, especially since 

parallelism is not the only control that will keep the two 

features parallel. It is also important to determine which 

is the datum feature and which will be the controlled fea-

ture. This will directly affect which feature is parallel to 

which other feature.

Step 5. Calculate the tolerance values. For each control 

selected, calculate the actual value. In the case of holes 

and fi ts, the fi xed or fl oating fastener calculations can be 

used. Apply the MMC modifi er where appropriate. Where 

A

B

Figure 18.42

 Shoulder bracket for shaft positioning
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justifi ed, use RFS of LMC, but there should be adequate 

reason for this selection (Figure 18.43).

18.10 Statistical Process Control
In recent years, much has been done in the fi eld of statis-
tical process control (SPC), especially since industry has 

renewed its interest in quality. Statistical process control 

allows a manufacturer to calculate the number of parts 

to be sampled and inspected in order to ensure that de-

sired quality standards are being met. From the analysis 

of a small group of items, the manufacturer can estimate 

the probability that the rest of the group does or does not 

meet the specifi cations.

For example, if there are 100 fl at washers in a set and 

50 of them are measured to determine the dimensions of 

the inside diameters, it could be predicted that the next 50 

washers would have similar dimensions because a sample 

of 50 out of a set of 100 is a very large sample size. With 

SPC, it is possible that the sample size could be reduced 

considerably and still achieve the desired results. The 

only thing that such a sampling process cannot guarantee 

is that all of the pieces in the set will be within tolerance. 

It is possible for the sample to contain all good pieces and 

for the complete set to have one or more pieces out of tol-

erance. The idea behind SPC is to minimize that possibil-

ity while still allowing the manufacturer to inspect only 

a sample.

Basically, SPC is the application of the principles of 

statistics to the manufacturing process, including an indi-

rect evaluation of the condition and adjustment of the ma-

chines being used. To illustrate, if the washers in our pre-

vious example are made by drilling the holes, it is logical 

to believe that as the drill wears out, the holes will prob-

ably start to get smaller. Careful analysis of the samples 

selected for inspection will reveal the holes approaching 

the lower acceptable tolerance, indicating to the manufac-

turer that it is time to change the drill bit or examine the 

entire drill for wear and tear. This ability to predict when 

to change a tool or when to do maintenance on a machine, 

based on predicting when the parts will start to go out of 

tolerance, is one of the most powerful aspects of SPC.

18.10.1 SPC and Geometrics

SPC is useless if it is based on bad data. It is critically 

important that the information on acceptable sizes, toler-

ances, and other controls be correct and accurate. Setting 

too loose or too tight a tolerance will have an adverse effect 

on the acceptability of the sample selected for inspection, 

as well as on the rest of the parts in the production run.
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 Shoulder bracket with geometric tolerancing

ber28376_ch18.indd   900ber28376_ch18.indd   900 1/2/08   3:19:28 PM1/2/08   3:19:28 PM



  CHAPTER 18  Geometric Dimensioning and Tolerancing (GDT) 901

For example, suppose the washers are set to have a 

� 0.002 tolerance. Much time and money will be invested 

in planning for and inspecting the washers for this tight tol-

erance. If further investigation reveals that the design only 

requires a tolerance of � 0.005, all of the washers could 

prove to be usable, and the manufacturer could have gone 

to considerably less expense to produce a salable product.

18.10.2 Tolerance Analysis

Tolerance analysis (TA) is the tool used to ensure that 

SPC data are based on good numbers. Tolerance analysis 

demands that a tolerance be based on the design require-

ments of the feature, rather than on the manufacturing 

method used to create that feature. For example, a drilled 

hole could be assigned a � 0.002 tolerance because that 

is the normal accuracy of the drill. Tolerance analysis, 

however, would evaluate the function of the hole and may 

determine that a � 0.005 tolerance is acceptable.

In summary, tolerances directly affect manufacturing 

costs as follows:

 1. SPC requirements will affect the amount and type of 

inspections. Higher or tighter tolerances will mean 

more expensive inspections.

 2. Since the tolerance controls the hole shape as well 

as the size, any variations in shape could also lead 

to rejects. Higher tolerances will require inspec-

tions for such shape fl aws, again raising the inspec-

tion costs.

18.11 Summary
Geometric dimensioning and tolerancing (GDT) is essen-

tial in the modern manufacturing environment. The basic 

elements of geometric controls are as follows:

 1. All dimensions include controls of the geometry. 

Rule 1 states that a size control inherently includes 

controls of form.

 2. Because of Rule 1, the need for GDT callouts on 

technical drawings is minimized. Such callouts are 

tools and should be used carefully and accurately.

 3. Geometric control callouts should be used to refi ne 

the relationship between the size of a feature and 

its form, not to increase the accuracy of a feature.

 4. GDT callouts should be used to open up tolerances, 

rather than to tighten them up. The MMC concept 

should reduce part cost; if it does not, reexamine 

how it is used.

The GDT Quick Reference Table found on the inside 

cover at the end of the text lists the various geometric con-

trols, their potential application as a datum reference, the 

use of MMC, and the associated tolerance zone.

GDT is in a state of change. Changes are made to the 

ASME Y14.5–1994 standard to keep GDT principles and 

uses as up-to-date as possible. Table 18.1 is a worksheet 

used to determine geometric tolerancing.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Do size dimensions alone control the shapes of 

features?

 2. Write a defi nition of what Rule 1 means for a drawing 

of a fl at washer with a 0.500 diameter ID, 1.000 diam-

eter OD, and a thickness of 0.062. Use a tolerance of 

� 0.005.

 3. Describe the difference between the MMC condition 

of a shaft and the MMC condition of a hole.

 4. How does a shaft depart from MMC? How does a 

hole depart from MMC?

 5. Under the conditions of Rule 1, if a shaft is at its ab-

solute maximum size, can it be less than perfectly 

round?

 6. What is the difference between a datum and a datum 

feature?

 7. Why is a cylinder a good secondary datum? Why is it 

a poor primary datum?
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902 PART 4  Standard Technical Graphics Practices

 8. Defi ne virtual condition.

 9. Why is a hole a feature of size? Why isn’t a fl at sur-

face of a part a feature of size?

 10. Describe the differences between position, concen-

tricity, and runout.

GEOMETRIC TOLERANCING WORKSHEET

PART 1: ISOLATE AND DEFINE THE FUNCTIONS OF THE FEATURE/PART

Basic Function  ______________________________________________________________________________________________________

_____________________________________________________________________________________________________________________

_____________________________________________________________________________________________________________________

Additional Functions  _________________________________________________________________________________________________

PART 2: PRIORITIZE THE FUNCTIONS

Feature #1  __________________________  Feature # 2  _________________________  Feature # 3  __________________________

PARTS 3 & 4: CREATE THE DATUM REFERENCE FRAMES & SELECT CONTROLS

Feature #  __________________________  Function  __________________________

Control  __________________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

___________________________________ ___________________________________ ___________________________________

Feature #  __________________________  Function  __________________________

Control  __________________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

___________________________________ ___________________________________ ___________________________________

Feature #  __________________________  Function  __________________________

Control  __________________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

___________________________________ ___________________________________ ___________________________________

PART 5: CALCULATE THE TOLERANCES

Feature #  ___________________________  Feature #  __________________________  Feature #  ____________________________

Table 18.1
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P r o b l e m s

 18.1 Apply geometric tolerances to one of the assemblies 

found at the end of Chapter 20, “Working Drawings 

and Assemblies.”

 18.2 Given the following sentence descriptions of geo-

metric tolerances, sketch the feature control frame 

for each:

a. The surface must be fl at within a fi ve thou-

sandths of an inch tolerance zone.

b. The surface must be parallel within a fi ve thou-

sandths of an inch tolerance zone relative to da-

tum feature A.

c. The axis must be perpendicular within a fi ve 

hundredths of a millimeter cylindrical tolerance 

zone at maximum material condition relative to 

datum feature B.

d. The surface must be straight within a one tenth 

of a millimeter tolerance zone.

e. The surface must be round within a twenty-fi ve 

thousandths of an inch tolerance zone.

f. The total surface profi le must be within a four 

hundredths of a millimeter tolerance zone 

equally disposed about the true profi le of the 

feature relative to primary datum feature A, sec-

ondary datum feature B, and tertiary datum fea-

ture C.

g. The total runout of the surface must be within a 

fi fteen thousandths of an inch tolerance zone rel-

ative to primary datum feature M and secondary 

datum feature N.

h. The axis must be concentric within a one tenth 

of a millimeter cylindrical tolerance zone rela-

tive to datum axis A.

i. The axes of the holes must be positioned within 

a twenty-fi ve hundredths of a millimeter cy-

lindrical tolerance zone at maximum material 

condition relative to primary datum feature D, 

secondary datum feature E, and tertiary datum 

feature F.

j. The axis must be positioned within a ten thou-

sandths of an inch cylindrical tolerance zone 

at maximum material condition relative to pri-

mary datum feature A, secondary datum fea-

ture B, and tertiary datum feature C and per-

pendicular within a fi ve thousandths of an inch 

cylindrical tolerance zone at maximum mate-

rial condition relative to primary datum fea-

ture A.

 18.3 Sketch or draw the two-view drawing shown in Fig-

ure 18.44. Add the geometric dimensioning infor-

mation per the following information:

a. Make the left-hand face in the right side view fl at 

within 0.01. Identify this surface as datum fea-

ture A.

b. Make the top surface in the front view perpen-

dicular within 0.01 relative to datum feature A. 

Identify this surface as datum feature B.

c. Make the right-hand surface in the front view 

perpendicular within 0.01 relative to primary 

6020 20.050
20.000

40

R20

4X
10.015
10.000

20

20

20

Figure 18.44
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904 PART 4  Standard Technical Graphics Practices

datum feature A and secondary feature B. Iden-

tify this surface as datum feature C.

d. Make all dimensions basic except for the exist-

ing limit dimensions.

e. Position the four holes within a 0.007 cylindrical 

tolerance zone at maximum material condition 

relative to primary datum feature A, secondary 

datum feature B, and tertiary datum feature C.

f. In the front view, identify the top left corner 

as point X. Identify the bottom right corner 

as point Y. On the bottom surface in the front 

view, add a profi le of a surface tolerance of 0.02 

relative to primary datum feature A, second-

ary datum feature B, and tertiary datum feature 

C. Indicate that this tolerance applies between 

points X and Y.

 18.4 Sketch or draw the two-view drawing shown in Fig-

ure 18.45. Add the geometric dimensioning infor-

mation per the following information:

a. Where the small cylinder intersects the large 

cylinder in the right side view, make the face on 

the larger cylinder datum feature D. Control this 

surface with a fl atness tolerance of .005.

b. In the right side view, make the axis of the small 

cylinder datum feature E. The axis must be per-

pendicular within a .002 cylindrical tolerance 

zone at maximum material condition relative to 

datum feature D.

c. In the front view, make the .500–.505 slot datum 

feature F. Position this slot within a .003 tolerance 

zone at maximum material condition relative to 

primary datum feature D and secondary datum 

feature E at maximum material condition.

d. Make the 2.500 and 4.00 diameters basic 

dimensions.

e. Position the four small holes within a .005 cy-

lindrical tolerance zone at maximum material 

condition relative to primary datum feature D, 

secondary datum feature E at maximum mate-

rial condition, and tertiary datum feature F at 

maximum material condition.

f. Apply a profi le of a surface tolerance of .050 to 

the outside surface in the front view relative to 

primary datum feature D and secondary datum 

feature E at maximum material condition.

 18.5 Examine the WHEEL SUPPORT assembly (Fig-

ure 20.49) on page 994. Sketch or draw a two-view 

drawing of the BASE. Using the top right-hand 

corner on the top surface of the part as the ori-

gin for the datum reference frame, dimension the 

4.000

2.500

.260

.250

.506

.500

1.625

1.505
1.500

.500

.490
1.000
.990

Figure 18.45
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drawing using the following geometric tolerance 

information:

a. Make all dimensions basic except for the size 

dimension of the 4 holes.

b. Add the datum feature symbols making the top 

surface of the part datum feature A, the back 

surface datum feature B, and the right-hand side 

datum feature C.

c. Control datum feature A with a fl atness toler-

ance of .005. Control datum feature B with a 

perpendicularity tolerance of .005 relative to 

datum feature A. Control datum feature C with 

a perpendicularity tolerance of .005 relative to 

primary datum feature A and secondary datum 

feature B.

d. For this exercise change the four holes from 

threaded to through holes with a limit tolerance 

of .500–.510. Position the holes within .010 cy-

lindrical tolerance zones at maximum material 

condition relative to primary datum feature A, 

secondary datum feature B, and tertiary datum 

feature C.

e. On the top surface, label the upper left corner 

point X and the bottom right corner point Y. 

Apply a profi le of a surface tolerance of .005 

relative to primary datum feature A, secondary 

datum feature B, and tertiary datum feature C 

between points X and Y. In the adjacent view, 

apply a profi le of a surface tolerance of .005 rela-

tive to datum feature A to the surface parallel to 

datum feature A.

 18.6 Using the WHEEL SUPPORT assembly (Figure 

20.49) on page 994, sketch or draw a two-view 

drawing of the BASE. Dimension the drawing us-

ing the following geometric tolerance information:

a. Make all dimensions basic except for the size 

dimension of the 4 holes. Delete the 1.00 and 

2.50 dimensions.

b. Identify the top surface of the part datum feature 

A. Control this surface with a fl atness tolerance 

of .005.

c. For this exercise change the four holes from 

threaded to through holes with a limit tolerance 

of .500–.510. Position the holes within .010 cy-

lindrical tolerance zones at maximum material 

condition relative to datum feature A. Some-

times it is necessary to use a pattern of holes to 

establish a datum reference frame. Identify the 

hole as datum feature B by attaching the datum 

feature symbol to the bottom of the position fea-

ture control frame or to the shoulder of the leader 

for the size dimension of the holes.

d. Apply a profi le of a surface tolerance all around 

of .005 relative to primary datum feature A and 

secondary datum feature B at maximum ma-

terial condition. In the adjacent view, apply a 

profi le of a surface tolerance of .005 relative to 

datum feature A to the surface parallel to datum 

feature A.

 18.7 When a material condition modifi er is applied to a 

tolerance, the size of the tolerance zone varies with 

the size of the feature. Using Figure 18.46, complete 

the table:

  Diameter of
  Tolerance Zone
 Actual Size of Hole Allowed

 .498

 .499

 .500

 .501

 .502

 .503

 .504

 .505

 .506

 .507

 .508

 18.8 When a material condition modifi er is applied to a 

tolerance, the size of the tolerance zone varies with 

the size of the feature. Using Figure 18.47, complete 

the table:

  Diameter of
  Tolerance Zone
 Actual Size of Hole Allowed

 .498

 .499

 .500

 .501

 .502

 .503

 .504

 .505

 .506

 .507

 .508
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  CHAPTER 18  Geometric Dimensioning and Tolerancing (GDT) 907

 18.9 Design a functional gauge to check the part in 

Problem 18.7. What would be the size of the virtual 

pins? Review the material on virtual condition if 

necessary.

 18.10 Design a functional gauge to check the position of 

the holes for the part in Problem 18.5. What would 

be the size of the virtual pins?

 18.11 Sketch the two views in Problem 18.5. Sketch and 

label the geometric tolerance zones as they are ap-

plied in that problem.

 18.12 Sketch the two views in Problem 18.7. Sketch and 

label the geometric tolerance zones as they are ap-

plied in that problem.

 18.13 Examine the BUTTERFLY VALVE assembly 

(Figure 20.52) on page 999. Look at the relationship 

between the BODY (part 1) and the RETAINER 

(part 6). Follow the Five-Step GDT Process in Ta-

ble 18.1 to completely dimension and tolerance the 

RETAINER.

 18.14 Examine the FIXTURE ASSEMBLY (Figure 

20.66) on page 1033. Look at the relationships be-

tween the END PLATES (part 3) and the other 

parts in the assembly. Follow the Five-Step GDT 
Process to completely dimension and tolerance the 

END PLATE.

 18.15 Examine the PIVOT HANGER (Problem 4) on 

page 1037. Look at the relationships between the 

BASE and the other parts in the assembly. Follow 

the Five-Step GDT Process to completely dimen-

sion and tolerance the BASE. There are two sur-

faces in the back of the BASE that will make up a 

multiple datum. Label one of these surfaces datum 

feature A and the other datum feature B. Control 

these features with a profi le of a surface tolerance. 

When controlling the other features of the part and 

relating them back to the datum reference frame, 

treat the two surfaces in the back as one datum 

(datum feature A–B).
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  CHAPTER 19  Fastening Devices and Methods 909

toys to furniture to transportation vehicles. Many fasten-

ers include screw threads, which are a form of helix and 

are manufactured in accordance with national and interna-

tional standards. Fastening devices that do not use screw 

threads include pins, keys, rivets, and friction devices such 

as clips. This chapter is an introduction to the different 

types of fastening devices, their specifi cations, and their 

graphic representation.

19.1 Fasteners
Fastening is a method of connecting or joining two or 

more parts together, using devices or processes. Fasteners 

are used in nearly every engineered product and structure 

(Figure 19.1). For example, structures such as bridges, 

communications towers, and buildings use many fasten-

ers of several different types in their construction. In ad-

dition, products used in medicine, sports, transportation, 

and piping use fasteners.

Three methods are commonly used for fastening:

Mechanical fastening—a process that uses a manu-

factured device to hold parts of an assembly together. 

Mechanical fasteners include both threaded and non-

threaded fasteners, such as rivets, keys, pins, snap rings, 

and clips.

Bonding—a process that uses a material to hold parts of 

an assembly together. Bonding is a permanent fasten-

ing method and includes such processes as welding, 

soldering, brazing, and gluing.

Forming—a process that relies on the shapes of compo-

nents to hold them together. This is the least expensive 

fastening method and may or may not be permanent. 

Heating and air conditioning ductwork is held together 

by forming the sheet metal. Also, in many portable 

consumer electronic devices, such as radios, CD play-

ers, and cassette tapes, the battery compartment lid 

is secured using a formed piece of fl exible plastic in 

which one end is attached to the lid and the other end 

is free to lock itself into a groove in the case. (See 

Chapter 15 for examples of forming used to assemble 

metal parts.) This chapter focuses on mechanical fas-

teners, both threaded and nonthreaded.

19.2 Threaded Fasteners
A threaded fastener is a mechanical fastener used to 

join together two or more parts. Threaded fasteners are 

formed using a tapping tool for internal threads, a die for 

external threads, or a machine tool for either internal or 

external threads. Chapter 4 includes discussions on how 

fasteners and threaded holes are produced.

The fi rst use for a screw thread was probably not as a 

fastener but as a means of lifting water. The Archimedes 

screw was used for this purpose. At fi rst, screw threads 

were made by hand, from wood or metal. As machine 

tools such as the lathe developed, screw threads were 

made to more exacting specifi cations. However, initially 

no standards were available, so nuts and bolts from dif-

ferent producers could not be interchanged. When you 

bought a bolt, you had to buy the matching nut.

Eventually, standards began to emerge. In the 1800s, 

Joseph Whitworth developed the English standard screw 

threads. In 1864, the United States adopted its own screw 

thread standard, based on the thread proposed by William 

Sellers.

The U.S. standard thread was different from England’s, 

which later caused problems in World Wars I and II be-

cause spare equipment parts could not be interchanged. In 

1948, the Unifi ed Screw Thread Standard was established, 

allowing the United States, England, and Canada to in-

terchange parts. Also, in 1946, the International Organi-

zation for Standardization (ISO) began development of 

the current international system of standard metric screw 

threads.

19.2.1 Applications

The helix is the basic geometric form used for threaded 

fasteners. A helix is the curve formed by a point mov-

ing uniformly at both an angular and a linear rate around 

Figure 19.1
Astronauts assemble a space structure using fasteners.

(Courtesy of NASA.)
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Chapter Nineteen

Fastening 
Devices and 
Methods*

Objectives
After completing this chapter, you will be 
able to:

 1. List three methods used to fasten 

material.

 2. List three applications for screw 

threads.

 3. Identify the important parts of a 

screw thread.

 4. Specify a metric or English screw 

thread in a note.

 5. Use thread tables to specify or draw 

threaded fasteners.

 6. Draw simplifi ed, schematic, or 

detailed representations of Unifi ed 

National or metric threads.

 7. Draw pipe threads.

 8. Draw hex and square bolts and nuts.

 9. Draw cap, set, and machine screws.

 10. Draw and specify washers, pins, keys, 

rivets, and springs.

Introduction
Fastening devices are used to hold two 

or more pieces together and are used on 

nearly every manufactured product, from 

Many times an economical design with a 

predictable life is superior to an expensive 

design with an indefi nite life . . .

—Gordon L. Glegg

*With contributions by Professor Patrick Connolly, Purdue 

University, West Lafayette, IN.

C
hapter N

ineteen
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a cylinder. The distance that the point moves parallel to 

the axis during one revolution is called the lead or pitch, 

both of which are common terms used in thread technol-

ogy. A helix has certain mechanical characteristics that 

make it especially useful for joining, adjusting, and power 

transmission. Threaded mechanical fasteners are used for 

these three primary applications.

Joining  Joining is the process of connecting two or more 

parts temporarily or permanently. A nut and bolt set is 

a temporary fastener because it can be removed without 

being destroyed. This type of fastener is commonly used 

on devices that need periodic replacement, such as the 

water pump on a gasoline engine. A rivet is an example of 

a permanent fastener because it can only be removed by 

being destroyed. This type of fastener is commonly used 

on aircraft to hold the skin onto the frame.

Adjusting  Adjusting is the process of locating or modi-

fying the position of a part. A drafting compass uses a 

threaded rod to adjust the radial setting. Many measur-

ing devices, such as calipers and micrometers, use screw 

threads for adjusting their settings. Also, certain types of 

hand wrenches have screw adjustments.

Power Transmission  Screw jacks and certain types of 

gears use screw threads to transmit power, such as for 

lifting an automobile. Mechanical power transmission 

is the process of converting or transmitting the force ex-

erted in one direction to a force exerted in the same or a 

different direction.

19.2.2 Thread Terminology

The terms described in this section are the ones used 

most for representing threads on technical drawings (Fig-

ure 19.2 on the next page). For a complete list of terms 

and defi nitions related to screw threads, refer to ANSI/

ASME Standard B1.7M–1984.

Axis—the longitudinal center line that passes through the 

screw thread cylinder.

Chamfer—the angular relief at the last thread; allows 

easier engagement with the mating part.

Crest—the peak or top surface of a screw thread.

Depth—the distance between the crest and the root of a 

thread, measured normal to the axis.

Die—a tool used to form external threads.

External thread—the screw thread on the outside of a 

cylindrical or conical surface.

Internal thread—the screw thread on the inside of a cy-

lindrical or conical surface.

Lead—the distance a screw will travel when turned 

360 degrees, or one revolution.

Major diameter—the largest diameter on an internal or 

external thread.

Minor diameter—the smallest diameter on an internal 

or external thread.

Pitch—the distance between corresponding points on ad-

jacent thread forms, measured parallel to the axis. The 

pitch is equal to the number 1 divided by the number 

of threads per inch. For example, a screw thread with 

12 threads per inch would have a pitch of 1⁄12.

Pitch diameter—the diameter of an imaginary cylinder 

that is located equidistant between the major and mi-

nor diameters.

Root—the bottom of a screw thread cut into a cylinder.

Screw thread—a continuous and projecting helical ridge 

on a cylindrical or conical surface.

Side—the screw thread surface that connects the crest 

and root.

Tap—a tool used to make threads in holes.

Tap drill—a drill bit used to make a hole in metal before 

tapping an internal thread.

Thread angle—the angle between the surfaces of two 

adjacent threads.

Thread form—the profi le or shape of a thread cut into a 

cylinder.

Thread series—the number of threads per inch for a 

given diameter.

Threads per inch—the number of threads in one inch, 

measured axially (parallel to the axis); the reciprocal 

of the pitch.

19.3 Thread Specifi cations: English System
To specify a thread, you must provide a minimum of fi ve 

pieces of information:

 1. Thread form

 2. Thread series

 3. Major diameter

 4. Class of fi t

 5. Threads per inch

Normally, thread specifi cations are given in the form of 

a note, using abbreviations and numerical information. The 

text of the note is done in 1⁄8-in or 3-mm sized lettering.

19.3.1 Form

Thread form is the shape or profi le of a screw thread. Many 

types of thread forms have been developed (Figure 19.3 on 

the next page).
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The sharp-V thread was originally developed by Wil-

liam Sellers. It is generally used only where increased 

friction is necessary, such as in set screws or on brass 

pipes. The American National thread replaced the sharp-

V thread and is stronger than the sharp-V thread. This 

thread form fl attens the crest and root of the thread. The 

Unifi ed thread is the current standard used in the United 

States, Canada, and England. This thread form rounds 

the root and either rounds or leaves the crest as a sharp V. 

The symbol for a Unifi ed thread in a thread note is UN. 

(For a complete listing of screw thread designations, refer 

to ANSI Y14.6–1978, “Screw Thread Representation.”)

A variation on the Unifi ed thread is the Unifi ed Na-
tional Round thread, abbreviated UNR. The UNR has a 

rounded root and is specifi ed only for external threads.

The metric thread is the international standard thread 

that is similar in shape to the Unifi ed thread. The crests 

and roots are fl at, but the depth is less than that of the 

Unifi ed thread.

The Acme, square, and buttress threads are used pri-

marily to transmit power in gearing and other types of 

machines. The knuckle thread is usually rolled from sheet 

metal or cast, and is used for lightbulb bases, bottle caps, 

and glass jars.

19.3.2 Series

The thread series refers to the standard number of threads 

per inch, and there are four classes: coarse (C), fi ne (F), 

extra fi ne (EF), and constant pitch (Appendix 17). When 

used with the Unifi ed thread, they are abbreviated UNC, 

UNF, and UNEF. The constant pitch series threads are 4, 

6, 8, 12, 16, 20, 28, and 32.

Coarse series fasteners are used for quick assembly or 

disassembly of cast iron, soft metals, and plastic, and are 

designated NC or UNC.

Fine series fasteners are used when a great deal of 

force is necessary for assembly and are designated NF 

or UNF. These fasteners are used extensively in the aero-

space and automotive industries.

Extra fi ne series fasteners are used when the length 

of engagement is short and the application calls for high 

degrees of stress. They are designated NEF or UNEF.

The constant pitch series is specifi ed by writing the 

number before the form designation. These threads are 

for special purposes, such as large-diameter or high-

pressure environments. The 8 series is used as a substi-

tute for the coarse series thread diameters larger than 

1 inch. The 12 series is used as a continuation of the 

fi ne series thread diameters larger than 11 ⁄2 inches. The 

16 series is a continuation of the extra fi ne series thread 

diameters larger than 111 ⁄16 inches.

19.3.3 Class of Fit

There are three classes of fi t established by ANSI for gen-

eral use. Designated 1, 2, and 3, the classes indicate the tol-

erance or tightness of fi t between mating threaded parts.

Class 1—a loose fi t where quick assembly is required and 

looseness or play between parts is acceptable.

Class 2—a high-quality, general-purpose, commercial 

class of fi t for bolts, nuts, and screws widely used in 

mass production.

Class 3—a very high-quality threaded fastener with a 

close fi t, used for precision tools and for high-stress 

and vibration applications.

Refer to the Machinery’s Handbook, Table 4, “Screw 

Thread Systems,” for the actual upper and lower limits of 

each class of fi t for a particular thread.

19.3.4 Single and Multiple Threads

A single-thread fastener advances the distance of one 

pitch (1P) for every 360 degrees of revolution; therefore, 

the pitch is equal to the lead. The single thread is the 

nominal type of thread found where considerable pres-

sure or power is needed (Figure 19.4).

Triple

LEAD=3P

LEAD=2P

Double

P

Single

LEAD=P

1
2 P

1
2 P1

Figure 19.4

Single and multiple screw thread forms

ber28376_ch19.indd   912ber28376_ch19.indd   912 1/2/08   3:20:00 PM1/2/08   3:20:00 PM



  CHAPTER 19  Fastening Devices and Methods 913

A multiple-thread fastener has two or more threads that 

run side by side. Double and triple threads are examples of 

multiple threads. A double-thread fastener has two threads 

with a lead equal to 2, which results in the threaded part 

advancing two pitches (2P) in one 360-degree revolution. 

A triple-thread fastener has three threads with a lead equal 

to 3, which results in the threaded part advancing 3P in one 

360-degree revolution. Multiple threads are used where 

quick assembly and disassembly is more important than 

power, such as in valve stems and drafting compasses.

19.3.5 Right- and Left-Hand Threads

Most fasteners tighten when turned clockwise and loosen 

when turned counterclockwise. Such fasteners have right-
hand threads. A left-hand thread fastener is one that will 

assemble when turned counterclockwise. Threaded fas-

teners are assumed to be right-handed, unless noted with 

the left-hand designation LH in the thread note. Left-hand 

threads are used when motion of the machine or part will 

cause a right-hand thread to loosen. The left pedal on bi-

cycles is an example; the counterclockwise motion of the 

pedal arm would loosen a right-hand thread.

19.3.6 Thread Pitch

Thread pitch is equal to 1 divided by the number of 

threads per inch. A fastener with 4 threads per inch would 

have a pitch of 1 ⁄4, and a fastener with 16 threads per inch 

would have a pitch of 1 ⁄16. Fasteners with a pitch of 1 ⁄4 

would have larger threads than those with a pitch of 1 ⁄16. 

The number of threads per inch is determined by using a 

thread pitch gauge or a scale (Figure 19.5).

19.3.7 Thread Notes

Threads are only symbolically represented on draw-

ings; therefore, thread notes are needed to provide the re-

quired information. A thread note must be included on all 

threaded parts, with a leader line to the external thread or to 

an internal thread in the circular view. The  recommended 

16

0 1

8

8 Threads per inch

Scale
Thread pitch

gauge

Figure 19.5

Measuring thread pitch using a scale and a thread pitch 
gauge

.250-20 UNC-2A-LH

Left hand

External

UNC
UNF
UNEF
UN
UNM
NC
NF
UNR

Means Unified National Coarse
Means Unified National Fine
Means Unified Extra Fine Series
Means Uniform Pitch Series
Means Unified Miniature Series
Means National Coarse Series
Means National Fine Series
Means Unified National Round

.500-13 UNC-3B

Major diameter

Threads per inch

Form

Series

Class of fit

Internal

Figure 19.6

Standard thread note for English dimension fasteners
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Bombardier has improved the quality and reduced 

the time required to produce fi rst composite parts 

by an average of 40 percent by simulating the manufac-

turability and validating the lay-up on the computer 

rather than the shop fl oor. Savings are even greater on 

complicated parts such as the wing-to-fuselage fairing 

for the new Canadair Regional Jet Series 700 airliner, for 

which fi rst part lay-up time was reduced from 60 to 

16 hours. The time savings were achieved by using 

FiberSim™ software from VISTAGY, Inc., Waltham, 

MA, USA, to optimize designs by providing feedback 

early in the design cycle. This technology eliminated the 

Figure 1

The Canadair Regional Jet Series 700 is a 70-seat derivative 
of the 50-seat Canadair Regional Jet Series 100 and 200.

(Courtesy of Bombardier Aerospace.)

Figure 2

This FiberSIM™ screen shot is an example of the producibility 
simulation that the software provides. Shown here is the CRI 
Series 700 wing-to-fuselage fairing with areas that would re-
sult in manufacturing problems highlighted in yellow and red.

(Photo courtesy of VISTAGY, Inc., Waltham, Massachusetts, USA.)

Computer Simulation Reduces Production 

Time for Composite Aircraft Parts

standard trial-and-error process by allowing engineers 

to make several iterations of the composite part based on 

the manufacturability feedback in the preliminary stages 

of design. This resulted in parts with optimum weight, 

accuracy, and quality that could be produced repeatedly 

exactly as specifi ed. In the end, a 4-to-1 savings in pro-

thread note size is 1⁄8-in or 3-mm lettering, whether done 

by hand or with CAD. The thread note must contain all the 

information necessary to specify the threads completely 

(Figure 19.6). External thread notes are given in the lon-

gitudinal view. Internal thread notes are given on the end 

view, with a pointer to the solid circle.

A thread note should contain the following informa-

tion, in the order given:

 1. Major diameter, in three-place decimal form, fol-

lowed by a dash. Fractional sizes are permitted. If 

a standard number designation is used, the decimal 

equivalent should be given in parentheses, such as 

No. 10 (.190)–32 UNF–2A.
 2. Number of threads per inch, followed by a space.

 3. Thread form designation.

 4. Thread series designation, followed by a dash.

 5. Thread class designation (1, 2, or 3).

 6. Internal or external symbol (A is for external 

threads, B is for internal threads), followed by a 

space.

 7. Qualifying information, such as

  a.  LH for left-hand threads. If the thread is right- 

hand, RH is omitted.

  b. DOUBLE or TRIPLE for multiple threads.

  c. Thread length.

  d. Material.

Thread notes can also provide information about tap 

drill depth and size, drill and thread depths, countersink-

ing, counterboring, and number of holes to be threaded 

(Figure 19.7). Tap drill sizes are shown in Appendix 19 

and are found in Machinery’s Handbook, Table 3, in the 

section “Tapping and Thread Cutting.” 

Refer to ANSI Y14.6–1978 for more detailed examples 

of thread notes.
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Figure 3
Because the engineers have this producibility information 
early on, they are able to easily alter the design to insure that 
the part can be manufactured. The solution shown here is to 
splice the original ply into two plies.

(Photo courtesy of VISTAGY, Inc., Waltham, Massachusetts, USA.)

Figure 4
Once the design has been altered to alleviate manufacturing 
problems, FiberSIM™ creates fl at patterns of each of 
the plies.

(Photo courtesy of VISTAGY, Inc., Waltham, Massachusetts, USA.)

duction time was achieved for complex aircraft parts be-

cause production received accurate precut plies.

The new computer simulation-based process has en-

abled design optimization that dramatically reduced 

fi rst-part production time and costs at Bombardier. By 

using software tools that provide important producibil-

ity feedback early in the design phase, Bombardier was 

able to close the loop between design and manufactur-

ing and reduce lay-up time by an average of 40 percent 

for fi rst parts. Quality improvements have also been 

achieved since designers had the opportunity to do sev-

eral iterations of the part design early in the development 

cycle where changes could be made easily and cost-

effectively. The designers were able to retain full control 

over the shape and placement of every composite ply and 

also produce each part in exactly the same way.

Drill depth

Thread depth

Tap drill size

.75

1.00

Tap drill depth

Thread depth
(to last perfect thread)

ø .159
    1.00
ø .190-32 UNF-2B
    .75

Figure 19.7

Standard thread 
note for specifying 
tap drill size
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Low or Medium Carbon Steel

SAE
Grade

Bolt Size
(IN)

Tensile
Strength

(KSI)

Yield
Strength

(KSI)

Proof
Strength

(KSI)
Material

Head
Marking

1

2

4

8

8.2

.25-1.5 60 36 33

.25-.75 74 57 55 Low or Medium Carbon Steel

>.75-1.5 60 36 33 Low or Medium Carbon Steel

.25-1.5 115 100 65 Low or Medium Carbon Steel

5

5.2

7

.25-1 120 92 85 Medium Carbon Steel,
Quenched and Tempered>1-1.5 105 81 74

Low Carbon Martensite Steel,
Quenched and Tempered

.25-1.5 133 115 105

Medium Carbon Alloy Steel,
Quenched and Tempered,
Roll Threaded After Heat

Treatment

.25-1.5 150 130 120
Medium Carbon Alloy Steel,
Quenched and Tempered

Low Carbon Martensite Steel,
Quenched and Tempered

.25-1.5

.25-1.5

Figure 19.8

SAE grades for 
fasteners (SAE J429)
The higher the 
number, the greater 
the fastener strength.

Grade
Tensile

Strength
(MPa)

Yield
Strength
(MPa)

Proof
Strength
(MPa)

4.6

4.8

5.8

8.8

9.8

10.9

12.9

400

420

520

830

900

1040

1220

240

340*

415*

660

720*

940

1100

225

310

380

600

650

830

970

*Yield strengths approximate and not included in standard.

Bolt Size

M5-M36

M1.6-M16

M5-M24

M17-M36

M1.6-M16

M6-M36

M1.6-M36

Figure 19.9

SAE grades for metric fasteners

19.4 Thread Specifi cations: Metric System
Metric thread specifi cations are based on ISO recom-

mendations and are similar to the Unifi ed standard (Fig-

ure 19.10 on the next page). ANSI Y14.6aM–1981 can be 

referenced when specifying metric threads. (See Appen-

dix 18.) The basic designation for a metric thread is shown 

in Figure 19.11 on the next page. The note specifi es that 

the thread is metric (M), the diameter of the thread is 

24 mm, followed by the multiplication sign �, and the 

pitch is 2 mm. Metric threads are either a general-purpose 

coarse thread or a fi ne thread.

A complete metric thread note, shown in Figure 19.12 

on page 918, should contain the following information, in 

the order given:

 1. Thread form symbol. The letter M is used to des-

ignate the metric profi le. The J profi le class is a 

modifi ed M profi le.

19.3.8 Thread Grades

Most fasteners used in machine design are made from 

steel. The composition of the steel determines the fasten-

er’s grade. Grade numbering follows one of several stan-

dards. For example, the Society of Automotive Engineers 

(SAE) grades fasteners using numbers from 1 through 8. 

The higher the number, the greater the fastener’s strength. 

Figure 19.8 shows the grading system from SAE Standard 

J429. The markings shown in the table are embossed on 

the head of the fastener.

Metric bolts and screws use a numerical coding sys-

tem, as shown in Figure 19.9. The grading system ranges 

from 4.6 to 12.9, with the higher numbers representing 

higher strengths.

Refer to the Machinery’s Handbook, “Bolts, Screws, 

Nuts, and Washers-Working Strengths of Bolts,” to deter-

mine the specifi cations for bolt strength.

Practice Exercise 19.1
Get a threaded fastener such as a bolt from your instructor 

or from a hardware store. Use a scale to determine the num-

ber of threads per inch and the pitch of the bolt. Determine 

the thread form by comparing the threads on the bolt with 

the thread forms in Figure 19.3. Use a scale to determine the 

nominal major diameter of the bolt. Look at the head of the 

bolt and determine its grade by comparing what you see with 

Figure 19.8.
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 2. Nominal size (basic major diameter) in millime-

ters, followed by an �.

 3. Pitch in millimeters, followed by a dash. The pitch 

can be eliminated for coarse threads, but it is pre-

ferred in the American use of the standards.

 4. General-purpose tolerance, which for external 

metric threads is 6g and for internal metric threads 

is 6H. For closer fi ts, 6H is used for internal 

threads and 5g6g is used for external threads. The 

tolerance class designation then includes

  a. Pitch diameter tolerance: grade, position.

  b. Crest diameter tolerance: grade, position.

For external threads, designate tolerance positions us-

ing lowercase letters. For internal threads, designate tol-

erance positions using uppercase letters. For a left-hand 

Nom. Size Pitch Nom. Size Pitch Nom. Size Pitch Nom. Size Pitch

1.6 0.35 6 1 22 2.5* 56 5.5
2 0.4 8 1.25 24 3 64 6
2.5 0.45 10 1.5 27 3* 72 6
3 0.5 12 1.75 30 3.5 80 6
3.5 0.6 14 2 36 4 90 6
4 0.7 16 2 42 4.5 100 6
5 0.8 20 2.5 48* 5 . . . . . .

All dimensions are millimeters
*For high strength structural steel fasteners only.

American National Standard General Purpose and Mechanical Fastener 
Coarse Pitch Metric Thread—M Profile Series (ANSI B1.13M–1983)

Nom. Pitch Nom. Pitch Nom. Pitch Nom. Pitch
Size Size Size Size

8 1 . . . 27 . . . 2 56 . . . 2 105 2
10 0.75 1.25 30 1.5 2 60 1.5 . . . 110 2
12 1 1.5* 1.25 33 . . . 2 64 . . . 2 120 2
14 . . . 1.5 35 1.5 . . . 65 1.5 . . . 130 2
15 1 . . . 36 . . . 2 70 1.5 . . . 140 2
16 . . . 1.5 39 . . . 2 72 . . . 2 150 2
17 1 . . . 40 1.5 . . . 75 1.5 . . . 160 3
18 . . . 1.5 42 . . . 2 80 1.5 2 170 3
20 1 1.5 45 1.5 . . . 85 . . . 2 180 3
22 . . . 1.5 48 . . . 2 90 . . . 2 190 3
24 . . . 2 50 1.5 . . . 95 . . . 2 200 3
25 1.5 . . . 55 1.5 . . . 100 . . . 2

All dimensions are millimeters.
*Only for wheel studs and nuts.

American National Standard Fine Pitch Metric Thread—M Profile Series 
(ANSI B1.13M–1983)

Figure 19.10

Metric thread tables
Metric thread specifi cation tables show the nominal thread size (in mm) and the pitch.

Internal

M24 X 2

Metric
Diameter (mm)

Pitch (mm)

 M24 X 2

External

Figure 19.11

Basic metric thread note for specifying threads
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thread, add a dash after the last position tolerance, then 

the letters LH. Closer fi tting threads for mating parts are 

specifi ed with a slash followed by the closer tolerance 

designation, such as /5g6g.

19.5 Thread Tables
Thread tables are used for specifying thread notes on 

technical drawings. Thread tables are found in the Ma-
chinery’s Handbook, and a few are included in Appen-

dixes 20 through 44. The table in Figure 19.13 on the next 

page is part of the ANSI “Unifi ed Inch Screw Thread” 

table. Refer to the Machinery’s Handbook section, “Fas-

teners,” for threaded fastener specifi cations.

Specifying a Thread Using a Thread Table
To specify a fastener for technical drawing, use the follow-

ing procedure:

Step 1. Determine the nominal major diameter of the 

thread. Locate the size by looking in the Sizes column of 

Figure 19.13. For this example, fi nd 1�.

Step 2. Determine the series with graded or constant 

pitch. For this example, use the Coarse UNC series.

Step 3. Locate the number of threads per inch by fi nding 

the intersection of the size row (1�) with the pitch column 

(UNC), to get the value of 8. The thread note would be 

written 1.000–8UNC–2A for an external thread.

As another example, a 13/8 fi ne thread has 12 threads 

per inch, using the table in Figure 19.13. The thread note 

would be written 1.375–12UNF–2B for an internal thread.

19.6 Thread Drawings
Most threads are diffi cult to represent graphically in 

their true form. The three conventional methods for 

drawing thread forms are detailed, schematic, and sim-

plifi ed (Figure 19.14 on page 920). The detailed thread 

representation is the most realistic but is more diffi cult 

and time- consuming to draw and is rarely used on techni-

cal drawings. Its use is normally limited to illustrations. 

The schematic and simplifi ed representations are easier 

to draw and are more widely used in technical drawings, 

INTERNAL THREAD, RIGHT HAND

Crest Dia. Tol. symbol

M   6   x   1   -   4   h   5   h

Thread form  symbol

Nominal size (in millimeters)
Pitch (in millimeters)

Tolerance class

Tolerance position

Tolerance grade

Tolerance position

Tolerance grade
Pitch Dia. Tol. symbol

Crest Dia. Tol. symbol

M   6   x   1   -   4   H   5   H

Thread form symbol
Nominal size (in millimeters)

Pitch (in millimeters)

Tolerance class

Tolerance position

Tolerance grade

Tolerance position

Tolerance grade
Pitch Dia. Tol. symbol

Tolerance specified

EXTERNAL

 THREAD, RIGHT HAND

Figure 19.12

Complete metric thread note
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0

2

4
5
6
8
10

1/4
5/16
3/8
7/16
1/2
9/16
5/8

3/4

7/8

1

1 1/8

1 1/4

1 3/8

1 1/2

1 5/8

1 3/4

1 7/8

2

2 1/4

2 1/2

2 3/4

1

3

12

11/16

13/16

15/16

1 1/16

1 3/16

1 5/16

1 7/16

1 9/16

1 11/16

1 13/16

1 15/16

2 1/8

2 3/8

2 5/8

2 7/8

0.0600
0.0730
0.0860
0.0990
0.1120
0.1250
0.1380
0.1640
0.1900
0.2160
0.2500
0.3125
0.3750
0.4375
0.500
0.5625
0.6250
0.6875
0.7500
0.8125
0.8750
0.9375
1.0000
1.0625
1.1250
1.1875
1.2500
1.3125
1.3750
1.4375
1.5000
1.5625
1.6250
1.6875
1.7500
1.8125
1.8750
1.9375
2.0000
2.1250
2.2500
2.3750
2.5000
2.6250
2.7500
2.8750

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

UNC
4

UNC
4

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

UNC
6

UNC
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

UNC
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

UNC
12
12
12
12
12
12

UNF
12

UNF
12

UNF
12

UNF
12

UNF
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

--
--
--
--
--
--
--
--
--
--
--
--

UNC
16
16
16
16
16

UNF
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

--
--
--
--
--
--
--
--
--
--

UNC
20
20

UNF
UNF
20
20
20

UNEF
UNEF
UNEF
UNEF
UNEF

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

--
--
--
--
--
--
--
--
--

UNF
UNF
28
28

UNEF
UNEF

28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

--
--
--
--
--
--

UNC
UNC
UNF

UNEF
UNEF
UNEF
UNEF

32
32
32
32
32
32
32
32
32
32
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

0
1
2
3
4
5
6
8
10
12
1/4
5/16
3/8
7/16
1/2
9/16
5/8

11/16
3/4

13/16
7/8

15/16
1

1 1/16
1 1/8
1 3/16
1 1/4
1 5/16
1 3/8
1 7/16
1 1/2
1 9/16
1 5/8

1 11/16
1 3/4

1 13/16
1 7/8

1 15/16
2

2 1/8
2 1/4
2 3/8
2 1/2
2 5/8
2 3/4
2 7/8

--
64
56
48
40
40
32
32
24
24
20
18
16
14
13
12
11
--
10
--
9
--
8
--
7
--
7
--
6
--
6
--
--
--
5
--
--
--

4 1/2
--

4 1/2
--
4
--
4
--

80
72
64
56
48
44
40
36
32
28
28
24
24
20
20
18
18
--
16
--
14
--
12
--
12
--
12
--
12
--
12
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

--
--
--
--
--
--
--
--
--
32
32
32
32
28
28
24
24
24
20
20
20
20
20
18
18
18
18
18
18
18
18
18
18
18
--
--
--
--
--
--
--
--
--
--
--
--

Basic
Major

Diameter Sizes

Series with Constant Pitches
Series with Graded

Pitches

Threads per Inch

Sizes

Primary Secondary 4UN 6UN 8UN 12UN 16UN 20UN 28UN 32UN
Coarse
UNC

Fine
UNF

Extra
Fine

UNEF

Figure 19.13

ANSI standard thread table
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with the simplifi ed representation being the most com-

mon. Generally, only one of the three methods is used on 

a single drawing, but they may be mixed if necessary.

19.6.1 Simplifi ed Representation

The simplifi ed method of representing threads is the 

quickest and easiest technique, whether using hand tools 

or CAD, and can be used for all thread forms, including 

metric. Simplifi ed external threads are shown in Fig-

ure 19.15 on the next page for both chamfered and un-

chamfered ends. The threaded portion is shown using 

dashed lines that are drawn parallel to the axis at the 

approximate depth of the minor diameter. When the fas-

tener is drawn in section, the dashed lines are drawn on 

the section view. (This is one of the few exceptions where 

hidden lines are drawn on a section view.)

Drawing a Simplifi ed External Thread
The following steps describe how to draw simplifi ed exter-

nal threads (Figure 19.15).

Step 1. Draw the end view of the thread as two concentric 

circles equal in diameter to the major and minor diame-

ters. If the circles are too close, make the minor diameter 

slightly smaller.

Step 2. Draw the profi le view of the major thread diameter 

and initially show the thread length with construction 

lines.

Step 3. Chamfer the end of the thread, if appropriate, then 

darken the major diameter and thread length lines.

Step 4. Draw the minor diameter as dashed lines. If the 

actual minor diameter is too close to the major diame-

ter, change the distance slightly to increase the spacing. 

Draw a leader line and add the thread note.

Drawing a Simplifi ed Internal Thread
The following steps describe how to draw simplifi ed internal 

threads (Figure 19.16 on the next page).

Step 1. Draw the end view of the threaded hole as two 

concentric circles equal in diameter to the major and mi-

nor diameters of the thread. Draw the major diameter as 

dashed lines. If the circles are too close, make the minor 

diameter slightly smaller. If the end is chamfered, draw 

the larger circle as a solid.

Step 2. In the profi le view, draw the major diameter as 

dashed lines.

Internal threads

External threads

Detailed Schematic Simplified End view

Section
detailed

Section
schematic

Section
simplified

Unsectioned End view

Figure 19.14

Conventional graphic thread form representation types: detailed, schematic, and simplifi ed
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Chamfered

View End Section

No chamfer

View End Section

Thread
length

Major ø

Step 1 Step 2 Step 3 Step 4

ThinThick

.5625-12UNC-2A

Figure 19.15

Simplifi ed method of 
representing external 
threads

Step 1 Step 2 Step 3

Chamfer

No chamfer

View Threaded thru Section

View Threaded thru Section

Figure 19.16

Simplifi ed method of 
representing internal 
threads
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Step 3. Also in the profi le view, draw the minor diameter 

as hidden lines, or as solid lines if the internal thread is in 

section.

Drawing a Simplifi ed Internal Thread for a Blind Hole
The following steps describe how to draw a simplifi ed in-

ternal thread for a blind hole (Figure 19.17). A blind hole is a 

hole that does not go through the material.

Step 1. Draw the end view of the threaded hole as two 

concentric circles equal in diameter to the major and mi-

nor diameters of the thread. Draw the major diameter as 

dashed lines. If the circles are too close, make the minor 

diameter slightly smaller. If the end is chamfered, draw 

the larger circle as a solid.

Step 2. For the profi le view, draw the major and tap drill 

diameters, the depth of the thread, and the 30-degree 

lines for the end of the drilled hole, using construction 

lines. The tap drill diameter should be approximately .125� 

(3 mm) to .25� (6 mm) greater than the drill depth.

Step 3. Darken the construction lines to show the major 

and tap drill diameters as dashed lines. Do the same for 

the 30-degree lines that represent the end of the drill 

bit. In the section view, draw the tap drill diameter of the 

thread as a solid line.

A bottom tapped hole is one in which the tapping tool 

cuts threads all the way to the bottom of the drilled hole. 

Figure 19.17 shows the graphic representation of a bottom 

tapped hole, with dashed lines representing the major di-

ameter drawn to the bottom of the hole.

19.6.2 Schematic Representation

The schematic representation approximates the appear-

ance of screw threads with lines drawn approximately 

equal to the pitch of the thread. When the number of 

threads per inch is too great to represent clearly, the spac-

ing is slightly enlarged.

Thread
length

ø .3125
    .8750
ø .3750-16 UNC-2B
    .6875

Tap drill
.125" to .25"

Major ø

(3 to 6 mm)

Staggered
dashed lines

Thin
30°

Step 1 Step 2 Step 3

Blind holeEnd view Sectioned

Blind hole
Bottom tapped

End view Sectioned

Figure 19.17

Simplifi ed method of representing a blind threaded hole
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Drawing a Schematic External Thread
The following steps demonstrate how to create a schematic 

representation of threads (Figure 19.18).

Step 1. Draw the end view of the thread, using two con-

centric circles equal to the major and minor diameters. 

Using construction lines, draw the profi le view of the ma-

jor and minor diameters and the thread length.

Step 2. Mark the pitch distances along the major diam-

eter and draw construction lines representing the screw 

thread crests. If the pitch distance is too small to show 

the threads clearly, increase the distance to .125� (3 mm) 

(Figure 19.19). Chamfer the end of the fastener using a 

45-degree angle.

Step 3. Darken the lines for the outside diameter, cham-

fer, and thread length. Add lines centered between each 

crest line and approximately equal in length to the minor 

diameter to represent the screw thread root.

Step 4. If the thread profi le is shown in schematic section, 

draw the screw threads using 60-degree angles.

Figure 19.20 shows the schematic representation of 

internal threads for through, blind, and bottom tapped 

holes. The major and minor diameters are represented as 

two equal-length, parallel, hidden lines, for both the sche-

matic and simplifi ed thread representations.

19.6.3 Assembly Sections

A threaded fastener in an assembly section is not sec-

tioned. Because they are standard parts and many times 

they are too small to be shown clearly in section, nuts, 

bolts, screws, studs, and other fasteners are shown whole, 

unless a section view is necessary to show some internal 

feature (Figure 19.21).

Thick

.5265-12 UNC-2AP or
Final crest line beyond thread length

M14 x 2 6g

Step 1 Step 2 Step 3 Step 4

Thread
length

Thin 60°

Major ø

Thread
length

1
8

Figure 19.18

Schematic representation of an external thread

Simplified

Schematic

Good

Larger pitch

.125" (3mm)

Good

Larger thread depth

Poor

Too small

Poor

Actual pitch

too close

Figure 19.19

Approximating pitch and minor diameter measurements
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19.6.4 Pipe Threads

Pipe threads are used for piping systems that carry liquids 

and gases, for drilling, and for other applications where 

pipes must be joined. Two general types of standard pipe 

threads are used in industry: taper and straight. A taper 

thread tapers at 1 ⁄16 inch per 1 inch of length, or .75 inch 

per foot. Pipe threads with a taper are represented graphi-

cally using either the simplifi ed or schematic techniques. 

The pipe thread note designates the major diameter, the 

threads per inch, and the symbol for form and series, such 

End view Through Blind Bottom-tapped

Simplified views

End view Through Blind Bottom-tapped

Sectional views

Figure 19.20

Schematic representation of internal threads

Figure 19.21

Assembly section with threaded fasteners
(Courtesy of TRW Ross Gear Division.)
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as 1⁄2—14 NPT. Symbol designations for common Ameri-

can Standard pipe threads are as follows:

NPT—American Standard taper pipe thread.

NPTR—American Standard taper pipe for railing joints.

NPTF—Dryseal American Standard pipe thread.

NPSF—Dryseal American Standard fuel internal straight 

pipe thread.

NPSI—Dryseal American Standard fuel intermediate in-

ternal straight pipe thread.

Figure 19.22 shows a taper pipe thread drawn sche-

matically and simplifi ed. The taper need not be shown on 

technical drawings because the thread note will specify 

whether the thread is straight or tapered.

A straight-pipe metric, Unifi ed, or American Standard 

thread is drawn using the same steps for schematic or 

simplifi ed representations.

For more detailed information on pipe threads, refer 

to the Machinery’s Handbook section, “American Pipe 

Threads,” and Appendix 44.

19.6.5 CAD Techniques

The CAD techniques for representing threads on a tech-

nical drawing involve the LINE, CIRCLE, POLYGON, 

PARALLEL, and COPY commands, as well as several 

others. The POLYGON command is used to create a 

hexagon or square of a given size. The PARALLEL or 

COPY command is used to draw the multiple lines used 

in schematic and detail thread drawings.

Some CAD software will automatically create simpli-

fi ed thread representations once the type of hole and its 

position are specifi ed. The software will automatically 

draw the major and minor diameters, change the linetype, 

and draw the details for blind tapped holes.

Many 3-D CAD models do not support helical geom-

etry, making it impossible to represent threads accurately. 

As with 2-D CAD drawings, 3-D models will usually show 

threads schematically as a series of concentric ridges or 

not at all, leaving the thread specifi cation for a note.

19.7 Design for Assembly (DFA)
Modern manufacturing processes demand the use of 

modern design techniques. The design and assembly 

processes should be integrated, from product ideation to 

production. Design for assembly (DFA) and design for 
manufacturability (DFM) techniques can be applied to 

products assembled either manually or automatically. DFA 

analysis can indicate possible directions for simplifi cation 

and the cost benefi ts that result. More than 50 percent of 

the total production time is spent in assembly or fastening, 

yet only 5 percent of the total cost of a product is for me-

chanical fasteners. Any design decision that reduces fas-

teners will result in a savings in assembly time and cost.

Simplified - Internal

Profile

.75-14 DRYSEAL NPTF

End view Section

Simplified - External

3

1

°

0.0625

Profile End view

.75-14 DRYSEAL NPTF

Schematic - Internal

Profile End view

.75-14 NPT

Section

Schematic - External

.75-14 NPT

3°

1

0.0625

Profile End view

Figure 19.22

Representing pipe threads
Graphic representation of tapered pipe threads can include the 
tapering angle.
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If automatic assembly is part of the manufacturing 

process, the type of fastener and the fastening method 

must be compatible with the assembly equipment. When 

selecting fasteners used in automatic assembly, use 

standardized fastener sizes as much as possible. Stan-

dardization means fewer assembly stations and tooling 

changes.

Bolted joints should provide a strong, stable connec-

tion that minimizes undue stress. Figure 19.23 shows the 

considerations for good design using bolts.

Bolt heads and nuts are 
readily accessible for 
accurate preload control 
during tightening. 
Assemblers should use 
the most accurate 
tightening tools and 
procedures that costs 
permit.

Bolt hole axis is 
perpendicular to 
surfaces of joint 
members to reduce 
stress concentrations. 

Joint surfaces are flat 
and parallel to each 
other, reducing stress 
concentrations, 
especially bending 
stress. 

Hole is large enough to 
avoid cramping or 
interference during
assembly, but small 
enough to minimize slip 
distances and to 
maximize head, washer, 
and nut-to-joint bearing 
surfaces. 

Bolt extends two full 
threads past the outer 
end of the nut. 

Bolt holes are located 
within two diameters of 
one another if gaskets 
are used. If this is 
impossible, change joint
thickness, bolt diameters, 
or both to provide uniform
contact-stress distribution 
between joint members. 

Bolt hole is chamfered to 
eliminate burrs and 
provide clearance for bolt
head-to-body fillet. This 
eliminates potential stress 
concentrations and
post-assembly relaxation.  

Stiff joint and flexible 
bolts provide the 
maximum practical 
joint-to-bolt stiffness ratio, 
minimizing the effects of 
external loads, 
temperature change,
and such on bolt stresses. 

Thread runout does not 
coincide with the interface 
between joint members. 
This avoids stress
concentration effects. 

Hard washers distribute 
contact stresses more 
uniformly. 

Bolts, nuts, washers, and 
joint members are of 
similar or identical 
materials to minimize
differential thermal 
expansion as well as 
galvanic corrosion.

Bolt distribution should 
be uniform around the 
line of action of external 
tensile loads on the 
joint. Loads should not 
be offset. Likewise, the 
line of action of shear 
loads should pass
through the centroid of 
the bolt pattern. 

Figure 19.23

Good design principles when using bolts
Designs must take full advantage of bolts to provide for strong joining of materials.

(From Machine Design. Reprinted with permission from Penton Media.)
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Using a shared CAD database makes DFA and DFM 

much easier. Since everyone on the design team has ac-

cess to the database, and since design teams today include 

representatives from all stages of the design and manu-

facturing process, coordinating the need for ease of as-

sembly is greatly facilitated. For example, manufacturing 

engineers can review a preliminary design and recom-

mend ways that fasteners can be reduced or standardized. 

Design engineers can then analyze the revised design 

to determine if it still meets structural and functional 

specifi cations.

Refer to the Machinery’s Handbook section, “Fasten-

ers,” for design considerations when selecting fasteners.

19.8 Standard Bolts, Studs, and Screws
The fi ve general types of standard threaded fasteners are 

as follows:

 1. Bolt—a mechanical threaded device with a head 

on one end and threads on the other end. Bolts are 

paired with nuts (Figure 19.24A). A nut is a me-

chanical threaded device used on the end of a bolt, 

stud, or machine screw.

 2. Stud—a rod that is threaded on both ends and 

joins two mating parts. A nut may be used on one 

end (Figure 19.24B).

 3. Cap screw—a mechanical threaded device with 

a head on one end and threads on the other end. 

Cap screws join two mating parts and have lon-

ger threads than bolts (Figure 19.24C). Also, cap 

screws can be made with slotted heads.

 4. Machine screw—a mechanical threaded device 

with a head on one end and threads on the other 

end. The threaded end may screw into a mating 

part, or may be used with a nut. A machine screw 

is similar to a cap screw, but it is normally smaller 

(Figure 19.24D).

 5. Set screw—a mechanical threaded device with or 

without a head, used to prevent rotation or move-

ment between parts, such as a shaft and a collar. 

Set screws have different types of points and heads 

for different applications (Figure 19.24E).

The basic difference between a bolt and a screw is that 

a bolt is normally intended to be tightened or loosened us-

ing a nut, while a screw is normally intended to be mated 

with an internal thread in a part, using the head for tight-

ening or loosening.

19.8.1 Standard Bolts

American National standard bolts have either hexagon 

or square heads. Square-head bolts are not available in 

metric. The nuts used on bolts come in several variations, 

depending on the application or on design considerations. 

ANSI B18.2.1–1981 is used to specify bolts and ANSI 

B18.2.2–1972 is used for nuts. Appendixes 22 through 27 

contain square and hex bolt and nut tables.

Bolts and screws are specifi ed in the following 

sequence:

Nominal size (major diameter)

Threads per inch

Length

Name

Material

Protective fi nish

(C) Cap Screw

(D) Machine Screw

(E) Set Screw

(B) Stud

(A) Bolt

Figure 19.24

General types of fasteners
The fi ve general types of fasteners are bolts, studs, cap screws, 
machine screws, and set screws.
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Examples of thread notes for bolts and nuts are as 

follows:

.500–13 UNC � 2 Hex Cap Screw
1⁄2–13 UNC � 2.5 Square Bolt, Steel, Zinc Plated

Hexagon bolts are either regular, which are used for 

general purposes, or heavy, which are used for applica-

tions that require more strength. The thickness of the head 

is the major difference between a regular and a heavy bolt. 

Square bolts are available in the regular form only.

Bolts are further categorized as either fi nished or un-
fi nished. A fi nished bolt has a fi nished surface called 

a washer face, which is 1 ⁄64-inch thick and provides a 

smooth bearing surface (Figure 19.25). An unfi nished 

bolt has a head without a machined surface. Heavy struc-

tural bolts are used in many buildings and structures to 

fasten steel members.

Hex Head Bolts  Normally, standard bolts are not drawn 

on technical drawings, except for assemblies. When draw-

ing a bolt, the type, nominal diameter, and length must be 

known. For this example, use a 1-inch nominal diameter, 

a hex head bolt, and a length of 3 inches (Figure 19.26).

Drawing a Hex Head Bolt
Step 1. Refer to ANSI B18.2.1–1981, American National 

Standard and Unifi ed Standard Hex and Heavy Hex 

Bolts, for the dimensions of a 1� hex bolt (Figure 19.27). 

One red shaded row in the fi gure is for a 1� hex bolt.

Semifinished
and finished

Washer
face

Unfinished

Figure 19.25

Finished and unfi nished bolts
The difference between a fi nished and an unfi nished hex head 
bolt is a washer face under the head of the fi nished bolt.

Refer to table

Step 1

Flats

Corners

Step 2

Step 4

R
R

R60°

Step 6

.02 x ø 1.500

Step 5

30°

Step 3

Approximately ø 1.5

Major ø

ø .67

Bolt
length

H

Approximately

Figure 19.26

Steps used to draw a hex head bolt
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Step 2. With the Width Across Flats dimension of 1.5 from 

the ANSI table, use techniques described in Chapter 6 

to draw a hexagon for the end view of the hex bolt. The 

width across the fl ats could also be determined using 

the formula, W (width across fl ats) � 1.5D (nominal diam-

eter). Always draw the bolt head corners so that square 

and hexagon heads are not confused in drawings.

Step 3. Draw the outline of the profi le view of the bolt, us-

ing construction lines. Use 1� as the major diameter for 

the shaft. Bolt length is not standardized because of the 

large variety available; therefore, use the chart in Figure 

19.28 as a guide to determine available bolt-length incre-

ments for various diameters. Bolt length is always mea-

sured from the bottom surface of the head to the end 

of the threaded part of the bolt. For this example, use 

3� as the bolt length. Draw the profi le view of the head 

by reading the Basic Height column from the table or by 

using the graphic approximation technique, which is H 

(height) � 2⁄3 D (depth). Both methods result in .67� for the 

head height.

Step 4. Lay out the hex head details in the profi le view by 

projecting the lines representing the corners from the 

end view and then drawing 60-degree lines from the top 

and bottom corners and intersecting on the axis. The in-

tersection is the center of an arc whose radius is equal 

to the distance from the top end of the fastener to the in-

tersection point. Strike an arc across the head, as shown 

in Step 4 of Figure 19.26. Draw 60-degree construction 

lines from the fi rst 60-degree lines and through the pro-

jected corner lines. Draw two more arcs from the inter-

sections of the 60-degree lines.

Step 5. Use a 30-degree tangent line to chamfer the corners 

of the bolt head. Darken all object lines; then add dashed 

lines for a simplifi ed representation of the threaded por-

tion of the fastener. From the table in Figure 19.27, read 

the Thread Length column; then draw the length to 2.250�. 

Alternatively, use the graphic approximation technique for 

bolts less than 6� long, which is thread length � 2d (diam-

eter) � 1⁄4 . Either method results in 2.250� for the thread 

length of the bolt.

1/2
5/8
3/4
7/8
1

1 1/8
1 1/4
1 3/8
1 1/2
1 3/4

2
2 1/4
2 1/2
2 3/4

3

0.5000
0.6250
0.7500
0.8750
1.0000
1.1250
1.2500
1.3750
1.5000
1.7500
2.0000
2.2500
2.5000
2.7500
3.0000

0.515
0.642
0.768
0.895
1.022
1.149
1.277
1.404
1.531
1.785
2.039
2.305
2.559
2.827
3.081

7/8
1 1/16
1 1/4

1 7/16
1 5/8

1 13/16
2

2 3/16
2 3/8
2 3/4
3 1/8
3 1/2
3 7/8
4 1/4
4 5/8

0.875
1.062
1.250
1.438
1.625
1.812
2.000
2.188
2.375
2.750
3.125
3.500
3.875
4.250
4.625

0.850
1.031
1.212
1.394
1.575
1.756
1.938
2.119
2.300
2.662
3.025
3.388
3.750
4.112
4.475

1.010
1.227
1.443
1.660
1.876
2.093
2.309
2.526
2.742
3.175
3.608
4.041
4.474
4.907
5.340

0.969
1.175
1.383
1.589
1.796
2.002
2.209
2.416
2.622
3.035
3.449
3.862
4.275
4.688
5.102

11/32
27/64
1/2

37/64
43/64
3/4

27/32
29/32

1
1 5/32
1 11/32
1 1/2

1 21/32
1 13/16

2

0.364
0.444
0.524
0.604
0.700
0.780
0.876
0.940
1.036
1.196
1.388
1.548
1.708
1.869
2.060

0.302
0.378
0.455
0.531
0.591
0.658
0.749
0.810
0.902
1.054
1.175
1.327
1.479
1.632
1.815

1.250
1.500
1.750
2.000
2.250
2.500
2.750
3.000
3.250
3.750
4.250
4.750
5.250
5.750
6.250

HEX BOLTS

HEAVY HEX BOLTS

7/16
1/2

9/16
5/8
3/4

15/16
1 1/8

1 5/16
1 1/2

1 11/16
1 7/8

2 1/16
2 1/4
2 5/8

3
3 3/8
3 3/4
4 1/8
4 1/2
4 7/8
5 1/4
5 5/8

6

0.438
0.500
0.562
0.625
0.750
0.938
1.125
1.312
1.500
1.688
1.875
2.062
2.250
2.625
3.000
3.375
3.750
4.125
4.500
4.875
5.250
5.625
6.000

0.425
0.484
0.544
0.603
0.725
0.906
1.088
1.269
1.450
1.631
1.812
1.994
2.175
2.538
2.900
3.262
3.625
3.988
4.350
4.712
5.075
5.437
5.800

0.505
0.577
0.650
0.722
0.866
1.083
1.299
1.516
1.732
1.949
2.165
2.382
2.598
3.031
3.464
3.897
4.330
4.763
5.196
5.629
6.062
6.495
6.928

0.484
0.552
0.620
0.687
0.826
1.033
1.240
1.447
1.653
1.859
2.066
2.273
2.480
2.893
3.306
3.719
4.133
4.546
4.959
5.372
5.786
6.198
6.612

11/64
7/32
1/4

19/64
11/32
27/64
1/2

37/64
43/64
3/4

27/32
29/32

1
1 5/32
1 11/32
1 1/2

1 21/32
1 13/16

2
2 3/16
2 5/16
2 1/2

2 11/16

0.188
0.235
0.268
0.316
0.364
0.444
0.524
0.604
0.700
0.780
0.876
0.940
1.036
1.196
1.388
1.548
1.708
1.869
2.060
2.251
2.380
2.572
2.764

0.150
0.195
0.226
0.272
0.302
0.378
0.455
0.531
0.591
0.658
0.749
0.810
0.902
1.054
1.175
1.327
1.479
1.632
1.815
1.936
2.057
2.241
2.424

0.750
0.875
1.000
1.125
1.250
1.500
1.750
2.000
2.250
2.500
2.750
3.000
3.250
3.750
4.250
4.750
5.250
5.750
6.250
6.750
7.250
7.750
8.250

0.260
0.324
0.388
0.452
0.515
0.642
0.768
0.895
1.022
1.149
1.277
1.404
1.531
1.785
2.039
2.305
2.559
2.827
3.081
3.335
3.589
3.858
4.111

Nominal
Size

or Basic
Diam.

Body
Diam.

Width Across
Flats

Width
Across
Corners

Height Thread
Length

BasicMax. Max.Basic Min. Max. Min.

1/4
5/16
3/8

7/16
1/2
5/8
3/4
7/8
1

1 1/8
1 1/4
1 3/8
1 1/2
1 3/4

2
2 1/4
2 1/2
2 3/4

3
3 1/4
3 1/2
3 3/4

4

0.2500
0.3125
0.3750
0.4375
0.5000
0.6250
0.7500
0.8750
1.0000
1.1250
1.2500
1.3750
1.5000
1.7500
2.0000
2.2500
2.5000
2.7500
3.0000
3.2500
3.5000
3.7500
4.0000

Min.Max.Basic

Figure 19.27

ANSI B18.2.1–1981 hex 
head bolt standards
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Step 6. If the bolt is a fi nished hex head, add the washer 

face to the underside of the head. A washer face is rep-

resented as .02� thick and 1.500 in length.

Square Head Bolts  Draw a .500-inch major diameter, 

square head bolt, 2.25 inches long. Use the following 

steps and Figure 19.29 as a guide.

Drawing a Square Head Bolt
Step 1. Refer to ANSI B18.2.1–1981, American National 

Standard and Unifi ed Standard Square and Heavy Hex 

Bolts, for the dimensions to draw a ½� hex bolt (Figure 19.30 

on the next page). One red shaded row is for a ½� hex bolt.

Step 2. Using the Width Across Flats dimension of ¾� from 

the ANSI table, draw a square to represent the end view of 

7/8

1-4 1/2

4 1/2-6

6-20

20-30

1/4

1/2

1
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1/8
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3/4-4

4-5
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3/4-6

6-9

9-12
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6-8

1/2

1-6

6-13

13-24

5/8

1-6

6-13

13-24

3/4

1-6

6-15

15-24

24-30
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3-6

6-12

12-30

1/4-1
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4-6
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Figure 19.28

Guide for determining 
bolt lengths

R = ø .75

Step 2 Step 3 Step 5Step 4

Read table

Step 1

ø 1.5
30°

60°

R

ø .33

ø .50
2.25"

Figure 19.29

Drawing a square 
head bolt
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the bolt. Always draw the bolt head corners so that square 

and hexagon heads are not confused in drawings. Again, 

the width across the fl ats could also be determined using 

W (width across fl ats) � 1.5D (diameter).

Step 3. Draw the outline of the profi le view, using con-

struction lines. Using 1⁄2 � as the major diameter for the 

shaft, consult the chart in Figure 19.28 to determine 

available bolt-length increments. For this example, use 

2.25� as the bolt length. Draw the profi le of the head by 

reading the Basic Height column from the table, or us-

ing the graphic approximation, H (height) � 2⁄3 D (depth). 

Both methods result in .33� for the head height. Add the 

lines for the projected middle corner and a center line.

Step 4. Lay out the square head details in the profi le view 

by drawing 60-degree lines from the corners of the head, 

intersecting below the head. The intersection is the cen-

ter of an arc whose radius is equal to the distance from 

the top of the head to the intersection point. Strike two 

arcs across the head, as shown in Step 4.

 Step 5. Use a 30-degree tangent line to chamfer the cor-

ners of the bolt head. Darken all object lines; then add hid-

den lines for a simplifi ed representation of the threaded 

portion of the fastener. From the table, read the Thread 

Length column; then draw the length to 1.250�. Alter-

nately, use the graphic approximation for bolts less than 

6� long, which is thread length � 2d (diameter) � ¼. Either 

method results in 1.250� for the thread length of the bolt.

19.8.2 Standard Nuts

A nut is a mechanical threaded device used on the ends 

of bolts, studs, and machine screws. Various types of nuts 

are used for different applications. Hex and square nuts, 

Figure 19.30

ANSI B18.2.1–1981 square head bolt standards

0.260
0.324
0.388
0.452
0.515
0.642
0.768
0.895
1.022
1.149
1.277
1.404
1.531

3/8
1/2

9/16
5/8
3/4

15/16
1 1/8

1 5/16
1 1/2

1 11/16
1 7/8

2 1/16
2 1/4

0.375
0.500
0.562
0.625
0.750
0.938
1.125
1.312
1.500
1.688
1.875
2.062
2.250

0.362
0.484
0.544
0.603
0.725
0.906
1.088
1.269
1.450
1.631
1.812
1.994
2.175

0.530
0.707
0.795
0.884
1.061
1.326
1.591
1.856
2.121
2.386
2.652
2.917
3.182

0.498
0.665
0.747
0.828
0.995
1.244
1.494
1.742
1.991
2.239
2.489
2.738
2.986

11/64
13/64
1/4

19/64
21/64
27/64
1/2

19/32
21/32
3/4

27/32
29/32

1

0.188
0.220
0.268
0.316
0.348
0.444
0.524
0.620
0.684
0.780
0.876
0.940
1.036

0.156
0.186
0.232
0.278
0.308
0.400
0.476
0.568
0.628
0.720
0.812
0.872
0.964

0.750
0.875
1.000
1.125
1.250
1.500
1.750
2.000
2.250
2.500
2.750
3.000
3.250

1/2
5/8
3/4
7/8
1

1 1/8
1 1/4
1 3/8
1 1/2

0.5000
0.6250
0.7500
0.8750
1.0000
1.1250
1.2500
1.3750
1.5000

1.00
1.25
1.38
1.50
1.75
2.00
2.00
2.25
2.25

Basic

0.19
0.22
0.25
0.28
0.31
0.34
0.38
0.44
0.44

Max.

0.515
0.642
0.768
0.895
1.022
1.149
1.277
1.404
1.531

0.482
0.605
0.729
0.852
0.976
1.098
1.223
1.345
1.470

0.875
1.062
1.250
1.438
1.625
1.812
2.000
2.188
2.375

0.850
1.031
1.212
1.394
1.575
1.756
1.938
2.119
2.300

1.010
1.227
1.443
1.660
1.876
2.093
2.309
2.526
2.742

0.969
1.175
1.383
1.589
1.796
2.002
2.209
2.416
2.622

0.323
0.403
0.483
0.563
0.627
0.718
0.813
0.878
0.974

0.302
0.378
0.455
0.531
0.591
0.658
0.749
0.810
0.902

0.031
0.062
0.062
0.062
0.093
0.093
0.093
0.093
0.093

0.009
0.021
0.021
0.031
0.062
0.062
0.062
0.062
0.062

Max. Min. Max. Min. Max. Min. Max. Min.Max. Min.

Nominal
Size

or Basic
Product
Diam. Max. Basic

HEAVY HEX STRUCTURAL BOLTS

Nominal
Size

or Basic
Product
Diam.

Thrd.
Lgth.

Radius
of FilletHeight

Width
Across
Corners

Width
Across
Flats

Body
Diam.

Transi-
tion

Thrd.

SQUARE BOLTS

1/4
5/16
3/8
7/16
1/2
5/8
3/4
7/8
1

1 1/8
1 1/4
1 3/8
1 1/2

0.2500
0.3125
0.3750
0.4375
0.5000
0.6250
0.7500
0.8750
1.0000
1.1250
1.2500
1.3750
1.5000

Body
Diam.

Width Across
Flat

Width
Across
Corners

Height
Thrd.
Lgth.

Basic Max. Min.Max. Min.Basic Max. Min.
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the most common types found in industry (Figure 19.31), 

come in common and heavy classifi cations. Other types 

of nuts are hex jam, hex slotted, hex castle, and crown 

(Figure 19.32 on the next page). Refer to the Machinery’s 
Handbook section, “Bolts, Screws, Nuts, and Washers,” 

for standard nut specifi cations.

Hex Head Nuts  ANSI standard tables are used for nut di-

mensions. A hex head nut is drawn in a manner similar to 

that used for the head of a hex head bolt. The thickness of 

the nut would be 7⁄8D, instead of the 2 ⁄3D used for the bolt. 

Figure 19.33 on page 934 illustrates the procedure for 

drawing a hex head nut. Dashed lines are added to show 

the threaded hole.

Square Head Nuts  A square head nut is drawn using 

ANSI tables and following the same basic steps as those 

used for the head of a square head bolt. The thickness of 

the square head nut is 7⁄8D, instead of the 2 ⁄3D used for the 

bolt head. Figure 19.34 on page 934 illustrates the proce-

dure for drawing a square head nut.

19.8.3 Head Style Design Considerations

There are many types of heads available for cap and ma-

chine screws, and there are specifi c design reasons for 

choosing a particular head. Head selection depends on the 

driving tool to be used, the type of load, and the external 

appearance desired. Figure 19.35 on page 934 shows a va-

riety of head styles and their design characteristics.

19.8.4 Standard Cap Screws

Cap screws are similar to bolts, except that a cap screw 

is normally used without a nut. Instead, the cap screw is 

threaded into one of the mating parts, clamping one part 

between the head and the other part. Figure 19.36 on page 

934 shows a hex head cap screw holding the top part be-

tween the screw head and the bottom part. The top part nor-

mally has a clearance hole, and the bottom part is normally 

drilled and tapped to match the thread of the cap screw.

Caps screws come in a variety of head styles, and range 

in diameter from 1⁄4 inch to 11⁄4 inches. The length of the 

screw thread is equal to either twice the basic screw diame-

ter plus .250 inch or 21⁄2 times the pitch of the thread, which-

ever is greater. Short cap screws are threaded to within 21⁄2 

pitches of the head. The total body length (L) of most cap 

screws with diameters of up to 1 inch is as follows:

1⁄16 � increments for lengths 1⁄8 � to 1⁄4 �; for example, body 

lengths of 3 ⁄16 �, 1⁄4 �, 5 ⁄16 �.
1⁄8 � increments for lengths 1⁄4 � to 1�; for example, body 

lengths of 3 ⁄8 �, 1⁄2 �, 5 ⁄8 �.
1⁄4 � increments for lengths 1� to 31⁄2 �; for example, body 

lengths of 21⁄4 �, 21⁄2 �, 23 ⁄4 �.
1⁄2� increments for lengths 31⁄2 � to 7�; for example, body 

lengths of 3.5�, 4�, 4.5�.
1� increments for lengths 7� to 10�; for example, body 

lengths of 7�, 8�, 9�.

JamSquare Hexagon

Unfaced

Square Hexagon

Hexagon Slotted Jam Castle

Faced

Figure 19.31

Machine screws and stove bolt nuts
A variety of hex and square nuts is used for many applications 
in industry.
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The ends of all cap screws are fl at, with chamfers that 

are drawn at 45 degrees. Figure 19.37 on page 935 gives 

the basic dimensions used to draw cap screws. Refer to 

the Machinery’s Handbook section, “Bolts, Screws, Nuts, 

and Washers,” or the ANSI tables of actual dimensions 

in the appendixes. A cap screw is specifi ed in the same 

manner as other threaded fasteners, except that head type 

is appended to the note, as follows:

1⁄2–13 UNC–2A � 2-1⁄4 HEX HD CAP SCR.

19.8.5 Standard Machine Screws

Machine screws are similar to cap screws, except that they 

are usually smaller in diameter (.021 inch to .750 inch). A 

machine screw is threaded into one of the mating parts, 

clamping one part between the head and the other part. 

The top part normally has a clearance hole, and the bottom 

part is normally drilled and tapped to match the thread of 

the cap screw. An alternative would be to use a machine 

screw and nut in a manner similar to that of using a bolt 

and nut.

Machine screws are fi nished with fl at bottoms instead 

of chamfered corners. Machine screws less than 2 inches 

long are fully threaded. Figure 19.38 shows how to draw 

standard machine screws, given dimensions based on 

the major diameter. For actual dimensions, refer to the 

Machinery’s Handbook section, “Machine Screws,” or 

the ANSI English and metric tables in the appendixes. A 

machine screw is specifi ed in the same manner as other 

threaded fasteners, except the head type is appended to 

the note, as follows:

1⁄2–13 UNC–2A � 2-1⁄4 HEX HD MACH SCR.

Hexagon slotted

Regular square Track bolt
Machine screw 

Hexagon jam Hexagon thick
slotted 

Cap (acorn)High slottedHexagon castle

Hexagon thick

Figure 19.32

Other standard types of nuts
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30°

ø .875

R

WASHER FACE
.016 APPROX
DRAW .06

1-8 UNC-2B FIN. HEX NUT

Figure 19.33

Drawing a hex head nut

ø .875

30°

ø

.5-13 UNC-1B REG. SQ. NUT  

Figure 19.34

Drawing a square head nut

Truss
Head covers a large area.  It is used where extra holding power is
needed, holes are oversize, or material is soft.

Oval
This head has characteristics similar to a flat head but is sometimes
preferred because of its neat appearance.

Binding
This head is commonly used in electrical connections because the
undercut prevents fraying of stranded wire.

Washer
Also called a flange head, this configuration eliminates a
separate assembly step when a washer is required, increases
the bearing areas of the head, and protects the mater ial finish
during assembly.

12-Point
Twelve-sided head is normally used on aircraft-grade fasteners.  Its
multiple sides allow for a very sure grip and high torque during assembly.

Hex and Square
Available as either regular, used for general purposes, or heavy, used 
for applications requiring more strength. 

Pan
Head combines the qualities of truss, binding, and round heads.

Fillister
Deep slot and small head allow a high torque to be applied during
assembly.

Flat
Available with various head angles, the fastener centers well and
provides a flush surface.

Figure 19.35

Fastener head styles and design characteristics
Head confi gurations depend on the driving equipment used 
(such as a screwdriver or socket wrench), type of joint load, and 
desired external appearance. Head styles shown can be used 
for both bolts and screws but are typically identifi ed with the 
fastener category called “machine screw” or “cap screw.”

(From Machine Design. Reprinted with permission from Penton Media.)

Figure 19.36

Hex head cap screw

934 
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19.8.6 Standard Set Screws

A set screw is used to prevent motion between two parts. 

The set screw goes through the threaded fi rst part and has 

a point that presses fi rmly against the second part, to pre-

vent movement. Set screws come in a variety of head and 

point types. Figure 19.39 shows the various types of set 

screws and their basic dimensions. For actual dimensions, 

refer to the Machinery’s Handbook section, “Set Screws,” 

or the ANSI English tables in the appendixes. A set screw 

is specifi ed in the same manner as other threaded fasten-

ers, except that the head type and point is appended to the 

note, as follows:

1⁄2–13 UNC–2A � 3 ⁄4 HEX HD FLAT PT SS.

19.8.7 Other Threaded Fastener Types

A number of other, less common fasteners are also avail-

able to the designer. A few of the special types of fasten-

ers are shown in Figure 19.40 on the next page.

60°

Drawn 45°

ø .25ø .337

ø .667

L

ø 2

ø 1.50

ø

ø 1.50

ø 1.5

L

45°

ø

30°

.016
Drawn
at .06

ø .667

ø .50

ø .25
ø .25

Drawn
90°

L

80°-82°

Drawn 45°

ø

Drawn 45°

ø .75

L

ø .25

ø .50

ø

ø

ø 1.50

ø .75

ø .75

ø

L

ø .10

15°

ø

Hexagon head Flat head Round head Fillister head Hex socket

Figure 19.37

Cap screw types and their dimensions

ø .25

ø .50

2ø

ø .50

80°-82°
Drawn 90°

ø

L

ø .40

ø .60ø 1.5

ø 1.50

ø

L

ø .25

Oval head Fillister head

ø .25

ø .50

ø .25

80°-82°

Drawn 90°

L

ø

Drawn 45°

ø .75

ø .25

ø .50

ø

L

ø

Flat head Round head

Figure 19.38

Machine screw types 
and their dimensions
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Figure 19.39

Set screw types and their dimensions

Square head 

Hexagon 

Round head 

Countersunk 

Step 

Countersunk head square neck
carriage 

Round head square neck
carriage 

Round head short square neck
carriage 

Round head ribbed neck carriage 

Round head fin neck carriage 

T-Head 

Countersunk head square neck
elevator 

Countersunk ribbed head elevator  

Round countersunk head
square neck plow 

Square countersunk head plow 

Round countersunk heavy
key head plow 

Round countersunk reverse
key head plow 

Joint 

Oval neck track 

Elliptical neck track 

Internal wrenching 

Closed eye 

Open eye 

U-Bolt, round bend

U-Bolt, square bend

J-Bolt

Hook, round bend

Hook, square bend

Hook, right angle bend

Hook, special

Figure 19.40

Other types of standard bolt forms
(From Machine Design. Reprinted with permission from Penton Media.)
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A shoulder screw is widely used in industry to hold 

machine parts together (Figure 19.41). Shoulder screws 

have toleranced, unthreaded shafts so that they can be 

used as pivots and linkages.

Self-tapping screws are hardened fasteners, with 

various types of heads, that will form their own tapped 

holes in softer materials (Figure 19.42). Wood screws are 

threaded fasteners used to hold wood products together. 

Lag bolts, screw hooks, and fl at, oval, and round head 

screws are varieties of wood screws (Figure 19.43).

Wing and thumb screws have special types of heads 

that can be turned by hand, for special assembly purposes 

(Figure 19.44). Refer to manufacturers’ catalogs for other 

types of fasteners and their dimensions.

19.8.8 Locking Devices

Some locking devices are used to prevent threaded fas-

teners from coming loose; others are special devices that 

can be used in place of fasteners. Locking devices such 

as retaining rings and spring washers do not use threads 

(Figure 19.45). Slotted and castle nuts are specialized de-

vices with grooves cut into them to accommodate a cotter 

pin, which prevents slippage after assembly. (See Figure 

19.32.) Jam nuts are thin hex nuts that are fastened on top 

of regular hex nuts to prevent slippage. (See Figure 19.32.) 

Many of these locking devices and their dimensions are 

D d

L

45° ± 5°

Type AB

Figure 19.42

Self-tapping screw

Figure 19.41

Shoulder screw

Flat head

Figure 19.43

Flat head wood screw

A

E
G

B L

Figure 19.44

Type D wing screw

Inverted external 

Beveled external 

Basic internal Basic external 

Beveled internal Inverted internal 

Figure 19.45

Examples of retaining rings

ber28376_ch19.indd   937ber28376_ch19.indd   937 1/2/08   3:20:15 PM1/2/08   3:20:15 PM



938 PART 4  Standard Technical Graphics Practices

found in manufacturers’ catalogs and in the Machinery’s 
Handbook.

19.8.9 Templates

Drawing threaded fasteners by hand is both tedious and 

time-consuming. To make this task easier, special tem-

plates have been developed for the most common types 

of fasteners. Figure 19.46 is an example of a template for 

machine and cap screws.

19.8.10 CAD Techniques

With a CAD system, standard threaded fasteners can be 

created using symbol (block) libraries with such com-

mands as COPY, BLOCKS, PARALLEL, and others. In 

addition, several specialized CAD products automatically 

represent thousands of different types of standard fasten-

ers in both 2-D and 3-D. The user specifi es the type of 

standard fastener needed and the location on the drawing, 

and the fastener is drawn automatically (Figure 19.47).

Practice Exercise 19.2
Using the same bolt from Practice Exercise 19.1, sketch the 

bolt and write a thread note that specifi es the fastener. Write 

the specifi cations needed for a hex head nut that can be 

used with the bolt.

19.9 Nonthreaded Fasteners
Nonthreaded fasteners are mechanical devices gener-

ally used to prevent motion between mating parts. Dow-

els, pins, keys, rivets, and retaining rings are examples 

of such fasteners. Washers, another type of nonthreaded 

fastener, are used to lock fasteners or to provide a smooth 

surface for a fastener.

19.9.1 Standard Plain Washers

Plain washers are used with bolts and nuts to improve the 

assembling surface and increase the strength. ANSI stan-

dard type A plain washers are designated by their inside 

and outside diameters and by their thickness. Type B plain 

washers are only available in narrow (N), regular (R), and 

wide (W) series. Refer to the Machinery’s Handbook sec-

tion, “Bolts, Screws, Nuts, and Washers,” for specifi cations 

for American standard plain washers and metric standard 

washers, and Appendixes 45, 46, 47, and 48. Figure 19.48 

on the next page shows how to represent standard washers 

graphically, using dimensions from the standards table. 

Plain washers are specifi ed by giving the inside diameter, 

outside diameter, thickness, type, and name, as follows:

.500 � 1.250 � .100 TYPE B REGULAR PLAIN 

WASHER.

Figure 19.46

Fastener template

Figure 19.47

Examples of CAD-generated standard fasteners
(Reprinted with permission from CAD Technology Corporation. 

www.CADtechcorp.com)
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19.9.2 Standard Lock Washers

Lock washers are used to prevent a fastener from coming 

loose due to vibration or movement (Figure 19.49). Heli-
cal spring and tooth are the most common types of lock 

washers. Refer to the Machinery’s Handbook section, 

“Bolts, Screws, Nuts, and Washers,” for specifi cations for 

American standard lock washers, and Appendixes 49 and 

50. Lock washers are specifi ed by giving the name, inside 

diameter, strength, and material, as follows:

HELICAL SPRING LOCK WASHER–5 ⁄16 HEAVY–

ALUMINUM–ZINC ALLOY.

19.9.3 Pins

Common types of pins are dowel, straight, tapered, 

groove, and spring (Figure 19.50). To draw pins, refer to 

the Machinery’s Handbook section, “Bolts, Screws, Nuts, 

and Washers,” for specifi cations on American standard 

pins and metric standard pins, and Appendixes 54, 55, 56, 

and 57. Dowel pins are used to keep parts in position or to 

prevent slippage after assembly. Dowel pins are specifi ed 

by giving the name, nominal pin diameter, material, and 

protective fi nish, as follows:

HARDENED GROUND MACHINE DOWEL—

STANDARD SERIES, 1⁄4 � 2, STEEL.

Another type of pin used to keep parts in position is 

the cotter pin, which has a round head and ends that are 

bent after assembly.

19.9.4 Keys

Keys are commonly used to attach two components, such 

as a shaft and hub, to transmit power to gears, pulleys, 

and other mechanical devices. The key is placed into a 

keyseat, which is a groove cut into the shaft. The shaft 

and key are inserted into the hub of the mechanical com-

ponent, such as a gear or wheel, by aligning the key with 

the keyway groove cut into the hub.

Common keys are plain, gib head, Woodruff, and Pratt 

& Whitney (Figure 19.51). Gib head keys have parallel 

sides, with a head added for easy removal from the as-

sembly. The Pratt & Whitney key is rectangular in shape 

and has rounded ends in the shape of a semicircle. The 

Woodruff key is not quite a full semicircle, with a full 

radius or a fl at bottom.

Standard key sizes have been created by ANSI, based 

on shaft sizes and tolerances (ANSI B17.1–1989). (See 

Appendix 53.) Standard keys are specifi ed using the size 

of the shaft. For example, for nominal shaft diameters 

.500 x 1.250 x .100 TYPE B REGULAR
PLAIN WASHER

Figure 19.48

Representation and note for a plain washer

Spring lock washer External Internal

Tooth star washers

Countersunk
Star washer Rib washer

Figure 19.49

Examples of lock washers

Ground dowel Straight

Clevis Grooved

Taper Cotter

Figure 19.50

Pin types

ber28376_ch19.indd   939ber28376_ch19.indd   939 1/2/08   3:20:17 PM1/2/08   3:20:17 PM



940 PART 4  Standard Technical Graphics Practices

between 11⁄4  inches and 13⁄8 inches, a 5 ⁄16-inch key would 

be used. The depth of the keyseat cut into the shaft and 

the keyway cut into the hub is determined using standard 

tables. On technical drawings, the key, keyway, and key-

seat must be specifi ed in a note, such as those shown in 

Figure 19.51. Dimensions are located in standard tables in 

the Machinery’s Handbook section, “Keys and Key seats,” 

and in Appendixes 51, 52, and 54.

19.9.5 Rivets

Rivets are metal pins with a head and are used to attach 

assembled parts permanently. Rivets are available in a 

variety of head styles, as shown in Figure 19.52 on the 

next page, and are generally used for sheet metal, such 

as the skin of an aircraft attached to the frame, or ship 

parts (Figure 19.53 on the next page). Larger rivets are 

used in steel structures, such as bridges, ships, and boil-

ers. The hole for the rivet is drilled or punched, then the 

rivet is held in place with a tool called a dolly, while the 

other end of the rivet is hammered, pressed, or forged in 

place. Rivets are defi ned as shop rivets for parts that are 

assembled in the shop, and fi eld rivets for parts that are 

assembled at the site of construction.

Rivets are classifi ed by head type, body diameter, and 

length, using ANSI standard tables B18.1.1 and 18.1.2. On 

technical drawings, rivets are represented using the sym-

bols shown in Figure 19.54 on page 942.

W

W
D

L
H

.25 SQ KEY
1 LONG

Square key

W

D

L
H

.25 SQ GIB
HEAD KEY

Gib head key

W

D

L
H

NO. 21 PRATT &
WHITNEY KEY

Pratt & Whitney key

D

ø

NO. 810 WOODRUFF
KEY

Woodruff key

Figure 19.51

Standard key types
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19.10 Springs
Springs are mechanical devices that expand or contract 

due to pressure or force. Many types of springs have a 

helix form. Spring classifi cations are compression, ten-
sion, extension, fl at, and constant force. Springs are fur-

ther classifi ed by the material, gauge, spring index, helix 

direction, and type of end.

Springs can be represented on technical drawings ei-

ther in detail or in schematic form (Figure 19.55). The 

schematic representation is drawn by laying out the diam-

eter, the free length, and then the diagonals to represent 

the number of coils. With detailed drawings of springs, 

phantom lines can be used to save time. Straight lines are 

used instead of helical curves.

Springs are specifi ed by giving the inside and outside 

diameters, wire gauge, type of ends, material, fi nish, 

number of coils, and free and compressed lengths.

Drawing a Schematic Representation of a Spring
To create a schematic representation of a spring, use the 

following steps and Figure 19.56.

2

ø

13
4ø

L
3 4
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R
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Button
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3 4
ø

F

ø

High Button
Head (Acorn)
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G = .75ø – .281

13
4ø L

7 8
ø

ø
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15
16 ø

1.6 ø

L
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0
ø

ø

Pan Head

1.81ø

L

1 2
ø

ø

Flat Top
Countersunk Hd

78˚

1.81ø

.1
9
ø

1 2
ø

ø

Round Top
Countersunk Hd

78˚

1 2
ø L

1.85ø L
ø

Countersunk
Head

90˚
.425ø

ø = BODY DIA

2ø

L ø

Flat
Head

.33ø
1.75ø

Lø

Button
Head

.885ø

.75ø

1.72ø
Lø

Pan
Head

3.43ø

.57ø

.314ø .85ø

2.3ø
Lø

Truss or
Wagon Box Head

.33ø

2.512ø

Large Rivet Proportions

D = BODY DIA

Small Rivet Proportions

Figure 19.52

Standard large and small rivets and proportion representations

Figure 19.53

Application for rivets
Rivets are commonly used to fasten parts of an aircraft together.

(© Mark Richards/PhotoEdit.)
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Step 1. Construct a rectangle equal in size to the free 

length and outside diameter of the spring, using dimen-

sions found in a spring manufacturer’s catalog.

Step 2. On one long side of the rectangle, place marks 

that represent the center of each coil. For example, if the 

pitch of the spring is 1⁄8 (8 threads per inch), mark eight 

points per inch. On the other side of the rectangle, offset 

the pitch marks 1⁄2P from the other side.

Step 3. Draw the elements of the spring from each side of 

the rectangle.
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1" and 5" rivets2 8

4 Flattened to 3"
3" rivets and over4

8 Countersunk

FIELD RIVETS

Figure 19.54

Rivet symbols used on engineering drawings

Detailed

Schematic

Compression spring Tension spring

Round-wire spring Use of phantom lines

Figure 19.55

Representing springs
Springs are represented either in detail or in schematic form.

Free length

O.D.

Step 1

Step 2

Step 3

Figure 19.56

Steps for creating a schematic representation of a spring
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19.11 Summary
Fastening devices are used to join two or more parts, to 

locate or adjust the position of something, or to transmit 

power. Threaded fasteners are grouped by the thread form, 

series, and head type. On technical drawings, threads are 

represented in one of three ways: in detail, schematically, 

or simplifi ed. Technical drawings also identify threads 

through a note that lists the major diameter, number of 

threads per inch, thread form, series, and class, whether it 

is external or internal, and other qualifying information. 

Common standard fastener types include bolts, nuts, and 

studs, and cap, machine, and set screws. Nonthreaded fas-

teners include washers, pins, keys, and rivets.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives 
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne fastening.

 2. List the three methods commonly used to fasten 

material.

 3. List the three applications for screw threads.

 4. Compare pitch with the number of threads per inch.

 5. What letter symbol is used in a thread note to denote 

an external thread? An internal thread?

 6. What is the difference between a tap and a die?

 7. Identify the different parts of the following thread 

note: 1⁄2 –13UNC–2B.

 8. Describe the difference between a single and a mul-

tiple thread.

 9. Sketch and identify the three methods of represent-

ing threads on engineering drawings.

 10. What is a blind hole?

 11. What is a bottom tapped hole?

 12. How much taper is shown on an engineering draw-

ing for a tapered pipe thread?

 13. What is the major difference between a cap screw 

and a bolt?

 14. What are set screws used for?

 15. Name three types of locking devices.

 16. Describe how CAD can be used to represent fasten-

ers on a drawing.

 17. Make a list of at least 20 things that you found that 

use mechanical fasteners, bonding, or forming as a 

means of fastening.

Further Reading
Graves, F. E. “Nuts and Bolts.” Scientifi c American, June 1984, 

pp. 136–144.

Oberg, E., F. D. Jones, H. L. Horton, and H. H. Ryffell. Ma-
chinery’s Handbook, 24th ed. New York: Industrial Press, 

Inc., 1992.
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P r o b l e m s

 19.1 (Figure 19.57) Sketch, or draw with instruments 

or CAD, a multiview drawing of the jig foot, using 

schematic or simplifi ed thread representation, and 

add thread notes.

 19.2 (Figure 19.58) Sketch, or draw with instruments or 

CAD, a multiview drawing of the locating button, 

using schematic or simplifi ed thread representa-

tion, and add thread notes.

 19.3 (Figure 19.59) Sketch, or draw with instruments or 

CAD, a multiview drawing of the swivel nut, using 

schematic or simplifi ed thread representation, and 

add thread notes.

 19.4 (Figure 19.60) Sketch, or draw with instruments 

or CAD, a multiview drawing of the construction 

ball, using schematic or simplifi ed thread repre-

sentation, and add thread notes.

 19.5 (Figure 19.61) Sketch, or draw with instruments 

or CAD, a multiview drawing of the knurled head 

screw, using schematic or simplifi ed thread repre-

sentation, and add thread notes.

 19.6 (Figure 19.62) Sketch, or draw with instruments or 

CAD, a multiview drawing of the eye bolt, using 

schematic or simplifi ed thread representation, and 

add thread notes.

1.38

.44

ø.25-28 UNF
.50

Figure 19.57

Jig foot

.063

.313

.750

.188

R .125

#10-32 UNF

 ø .188

ø 

Figure 19.58

Locating button

ø .375-16 UNC

.719

.688

ø .919

.156

Figure 19.59

Swivel nut
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ø .250

.688

.435

.375

.313

R .016

Sø .500

ø .375

.016 X 45°

ø .250

ø .490
ø 6-32 UNC

.181

FILLETS & ROUNDS
R .031

Figure 19.60

Construction ball

1.75

ø .781

.02 X 45°

ø.31-18 UNC

X 1.50

.25

2X .03 x 45°

DIAMOND KNURL

 

Figure 19.61

Knurled head screw

 19.7 (Figure 19.63) Sketch, or draw with instruments or 

CAD, a multiview drawing of the shoulder screw, 

using schematic or simplifi ed thread representa-

tion, and add thread notes.

 19.8 (Figure 19.64) Sketch, or draw with instruments 

or CAD, a multiview drawing of the modifi ed jig 

foot, using schematic or simplifi ed thread repre-

sentation, and add thread notes.

 19.9 (Figure 19.65) Sketch, or draw with instruments or 

CAD, a multiview drawing of the threaded cylin-

der, using schematic or simplifi ed thread represen-

tation, and add thread notes.

 19.10 (Figure 19.66) Sketch, or draw with instruments or 

CAD, a multiview drawing of the threaded locator, 

using schematic or simplifi ed thread representa-

tion, and add thread notes.

 19.11 (Figure 19.67) Sketch, or draw with instruments or 

CAD, a multiview drawing of the ported cylinder, 

using schematic or simplifi ed thread representa-

tion, and add thread notes.

 19.12 (Figure 19.68) Sketch, or draw with instruments or 

CAD, a multiview drawing of the mounting cylin-

der, using schematic or simplifi ed thread represen-

tation, and add thread notes.
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2X R .047
ø.375-16 UNC

R .391

.400

.219

3.00

1.50

ø .625

ø .385

ø .313

Figure 19.62

Eye bolt

.312

.176

.045 X 45°

SR .266

.030 X 45°
R .056

ø .500

1.252
1.375

.125

.016 X 45°

R .030

.500
.035

ø.375-16 UNC

.25 ACROSS
FLATS

ø .750

Figure 19.63

Shoulder screw

METRIC

FILLETS & ROUNDS R .50

M 16 X 2.00

SR 13

8

ø 26

ø 64

16

R 3

3

9 10
16

18

5.516
18

26°

24

61

59

58

ø 18

30

Figure 19.64

Modifi ed jig foot

.19

ø1.38-18 UNEF
ø2.00.63

3.25

ø 5.37ø 3.88

.125 X .063 NECK

.50 X 45°

R .25
.38

2.13

1.752.062.38

10.3110.5611.00

2.75
2.31

1.38
.75

60°

.50

ø2.00-16 UNEF

Figure 19.65

Threaded cylinder
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20X ø .250

.8125

ø 3.69

20X ø .1875

.375

ø .375-24 UNF

ø 1.13

3.06

8.00

5.81

5.06
2.62

2.31

1.06

.63

1.94

R .25

1.56

1.00

ø 5.75

ø 2.63

ø 6.38

20X ø .313
 

.125

20X 18°

ø 5.00

ø 4.44

ø 6.00

ø 3.88

Figure 19.66

Threaded locator

METRIC

90

45°
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ø M40 X 3

ø M30 X 2

ø 8 X .75

7
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ø 24

110
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8

Figure 19.67

Ported cylinder
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1.00

ø 1.06
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ø 7.38 BC

1.44

60°

30°

6X ø.25-28 UNF

ø .50

ø 6.50
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ø 5.50
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ø 2.25
.81

3.88

Figure 19.68

Mounting cylinder
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1

2

3

4

5

.125

.375

.625

.875

1.000

Fine

Coarse

Fine

Coarse

Fine

Nominal size Series Threads per inch Tap drill

Standard Unified Threads

6 1.375 Coarse

7 2.000 Coarse

Figure 19.71

Specifying 
threads

 19.13 (Figure 19.69) Sketch, or draw with instruments or 

CAD, a multiview drawing of the plunger cylinder. 

Using schematic or simplifi ed thread represen-

tation, add threads and notes to the 4.8 diameter 

holes.

 19.14 (Figure 19.70) Sketch, or draw with instruments or 

CAD, a multiview drawing of the detent pin. Add 

threads to the .62 diameter portion of the pin.

 19.15 (Figure 19.71) Determine the threads per inch 

and tap drill size for Standard Unifi ed Threads 

using nominal size and series specifi ed. Refer to 

Appendix 18.

METRIC

3X 1.6 X 1.6

øM4 X3
 
21.6ø 12.82.4

ø 4.8

11.2
28.044.8

3.2

13.6

29.610.4

60.0

ø 17.6

ø 36.8

4.8

ø 43.2

ø 35.2

2X .8 X .8
14.4

8.8
12.8

Figure 19.69

Plunger cylinder

4.48

ø .62

.08 X .08

2.95

2.67

.67

1.66

SR .20

R .16

ø 1.06

5.16

Figure 19.70

Detent pin
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Chapter Twenty

Working 
Drawings

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne working drawings.

 2. Describe how working drawings are 

used in industry.

 3. List the major components of a com-

plete set of working drawings.

 4. Describe how tabular drawings are 

used in industry.

 5. List the types of assembly drawings.

 6. List three types of specialized 

drawings.

 7. Defi ne zoning.

 8. Describe how part numbers are as-

signed in an assembly drawing.

 9. List important information in a title 

block and parts list.

 10. Describe how CAD is used to create, 

store, and retrieve working drawings.

 11. List techniques used to create copies 

of engineering drawings.

Introduction
An engineered product must have models, 

drawings, and sketches that document ini-

tial design solutions, represent results of 

Civilization expands by extending the 

number of important operations we can 

perform without thinking about them.

—Alfred North Whitehead

C
hapter Tw

enty
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analyses, and communicate the fi nal design for produc-

tion. Production or working drawings are specialized en-

gineering drawings that provide the information required 

to make the part or assembly of the fi nal design. Working 

drawings rely on orthographic projection and many other 

graphical techniques to communicate design information 

for production.

Reprographics is the storage, retrieval, and copying of 

engineering drawings. Reprographics techniques, such as 

diazo printing, and the digital techniques used with CAD 

are covered in this chapter, along with the theory and ap-

plications of working drawings.

20.1 Basic Concepts
Engineering drawings are used to communicate designs 

to others, document design solutions, and communicate 

design production information (Figure 20.1). Preceding 

chapters discussed the development of engineering draw-

ings for the purpose of communicating the design to oth-

ers. This chapter will focus on communication of the fi nal 

design for production purposes (Figures 20.2 and 20.3). 

These types of drawings are called working drawings or 

production drawings.

Figure 20.4 shows the components of the production 

cycle. Documenting is the process of communicating 

and archiving design and manufacturing information on 

a product or structure. The documents created include 

drawings, models, change orders, memos, and reports.

Part of the documenting process includes storing, re-

trieving, and copying engineering drawings, a process 

called reprographics. Archiving is part of reprograph-

ics and involves the storage and retrieval aspects of that 

process.

CAD has brought signifi cant changes to this area of de-

sign documentation. Using 3-D CAD and modern manu-

Figure 20.1
Engineering drawings are used as a communications tool. 

(© Douglas Kirkland/Corbis.)
Figure 20.2

Working drawings are used to produce products, structures, 
and systems.

(© Michael Rosenfi eld/Getty Images.)

Figure 20.3

Working drawings show how complex assemblies are put 
together.

(© Brownie Harris/Corbis.)
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facturing techniques, the need for production drawings is 

minimized. Rather than creating 2-D drawings of the 3-D 

model, manufacturers extract production information and 

geometry directly from the computer model. With both 

2-D and 3-D CAD, electronic fi le storage and distribu-

tion eliminate the need for many traditional reprographics 

activities. With networked computers, personnel in any 

phase of manufacturing can access the most current ver-

sion of the production drawings or models on their com-

puter screens.

20.2 Working Drawings
Working drawings are the complete set of standard-

ized drawings specifying the manufacture and as-

sembly of a product based on its design. The complexity of 

the design determines the number and types of drawings. 

Working drawings may be on more than one sheet and may 

contain written instructions called specifi cations.
Working drawings are the blueprints used for manu-

facturing products. Therefore, the set of drawings must 

(a) completely describe the parts, both visually and di-

mensionally; (b) show the parts in assembly; (c) identify 

all the parts; and (d) specify standard parts. The graphics 

and text information must be suffi ciently complete and 

accurate to manufacture and assemble the product with-

out error.

Generally, a complete set of working drawings for an 

assembly includes the following:

 1. Detail drawings of each nonstandard part.

 2. An assembly or subassembly drawing showing 

all the standard and nonstandard parts in a single 

drawing.

 3. A bill of materials (BOM).

 4. A title block.

20.2.1 Detail Drawings

A detail drawing is a dimensioned, multiview drawing 

of a single part (Figure 20.5 on the next page), describing 

the part’s shape, size, material, and fi nish in suffi cient de-

tail for the part to be manufactured based on the drawing 

alone. Detail drawings are produced from design sketches 

or extracted from 3-D computer models. They adhere 

strictly to ANSI standards, and the standards for the spe-

cifi c company, for lettering, dimensioning, assigning part 

numbers, notes, tolerances, etc.

In an assembly, standard parts such as threaded fas-
teners, bushings, and bearings are not drawn as details, 
but are shown in the assembly view. Standard parts are 

• Customer
Needs/Demands

• Material
• Capital
• Energy
• Time
• Human

Knowledge
• Human Skills
• People

ProcessesInput Output

• Designing
• Planning
• Producing &

Constructing
• Managing
• Marketing
• Financing

PRODUCTION CYCLE

• Products, or
structures for
various markets

• Support Activities
   – Training
   – Service
   – Customer
      Satisfaction
• Company Profits

• Documenting

Figure 20.4

Production cycle
The production cycle includes documenting as a major process.
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not drawn as details because they are normally purchased, 

not manufactured, for the assembly.

For large assemblies or assemblies with large parts, de-

tails are drawn on multiple sheets, and a separate sheet is 

used for the assembly view. If the assembly is simple or the 

parts are small, detail drawings for each part of an assem-

bly can be placed on a single sheet. However, many large 

companies put each part and its part number on a separate 

drawing sheet, regardless of the size of the part, to facili-

tate sales and reuse of the part in other assemblies. That 

way unused parts do not have to be removed from drawn 

sheets. Figures 20.6 through 20.9 (beginning on page 954) 

are a partial set of working drawings for an engine piston 

and rod subassembly.

Multiple details on a sheet are usually drawn at the 

same scale. If different scales are used, they are clearly 

marked under each detail. Also, when more than one de-

tail is placed on a sheet, the spacing between details is 

carefully planned, including leaving suffi cient room for 

dimensions and notes (Figure 20.10 on page 958). One 

technique involves lightly blocking in the views for each 

detail, using construction lines. CAD detail drawings ex-

tracted from 3-D models or created in 2-D CAD are more 

easily manipulated to provide adequate spacing and posi-

tioning of multiple details on a single sheet.

20.2.2 Assembly Drawings

An assembly drawing shows how each part of a design 

is put together (Figure 20.11 on page 959). If the design 

depicted is only part of the total assembly, it is referred 

to as a subassembly. For example, Figure 20.6 is a subas-

sembly drawing of a piston used in an engine.

An assembly drawing normally consists of the following:

 1. All the parts, drawn in their operating position.

 2. A parts list or bill of materials (BOM) (shown in 

Figure 20.11 at the bottom of the drawing sheet, to 

the left of the title block), showing the detail num-

ber for each part, the quantity needed for a single 

assembly, the description or name of the part, the 

catalog number if it is a standard part, and the 

company part number.

 3. Leader lines with balloons, assigning each part a 

detail number, in sequential order and keyed to 

the list of parts in the parts list. For example, the 

assembly shown in Figure 20.11 has 21 assigned 

detail numbers, each with a leader and circle (bal-

loon), and detail number 5 in the sectioned assem-

bly view is described as an end cap in the parts list.

 4. Machining and assembly operations and critical di-

mensions related to these functions. In Figure 20.11, 

the note on the left side view, RECOMMENDED 

INSTALLATION TORQUE 45–50 Nm (33–37 

FT. LBS.), is an assembly operation recommended 

by the engineer to the person tightening the socket 

head cap screw.

Assembly drawings are used to describe how parts 

are put together, as well as the function of the entire unit; 

therefore, complete shape description is not important. 

The views chosen should describe the relationships of 

parts, and the number of views chosen should be the min-

imum necessary to describe the assembly (Figure 20.12 

on page 960). It is fairly common to have a single ortho-

graphic assembly view, such as the front view, without 

showing a top and profi le view.

An assembly drawing is produced by tracing the 

needed views from the detail drawings or by creating the 

drawing from scratch. With 2-D CAD, it is possible to 

copy detail views, then place them on the assembly draw-

ing. With 3-D models, simply assemble all the models, 

then determine the line of sight to extract the needed as-

sembly view.

Dimensions are not shown on assembly drawings, un-
less necessary to provide overall assembly dimensions, or 
to assist machining operations necessary for assembly.

Also, hidden lines are omitted in assembly drawings, 
except when needed for assembly or clarity.

The three basic types of assembly drawings are out-

line, sectioned, and pictorial.

An outline assembly gives a general graphic descrip-

tion of the exterior shape (Figure 20.13 on page 961). Out-

line assemblies are used for parts catalogs and installation 

manuals or for production when the assembly is simple 

enough to be visualized without the use of other draw-

ings. Hidden lines are omitted, except for clarity.

A sectioned assembly gives a general graphic descrip-

tion of the interior shape by passing a cutting plane through 

all or part of the assembly (see Figure 20.11). The section 

assembly is usually a multiview drawing of all the parts, 

with one view in full section. Other types of sections such 

as broken-out and half sections, can also be used.

Chapter 16 describes the important conventions that 

must be followed when assemblies are sectioned. These 

conventions are summarized as follows:

 1. Standard parts, such as fasteners, dowels, pins, 

bearings, and gears, and nonstandard parts, such 

as shafts, are not sectioned; they are drawn show-

ing all their exterior features. For example, in 
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958 PART 4  Standard Technical Graphics Practices

Figure 20.11, fasteners, such as part number 7, 

socket head cap screw, are not sectioned.

 2. Adjacent parts in section are lined at different an-

gles, using the cast iron or other type of symbol 

(Figure 20.11).

 3. Thin parts, such as gaskets, are shown solid black.

Sectioned assembly drawings are used for the manufac-

ture and assembly of complicated devices (Figure 20.14 on 

page 962). With CAD, a sectioned assembly can be created 

by copying detail views and editing them. A 3-D model 

can also be sectioned to create a sectioned assembly (Fig-

ure 20.15 on page 962).

A pictorial assembly gives a general graphic descrip-

tion of each part, and uses center lines to show how the 

parts are assembled (Figure 20.16 on page 962). The pic-

torial assembly is normally an isometric view and is used 

in installation and maintenance manuals.

With 2-D CAD, pictorial assembly drawings can 

be created using traditional techniques. A 3-D CAD 

model can also be used to create pictorial assemblies by 

 positioning each part in a pictorial view (Figure 20.17 on 

page 963). Center lines and a parts list are added to com-

plete the drawing. With more sophisticated CAD systems, 

the part models are referenced from a central CAD data-

base. When specifi cations on an individual part change, 

this change is automatically refl ected in the assembly 

model.

20.2.3 Part Numbers

Every part in an assembly is assigned a part number, 
which is usually a string of numbers coded in such a way 

that a company can keep accurate records of its prod-

ucts. For example, in Figure 20.11, the part with detail 

number 5 in the sectioned assembly drawing has a com-

pany part number of 247987-01, as shown in the parts 

list. Some assemblies are extremely complicated, having 

thousands of parts like the large satellite shown in Fig-

ure 20.18. Considerable documentation is necessary to 

design, manufacture, assemble, and maintain the aircraft. 

Product Data Management (PDM) software is very useful 

in controlling and tracking parts in large assemblies.

BILL OF MATERIALS

ITEM QUAN. DRAWING NO. OR PART NAME DESCRIPTION

RICHARD D. IRWIN

TITLE

REFERENCE DRAWING

DRAWING NUMBER

MATERIAL: FINISH:

WEIGHT: NAME DATE

DRAWN BY:

CHECKED BY:

APPROVED BY:

SCALE: C

NUMBER REQ:

UNLESS OTHERWISE
SPECIFIED DIMENSIONS
ARE IN INCHES.
TOLERANCES ARE:
FRACTIONS = ±
.XX DECIMALS = ±
.XXX DECIMALS = ±
ANGLES: ±
X.X METRIC = ±
X.XX METRIC = ±

1.  PIN DOWEL

2.  SLINGER

3.  BRACKET

Kevin

Bryan

Carolyn

SLINGER ASSEMBLY

Figure 20.10

Blocking in the views to determine spacing requirements
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960 PART 4  Standard Technical Graphics Practices

20.2.4 Drawing Numbers

Every drawing used in industry is assigned a number. 

Each company develops its own standard numbering sys-

tem based on various criteria, such as sequential numbers, 

combinations of numbers and letters, sheet sizes, number 

of parts in the assembly, model numbers, function, etc. 

Going back to Figure 20.11, the drawing number assigned 

is 247783R03, which can be found at the lower right cor-

ner of the drawing sheet in the bottom of the title block.

Both part numbers and drawing numbers are com-

monly used to name CAD fi les and code information for 

companywide CIM databases. This coordination between 

drawings and electronic information simplifi es retrieval 

and updating of design information.

20.2.5 Title Blocks

Title blocks are used to record all the important informa-

tion necessary for the working drawings. The title block is 

normally located in the lower right corner of the drawing 

sheet. Figure 20.19 on page 964 shows the ANSI standard 

formats for full and continuation title blocks. A continu-

ation title block is used for multiple-sheet drawings and 

does not contain as much detail as the title block found on 

the fi rst sheet. Many industries use their own title block 

formats.

Title blocks should contain the following:

 1. Name and address of the company or design activ-

ity (Figure 20.19A).

Figure 20.12

Single orthographic view assembly drawing
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Figure 20.14

Sectioned assembly model, created with CAD
Sectioned assembly drawings are used by assembly technicians to determine how complicated devices are assembled and for 
design visualization.

(Courtesy of Ironcad LLC and Mythic Entertainment.)

Figure 20.15

Cutaway section of a power jig saw
The images were produced to better understand and visualize 
the assembly.

(Courtesy of Dassault Systemes.)

Figure 20.16

Pictorial assembly
This model was created as illustration for maintenance 
handbooks published by Northwind Engineering.

(Courtesy of HNTB Technology Group and Northwind Engineering.)

962
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  CHAPTER 20  Working Drawings 963

 2. Title of the drawing (Figure 20.19B).

 3. Drawing number (Figure 20.19C).

 4. Names and dates of the drafters, checker, issue 

date, contract number, etc. (Figure 20.19D).

 5. Design approval, when subcontractors are used 

(Figure 20.19E).

 6. Additional approval block (Figure 20.19F).

 7. Predominant drawing scale (Figure 20.19G).

 8. Federal supply code for manufacturers (FSCM) 

number (Figure 20.19H).

 9. Drawing sheet size letter designation (Figure 

20.19J).

 10. Actual or estimated weight of the item (Figure 

20.19K).

 11. Sheet number, if there are multiple sheets in the 

set (Figure 20.19L).

Other information that can be entered in a title block 

includes surface fi nish, hardness of material, and heat 

treatment.

Figure 20.17

Pictorial shaded exploded assembly drawing made from a 3-D CAD model
(Courtesy of SDRC, Inc.)

Figure 20.18

Assembly with thousands of parts
This satellite has thousands of parts that must be documented 
for manufacture, assembly, and maintenance.

(© Boeing.)
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Figure 20.19

ANSI standard title blocks (ANSI 
Y14.1–1980)
(Reprinted by permission of The American 

Society of Mechanical Engineers. All rights 

reserved.)

Figure 20.20

ANSI recommended 
minimum letter heights for 
engineering drawings
(Reprinted from ANSI Y14.2M–1979, 

by permission of The American Society 

of Mechanical Engineers. All rights 

reserved.)
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  CHAPTER 20  Working Drawings 965

Title block lettering is vertical or inclined Gothic capi-

tal letters. The height of the text varies by importance of 

the information. For example, the drawing number should 

be the largest, followed by the name of the part and the 

name of the company. Refer to Figure 20.20 for recom-

mended minimum letter heights on drawings.

20.2.6 Parts Lists

A complete set of working drawings must include a de-

tailed parts list or bill of materials. Based on ANSI stan-

dards, a parts list should be located in the lower right cor-

ner above the title block (Figure 20.21). Additional parts 

lists may be located at the left of and adjacent to the origi-

nal block (ANSI Y14.1–1980). As an example, in Figure 

20.11, the parts list is located to the left of the title block. 

A parts list must include a minimum amount of informa-

tion necessary to manufacture and assemble the part. The 

information normally included in a parts list is as follows:

 1. Name of the part.

 2. A detail number for the part in the assembly.

 3. The part material, such as cast iron or bronze.

 4. The number of times that part is used in the 

assembly.

 5. The company-assigned part number.

 6. Other information, such as weight, stock size, etc.

Parts are listed in the general order of size or impor-

tance in an assembly. For example, the main body of a 

part would be assigned detail number 1. If a parts list is 

started with the labels on the top, then the parts are listed 

in ascending order from top to bottom. If the parts list 

is started with the labels on the bottom, then the parts 

are listed in descending order from top to bottom. (See 

Figure 20.6, upper-right corner.) This technique is used so 

that new parts added to an assembly can be added to the 

parts list without affecting the numbering sequence.

Information on standard parts, such as threaded fas-

teners, includes the part name and size or catalog num-

ber. For example, in Figure 20.22, information on the fl at 

washer would be obtained from the tabular drawing from 

an engineering catalog. Such information includes critical 

dimensions and model number, such as 91081A027.

Figure 20.21

Standard parts list
The parts list runs vertically for as many 
rows as are needed to list the parts.

(Reprinted from ANSI Y14.1–1980, by permission of 

The American Society of Mechanical Engineers. All 

rights reserved.)

FLAT WASHERS

Bolt
Size

Diameter Pcs./
Lb.

Plain Steel Zinc Plated Steel

3/16"

1/4"

5/16"

3/8"

7/16"

1/2"

9/16"

5/8"

3/4"

7/8"

1"

1 1/8"

1 1/4"

1 3/8"

1 1/2"

1 5/8"

1 3/4"

2"

2 1/4"

2 1/2"

I.D.          O. D.

1/4"

5/16"

3/8"

7/16"

1/2"

9/16"

5/8"

11/16"

13/16"

15/16"

1 1/16"

1 1/4"

1 3/8"

1 1/2"

1 5/8"

1 3/4"

1 7/8"

2 1/8"

2 3/8"

2 5/8"

9/16"

3/4"

7/8"

1"

1 1/4"

1 3/8"

1 1/2"

1 3/4"

2"

2 1/4"

2 1/2"

2 3/4"

3 "

3 1/4"

3 1/2"

3 3/4"

4 "

4 1/2"

4 3/4"

5"

3/64"

1/16"

5/64"

5/64"

5/64"

7/64"

7/64"

9/64"

5/32"

11/64"

11/64"

11/64"

11/64"

3/16"

3/16"

3/16"

3/16"

3/16"

7/32"

15/64"

Thk.

303

154

92

79

41

30

22

13

11

5

   4

5

4

3

2

2

2

1

1

1

91081A027....$1.79

91081A029..... 1.48

91081A030..... 1.43

91081A031..... 1.43

91081A032..... 1.37

91081A033..... 1.35

91081A034..... 1.33

91081A035..... 1.35

91081A036..... 1.31

91081A037..... 1.31

91081A038..... 1.31

91081A039..... 1.31

91081A040..... 1.45

91081A042..... 1.45

91081A041..... 1.45

91081A043..... 1.45

91081A044..... 1.63

91081A046..... 1.45

91081A047..... 1.93

91081A048..... 1.93

No. NET/LB.

.  .

.  .

 .  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

 .  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

.  .

91081A027....$1.98

91081A029..... 1.67

91081A030..... 1.62

91081A031..... 1.56

91081A032..... 1.54

91081A033..... 1.48

91081A034..... 1.54

91081A035..... 1.46

91081A036..... 1.46

91081A037..... 1.46

91081A038..... 1.46

91081A039..... 1.61

91081A040..... 1.61

91081A042..... 1.65

91081A041..... 1.65

91081A043..... 1.65

91081A044..... 1.65

91081A046..... 1.65

91081A047..... 2.15

91081A048..... 2.15

No. NET/LB.

USS FLAT WASHERS
Standard washers for general purpose application.
Available in plain or zinc plated steel.
SOLD IN PACKAGE QUANTITIES OF 5 LBS. ONLY

Figure 20.22

Typical page from a parts catalog
Part numbers for standard parts are listed in parts catalogs.
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966 PART 4  Standard Technical Graphics Practices

Often, parts manufacturers have their parts listed in an 

electronic format for use with a CAD system. The parts 

information is available on disk or CD-ROM. Parts infor-

mation from outside vendors and parts produced in-house 

can be merged together into a single CAD database. When 

assembly drawings are produced with 2-D or 3-D CAD, 

software working with the CAD system can automatically 

inventory all parts used in the assembly and generate a 

parts list.

20.2.7 Part Identifi cation

Parts are identifi ed in assembly drawings by a leader line 

with an arrow that points to the part. The other end of 

the leader has a balloon showing the part detail number 

(Figure 20.23). The balloon is approximately four times 

the height of the number. Part names are given which are 

placed as close to the part as possible (Figure 20.24).

20.2.8 Revision Block

Drawing revisions occur because of design changes, tool-

ing changes, customer requests, errors, etc. If a drawing is 

changed, an accurate record of the change must be created 

and should contain the date, name of the person making 

the change, description of the change, the change num-

ber, and approval. This information is placed in a revi-
sion block (Figure 20.25), which is normally in the upper 

right corner of the drawing, with suffi cient space reserved 

for the block to be expanded downward.

A number, letter, or symbol keyed to the revision block 

identifi es the location of the change on the drawing. The 

most common key is a number placed in a balloon next to 

the change. For zoned drawings, the change is specifi ed 

by listing the zone in the revision block.

20.2.9 Scale Specifi cations

The scale used on a set of working drawings is placed in 

the title block (see Figure 20.13). If more than one scale is 

used, the scale is shown near the detail drawing (see Fig-

ure 20.8). Scales are indicated in metric drawings by a co-

lon, such as 1:2; for the English system, an equal sign, such 

as 1�2, is used.

Common English scales found on engineering draw-

ings are as follows:

1�1 Full

1�2 Half

1�4 Quarter

1�8 Eighth

1�10 Tenth

2�1 Double

Common metric scales include the following:

1:1 Full

1:2 Half

1:5 Fifth

1:10 Tenth

1:20 Twentieth

1:50 Fiftieth

1:100 Hundredth

2

1
2

1
8

"

"

   2.00

R 3.25

.60

  .50

   1.00

Figure 20.23

Balloons
Balloons are used to identify parts by their assigned number in 
the assembly.

4     PART NAME

R .125

.50
.25

.50
.25

1.00
.50

R .25

.875

1.25

.50 R

Figure 20.24

Part name
In detail drawings of an assembly, the part name and detail 
number are located near one of the views or in the title block.
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  CHAPTER 20  Working Drawings 967

The designations METRIC or SI appear in or near the 

title block to show that metric dimensions and scale are 

used on the drawing.

A graphics scale can also be used, especially on map-

ping drawings (Figure 20.26). This graphics scale has cal-

ibrations for transferring measurements from the drawing 

to the scale to determine distances.

CAD drawings are nearly always made full-size so that 

automatic dimensioning will show the true dimensions. To 

fi t on the paper, CAD drawings are scaled when printed or 

plotted. The scale number on the CAD plot represents the 

print/plot scale, not the scale at which the CAD drawing 

was created. Adjustments must then be made for text size 

so that the text is not too large or too small when the scaled 

plot is created.

20.2.10 Tolerance Specifi cations

Tolerances are specifi ed in a drawing using toleranced di-

mensions. For those dimensions that are not specifi cally 

toleranced, a general tolerance note is used. This note is 

placed in the lower right corner, near the title block, and 

usually contains a tolerance and a general statement, such 

as UNLESS OTHERWISE SPECIFIED.

For example, in Figure 20.27, the general tolerance 

note specifi es the following tolerances for untoleranced 

dimensions:

One place decimal inches �.1.

Two place decimal inches �.02.

.500
.38

5.00

1.00.88

.25

.50

REVISIONS

DESCRIPTIONREVZONE DATE APPROVED

REVISIONS

DESCRIPTIONREVZONE DATE APPROVED

Revision block for A, B, C, and G - sizes

Revision block for D, E, F, H, J, and K - sizes

.500
.38

6.50

1.00.88

.25

.50

Figure 20.25

Standard revision block (ANSI 
Y14.1–1980)
(Reprinted by permission of The American 

Society of Mechanical Engineers. All rights 

reserved.)

0 50 100

Figure 20.26

Graphics scale

Figure 20.27

General tolerance note for inch and millimeter dimensions
(Courtesy of Kennametal, Inc.)
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Three place decimal inches �.005.

One place decimal millimeters �2.5.

Two place decimal millimeters �0.51.

Three place decimal millimeters �0.127.

The general tolerance note can also contain a general 

note for angles. In Figure 20.27, the general tolerance 

note states that unless otherwise specifi ed, all angles are 

toleranced �1 degree.

Refer to Chapter 17 for a more detailed explanation of 

tolerances.

20.2.11 Zones

Zones are used on large sheets for reference purposes. 

Zones in engineering drawings are similar to the zones 

used on highway maps. Figure 20.28 shows the ANSI 

standard drawing sheet sizes with zones marked along 

the edges of the paper. Numerals are used horizontally 

and letters vertically. To locate a detail in a zone, a letter 

and number designation would be used, specifying that 

location. For example, the title block on the E-size ANSI 

standard drawing sheet is located in zone A–1, and the 

revision block is located in zone H–1.

20.2.12 Accuracy Checks

After a set of working drawings is completed, the set must 

be thoroughly checked for accuracy. Errors in the draw-

ings will result in costly errors in the manufacture of the 

parts. For example, an error in an injection mold die could 

cost thousands of dollars to modify or replace. Errors in 

construction drawings could mean building contractors 

might over- or underbid the project, leading to inaccurate 

cost estimates. Drawings serve as legal contracts between 

the producer and the client, and errors can create complex 

legal problems that can be costly to resolve.

968

Historical Highlight
Donna Cox

Donna Cox is an artist whose widely displayed portfolio of 

computer-generated scientifi c visualizations has garnered 

frequent recognition from her peers and art critics—includ-

ing an Academy Award nomination. Cox specializes in com-

puter graphics and visualizations featured in art and sci-

ence museums, television, and IMAX theaters. Cox’s work 

has appeared on international television, including NOVA, 

CNN, and NBC Nightly News. Cox herself has been featured 

as a pioneering artist in the fi eld of scientifi c visualizations 

on the national PBS television special, “The Infi nite Voyage: 

Unseen Worlds.” She has written various articles and mono-

logues on the use of visualization in art, science, and de-

sign imaging. Her writings were some of the fi rst to outline 

visualization techniques for scientifi c data using computer 

graphic iconic symbols. In 1986, she received the Leonardo 

Coler-Maxwell Award for her research, in which she coined 

the term “Renaissance teams”—a term describing interdis-

ciplinary groups of experts who collaborate to solve visual-

ization problems. 

From 1995 to 1997, Cox was appointed to the National 

Research Council Committee on Modeling and Simulation: 

Opportunities for Collaboration Between the Defense and 

Entertainment Research Communities, and to the Computer 

Science and Telecommunications Board, and she currently 

serves as a member of the University Corporation for Ad-

vanced Internet Development (UCAID) Strategic Council. 

She still teaches at the Art and Design School at the Univer-

sity of Illinois, Urbana-Champaign. 

In 1997, Cox was nominated for an Academy Award for 

her work on the IMAX fi lm, Cosmic Voyage. In 2002, she re-

ceived the Golden Camera at the International Film Video 

Festival for her work as producer and art director of scien-

tifi c visualizations on the fi lm Runaway Universe. Her latest 

project has been as a producer and visual designer on the 

IntelliBadge™—a complex project tracking and visualizing 

people in a real-time public event.

(Courtesy of Donna Cox.)
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The designer and drafter work in tandem to ensure the 

accuracy of the drawings, and drawings can go through 

several accuracy checks. Drawings are checked for the 

following:

Choice of views Scale

Consistency Standard part

Dimensions   specifi cations

Approvals Accuracy

Tolerances Notes

Revisions Title block

Clarity Parts list

Any changes or errors are commonly marked in red, 

which is called redlining, and the drawing is sent back 

to the designer/drafter to make the corrections. A fi nal 

check is then made before the drawings are released to 

production.

Corrections are made to CAD drawings either on pa-

per plots or by using a redlining software to mark up the 

drawing on screen. Corrections are then made through 

the use of the CAD editing commands. CAD database 

software can be used to track the revision and approval 

process. (See Section 20.3.3.)

20.2.13 Tabular Drawings

Tabular drawings are used when several similar parts 

have common features. Such parts can be grouped to-

gether into a family of parts. An example is a series of air 

cylinders that have many common features, yet vary in 

Figure 20.28

ANSI standard drawing sheets with zones located on the border
(Reprinted from ANSI Y14.1–1980, by permission of The American Society of Mechanical Engineers. All rights reserved.)
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This case study describes the design of the John Deere 

8020 Series Tractor using 3-D modeling and CAD. In 

this case study, you will see examples of how the design 

process is used and the importance of 3-D modeling to 

shorten the design cycle, create photographic realistic 

renderings, and prepare the parts for manufacturing. 

Pro/Engineer Eases Manufacturability 

The engineering team at John Deere Waterloo Works 

in Waterloo, Iowa, predicted how to assemble the agri-

cultural equipment division’s new 8020 series tractor 

before any of its 10,000 individual parts were manufac-

tured. By using computer-aided design programs such 

as Pro/Engineer, Pro-PDM, Pro-Mechanica, and ICEM, 

John Deere’s development team completed much of their 

work without the need for hardware, thus producing 

their product in the most cost- and time-effective man-

ner possible.

“The phrase ‘modeled once, used by many’ summed 

up the team goal. This team was the fi rst at John Deere 

Waterloo to achieve specifi c detail in a CAD assembly 

of this size or scale,” said chassis engineer Brian Potter. 

Through the use of Pro/Engineer, designers all over 

the world worked on different areas of development—

from design of Independent Link Suspension™ to the 

headlights and tires—allowing the design team to ex-

periment with complex design assemblies of the vehi-

cle. This feature also made for virtually invisible data 

sharing and ensured that everyone on the development 

team was working with the latest design at all times. 

The large majority of individual part fi t-up checks 

were also done on Pro/Engineer. These e-builds elimi-

nated the need for physical prototypes, guaranteed that 

expensive tooling and parts were made exactly to the 

engineers’ specifi cations, and allowed engineers to ana-

lyze and optimize the design at their desktop prior to 

building hardware—including all the tractor’s hydrau-

lic lines, fi ttings, capscrews, o-rings, and washers. 

With this level of detail, the marketing and service 

publication teams also used the Pro/Engineer models 

to make many of the marketing brochure photos, cut-

aways, and parts-book pictures. This helped to decrease 

the development time of such publications and substan-

tially raised the quality of detail in the artwork. 

John Deere 8020 Series Tractor

Sectioned assembly drawing.
(Courtesy of John Deere.) 

length of stroke, diameter of cylinder, etc. Figure 20.29 is 

a tabular drawing for such air cylinders and can be used to 

determine critical dimensions. In the drawing, letters are 

used for dimensions instead of numbers. Each letter corre-

sponds to a specifi c column in the table. For a specifi c bore 

size, the table is consulted to determine the actual dimen-

sions for the part. For example, if the cylinder has a 3⁄4-inch 

bore, dimension G would be .62, dimension N would be 1⁄4, 

and so on.

The obvious advantage of a tabular drawing is that 

it saves time. Several parts in a family can be specifi ed 

in a single engineering drawing, with only those dimen-

sions that vary between parts having to be specifi ed in the 

table.

20.2.14 Working Assembly Drawing

A working assembly drawing, also known as a detailed 

assembly, combines on a single sheet the detail draw-

ing and the assembly drawing, usually a section view. 

Such drawings are used for relatively simple assemblies 

that use some standard parts. Figure 20.30 on page 972 

shows a working assembly drawing of a clamping unit, 

which has a total of 21 parts, all of which are listed in the 

ber28376_ch20.indd   970ber28376_ch20.indd   970 1/2/08   3:22:56 PM1/2/08   3:22:56 PM



  CHAPTER 20  Working Drawings 971

QTY (quantity) column of the parts list. Of the 21 parts, 

only details 1 and 2 are not standard parts. Detail num-

bers 6 through 16 are all standard parts purchased from 

other vendors and, therefore, do not need detail drawings. 

Also, parts 3 through 5 are standard in-house parts with 

their own catalog numbers, so they do not need detail 

drawings. That leaves only details 1 and 2, which are di-

mensioned in the front, bottom, and left side views.

20.2.15 Engineering Change Orders

After a design has been fi nalized and the product man-

ufactured, the engineering drawings are stored. These 

stored drawings are the corporate memory of the product. 

Occasionally, engineering drawings must be changed to 

meet customer needs. Change orders can be requested by 

the engineering department, sales, or production. When a 

change is needed, a formal request must be made, and the 

stored engineering drawings must be located, retrieved, 

changed, checked, and approved.

The formal request for making a change to existing 

engineering drawings is called the engineering change 
order (ECO). Normally, the ECO is accompanied by a 

copy of the engineering drawing, along with sketches and 

a written description of the change. A reference number 

is given to the ECO so that it can be traced within the 

organization.

An engineering change note (ECN) is added to the en-

gineering drawing in the revision block to document that 

a change has been made. See Section 20.2.8 for a discus-

sion and description of revision blocks.

With CAD drawings, changes are normally easy 

to make, using editing commands. Changes to hand-

drawings can take more time. If only a dimension change 

is required, the dimension can be modifi ed on the drawing 

without changing the geometry, and the dimension is then 

labeled NOT TO SCALE. However, this technique should 

be avoided with CAD, because the drawing may be dimen-

sioned automatically, and any change of this nature could 

adversely affect the entire drawing and the CAD database.

Practice Exercise 20.1
Using Figure 20.11, determine the following information:

The drawing number and name.

The quantity, description, catalog number, and part num-

ber for part 11.

The number of parts in the assembly.

The note location and the total stroke for the assembly.

The total number of changes that have been done on the 

assembly.

The total number of standard parts in the assembly.

Figure 20.29

Tabular drawing of an air cylinder, from a parts catalog
(Courtesy of American Cylinder.)
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20.3 Reprographics
Reprographics refers to the technology and tech-

niques of reproducing documents. After the engi-

neering drawings have been created, they are copied for 

others to use, carefully stored, and set up for easy future 

accessibility. The original drawings are rarely used once 

they are completed, so copying becomes a very important 

part of design and production. The techniques for storing 

and retrieving traditional drawings versus CAD drawings 

are very different.

Figure 20.31

A diazo print of an assembly drawing
(Irwin drawing contest winner, Neal Landswith.)
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974 PART 4  Standard Technical Graphics Practices

20.3.1 Drawing Storage: Traditional Drawings

After the original drawing is created, it must be carefully 

stored or archived. The process used to store and retrieve 

engineering drawings is called archiving. Large-format 

drawings are stored in fl at fi les, hung vertically in cabi-

nets, or rolled and stored in tubes. Prints can be stored in 

the same manner or can be folded and put in notebooks. A 

document cataloging and management system is used so 

that the drawings can be easily retrieved, if needed. One 

such technique uses the drawing numbers as the retrieval 

key. Drawings are stored using the criteria established for 

assigning the drawing numbers. Each digit in the draw-

ing number would have some signifi cance, such as the 

fi rst four digits make up the job number, the second three 

digits designate the assembly number, and the last three 

digits indicate the part or drawing within that assembly. 

Drawings are then stored using the criteria outlined for 

assigning drawing numbers. Large industries have thou-

sands of drawings and drawing numbers, so the manage-

ment system becomes a very important part of storage, 

and a problem if not managed well.

20.3.2 Reproduction Techniques

Blueprinting  Blueprinting is a photographic reproduction 

process in which the copy produced, called a blueprint, 
has white lines on a blue background. Blueprints are made 

by exposing specially coated paper to light, using the orig-

inal drawing as the negative, then developing the exposed 

paper in an ammonia bath. This fi xes the image to the pa-

per and turns the image blue. This process requires that 

the original drawing be created on semitransparent media. 

Because blueprinting was the fi rst reproduction method in 

common use, the term blueprint is often used as a generic 

term for any type of copy.

Diazo  Diazo is a more modern technique similar to the 

blueprint process. The diazo print, also called an oza-

lid dry print or a blueline print, is a direct-print dry pro-

cess (Figure 20.31 on the previous page). Although diazo 

prints are sometimes referred to as blueprints, they are not 

considered true blueprints.

The diazo process begins by placing the original draw-

ing face up on the yellow or treated side of the diazo pa-

per. The drawing and diazo paper are fed through the light 

exposing process. After the paper is exposed, the original 

drawing is removed, and the exposed paper is fed through 

a chemical fi xing process, coming out as a copy with blue, 

black, or brown lines on white paper.

Diazo paper comes in sizes that correspond to the stan-

dard English and metric border sizes. Also, since diazo 

paper is light sensitive, it should be stored in the dark.

Sepias  Sepias are special prints used as secondary orig-

inals. Changes can be made on the sepia, using pencil or 

ink, and the original can be left unchanged.

Sepias are made using a diazo-type process, where the 

original is placed face down on the sepia medium; then 

both are exposed to light. The original is removed, the 

sepia medium is sent through a chemical vapor, and dark 

brown lines are formed on a translucent background.

Xerography  Xerography is an electrostatic process that 

transfers images onto ordinary paper. The electrostatic 

process offers high-quality prints with good archival 

quality. The use of xerography for copying larger engi-

neering drawings is fairly new, even though the process 

has been used for smaller drawings for some time. Large-

format xerographic machines are used to make copies of 

original drawings (Figure 20.33). The original is either 

fed into the machine or placed on a glass surface. The 

image is transferred to plain paper, producing a black-line 

copy on white paper.

A distinct advantage of the xerographic process is 

that multiple reduced or enlarged copies can be produced 

quickly and easily. Figure 20.30 is an example of a xero-

graphic print from an original drawing.

Figure 20.32

A large-format copier
(Courtesy of Océ North America, Inc.)
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Microfi lming  Engineering drawings produced on large 

sheets of paper present a signifi cant storage and retrieval 

problem for industry. One technique for reducing the size 

of the originals is microfi lming, which is a photographic 

process that produces a small fi lm negative. Either 16-mm 

or 35-mm fi lm is used. The fi lm is developed and placed 

onto a roll or is cut into individual negatives that are 

mounted in cards. An aperture card is a long, rectangular 

card with a rectangular hole for mounting microfi lm (Fig-

ure 20.34). Aperture cards can be easily stored in small, 

numbered drawers, or can be mailed to other sites. Aper-

ture cards can also be coded or indexed for easy document 

location.

Special equipment is used to make copies of the 

drawing once it is in microfi lm form. Microfi lm reader-

printers are used to enlarge the microfi lm image on a 

screen, for viewing or for producing high-clarity prints. 

These devices are similar to those used in libraries to view 

and print microfi lmed newspaper and magazine articles.

20.3.3 Digital Technologies

Just as CAD has revolutionized the engineering design/ 

drafting process, the use of computers for reprographics 

is revolutionizing the copying, storing, and retrieving of 

engineering drawings. Plots of CAD-produced drawings 

can be copied using one of the techniques described ear-

lier in this chapter. However, a more modern approach 

would be to use the digital data as the basis for storing, 

copying, and retrieving the engineering drawings.

Figure 20.33

A large-format xerographic copying machine
(Courtesy of Xerox Corporation.)

Figure 20.34

An aperture card used to mount a microfi lm of an engineering drawing
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976 PART 4  Standard Technical Graphics Practices

Storage Techniques  CAD-based engineering drawings 

can be stored as digital fi les, using large storage media, 

such as streaming tape, CD-ROM, and removable hard 

disks. For example, a streaming tape device, such as digi-
tal audio tape (DAT), can be used to store upwards of 

1 gigabyte of drawing fi les. This streaming tape technol-

ogy is slow for retrieval because it is sequential; however, 

it offers large data storage capability at a relatively inex-

pensive cost.

The digital storage of drawing fi les is accomplished 

by saving or copying the drawing fi les to the medium, 

then storing that medium in a safe place. If working in a 

computer-networked environment, the system manager 

would mount the storage media on the network, save or 

copy the drawing fi le, then store it in a safe place. Draw-

ings would be saved using a fi le-naming convention that 

would conform to the part or drawing numbers.

Engineering digital management systems (EDMS) are 

database software tools used in some offi ces to manage 

digital fi les. These computer programs, sometimes called 

drawing managers, are designed to locate and retrieve 

digitally stored drawing fi les quickly and easily. EDMS 

programs provide the ability to navigate quickly through 

drawing fi les and view the drawings on screen. EDMS pro-

grams assist in the organization of drawing fi les through 

the use of long fi le names, memos, notes attached to the 

drawing fi le, etc. The drawing fi les can be sorted alpha-

betically, by date, size, or any other characteristic stored 

in the database. FIND utilities can then be used to locate a 

drawing fi le through the use of a series of search criteria.

Retrieval and Distribution  After drawings are digitally 

stored, they can be retrieved using the EDMS software. 

Drawings can be viewed on screen, using either the CAD 

software or special viewing software (Figure 20.35), 

without resorting to making prints or plots.

Files can be distributed to other sites either on disk 

or through telecommunications networks, such as phone 

lines. Telecommunications devices can transmit copies of 

electronic fi les (with modems) or paper documents (with 

fax machines). The use of cellular telecommunications 

technology has meant that design and production infor-

mation can be sent directly to mobile units in the fi eld.

Copying  If hard copies must be made, the digital data-

base fi les can be directly printed or plotted. Section 6.2.5 

discusses the computer-related equipment used for this 

purpose.

Scanning  Hand-drawings can be converted to digital 

fi les using a process called scanning. Scanning is an opti-

cal electronic process that converts text and graphics into 

digital data. When a hand-drawing has a change order, 

many companies scan that drawing into digital data, then 

edit the drawing using CAD. In this manner, companies 

are slowly, and on an as-needed basis, beginning to update 

their older drawings to digital formats.

20.4 Standard Parts 
There are many designs that will use standard parts as 

part of the assembly. For example, if a design consists 

of many parts, they can be held together with fasteners, 

such as machine screws and nuts. Other designs might re-

quire the use of springs or bearings. Many of these parts 

are created in standard sizes because they are used com-

monly in design. As a designer, you want to use as many 

standard parts in a design as possible to save money and 

lower cost to manufacture and assemble the product. 

There are many companies that manufacture, stock, 

and supply standard parts for industry. There are also a 

number of websites that have consolidated many standard 

part suppliers’ products through a website by making on-

line parts libraries available to designers at no cost. These 

sites offer advanced search tools to help locate hard to 

fi nd components or offer the ability to browse thousands 

of standard part catalogs. Once you fi nd the part you need 

Figure 20.35

A drawing manager software program used to manage 
and view CAD drawing fi les
(Courtesy of SDRC.)
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for your design, you can preview a 3-D CAD model and 

2-D drawing of the part online and perform design cal-

culations. Once the decision is made to use the standard 

part, the 3-D CAD model and 2-D drawing of the part 

can be downloaded and placed directly into the CAD 

model or drawing you are creating for your design. Figure 

20.36 is an example of an online catalog that is available 

to search and download standard parts. 

20.5 Using CAD to Create a Detailed 
Working Drawing from a 3-D Model
The traditional method of creating a detail drawing was 

to create the views by drawing each feature. This tech-

nique was used whether you were using traditional hand 

tools or a 2-D CAD program. Many CAD programs have 

the capability to automatically extract 2-D views from a 

3-D part model. Parts of an assembly that are created as 

3-D models are used as the base for creating the 2-D de-

tailed working drawing. 

Normally, this process begins with creating a base 

view of the part by automatically extracting the view 

from the 3-D model. The user selects the viewing direc-

tion to create the base view and positions it on a draw-

ing sheet, as shown in Figure 20.37 on the next page. 

Once the base view is positioned, the CAD software can 

be used to automatically project other orthographic and 

auxiliary views, if necessary. Those new views easily can 

be positioned and aligned with the base view. You also 

can create a pictorial view of the part and place that on 

the drawing sheet along with the orthographic views, as 

shown in Figure 20.38 on the next page.

Section views also can be generated automatically by 

selecting the type of section view and positioning the loca-

tion of the cutting plane with the cursor (Figure 20.39 on 

the next page). Various hatch patterns and the cutting-plane 

Figure 20.36

Many standard parts can be found online through websites and the 3-D model and 2-D drawing downloaded into your CAD model 
or drawing.

(Courtesy of Trace Parts S.A.)
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Figure 20.38

Projected views 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

Figure 20.39

Section view 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

Figure 20.40

Model dimensions displayed 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

Figure 20.41

Repositioned dimensions 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

Figure 20.37

Base view placement 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

line can be selected and added automatically to the new 

section view. 

After creating the orthographic views, center lines and 

dimensions normally are added when creating a detailed 

working drawing of a part. Center lines can be added by 

drawing them with the CAD system or placed automati-

cally. Models created through a parametric modeling 

technique normally will have dimensions attached to the 

model. The parametric dimensions can be displayed au-

tomatically by invoking the proper command. However, 

parametric dimensions usually will be displayed in a man-

ner that is not to drawing standards (Figure 20.40). There-

fore, it is necessary to reposition the parametric dimen-

sions by picking them and dragging them into the proper 

position according the ANSI standards (Figure 20.41). 
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After all of the dimensions and notes have been placed 

on the drawing, it is necessary to zoom into the title block 

of the drawing sheet to add the text necessary to com-

plete the title block information. That will complete the 

detailed working drawing, as shown in Figure 20.42.

20.6 Summary
Working drawings are a fundamental part of any manu-

facturing or construction business. These drawings docu-

ment the manufacturing and construction process for 

simple-to-complex assemblies. Typically, a set of work-

ing drawings includes dimensioned detail drawings, as-

sembly drawings, and parts lists normally developed 

based on ANSI standards. Drawings are numbered ac-

cording to systems developed within each company, and 

these numbers form the basis for storage and retrieval of 

the documents. Traditionally, drawings are created on pa-

per, which must be stored, retrieved, and copied through 

a process called reprographics. In the future, working 

drawings may be created, stored, retrieved, and copied 

using computers alone.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

Figure 20.42

Completed detail working drawing 
(From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill 

Companies.)

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Defi ne working drawings.

 2. List the types of drawings commonly found in a com-

plete set of working drawings.

 3. List the types of assembly drawings.

 4. Describe a family of parts.

 5. What type of drawing is used for a family of parts?

 6. Defi ne a subassembly.

 7. What is zoning?

 8. List the important items in a parts list.

 9. List the important items in a title block.

 10. What is a revision block?

 11. Describe how CAD is used to create working 

drawings.

 12. Describe how CAD is used for storage and retrieval 

of drawings.

 13. Defi ne reprographics.

 14. Describe how CAD drawings are shared with remote 

sites.

 15. Describe why the storage of drawings in digital form 

can eliminate the need for diazo prints.
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980 PART 4  Standard Technical Graphics Practices

P r o b l e m s

The following fi gures range from simple to complex me-

chanical and electromechanical assemblies. For each fi g-

ure, create a complete set of working drawings. Some of 
the fi gures require tolerances to be assigned and miss-
ing information to be developed. Some of the assem-
blies may also be redesigned, to improve on the exist-
ing design. For each problem, do the following:

 1. Sketch orthographic views of each part, with di-

mensions. If dimensions are missing, determine 

what they should be by their relationship to other 

parts.

 2. Determine tolerances as noted or assigned.

 3. Determine the scale and size of sheet to use if us-

ing traditional tools, or the plot scale and sheet size 

if using CAD.

 4. Determine fi nished surfaces, and mark them on 

the sketch.

 5. Determine which parts should be represented as 

section views on the detail drawings.

 6. Determine the specifi cations for all standard parts 

in the assembly.

 7. Create dimensioned detail drawings of each non-

standard part in the assembly.

 8. Create an orthographic or exploded pictorial as-

sembly drawing in section.

 9. Label all parts in the assembly drawing, using num-

bers and balloons.

 10. Create an ANSI standard parts list with all relevant 

information for the parts in the assembly.

 Problem Figure
 Number Number Figure Title

 20.1 Figure 20.43 Burney Jig

 20.2 Figure 20.44 Ku-band Parabolic Dish

 20.3 Figure 20.45 Quick Acting Hold-Down Clamp

 20.4 Figure 20.46 Double Bearing

 20.5 Figure 20.47 Double V-Block

 20.6 Figure 20.48 V-Block

 20.7 Figure 20.49 Wheel Support

 20.8 Figure 20.50 Shock Assembly

 20.9 Figure 20.51 Screw Jack

 20.10 Figure 20.52 Valve

 20.11 Figure 20.53 Geneva Cam

 20.12 Figure 20.54 Surface Gauge

 20.13 Figure 20.55 Drill Guide

 20.14 Figure 20.56 Welder Arm

 20.15 Figure 20.57 Kant-Twist Clamp

 20.16 Figure 20.58 Belt Tightener

 20.17 Figure 20.59 Pulley Support

 20.18 Figure 20.60 Yoke

 20.19 Figure 20.61 Valve Assembly

 20.20 Figure 20.62 Air Cylinder 

 20.21 Figure 20.63 Water Pump Fixture

 20.22 Figure 20.64 Gear Reducer

 20.23 Figure 20.65 CD-ROM Carousel

 20.24 Figure 20.66 Fixture Assembly
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SWING ARM

HANDLE

ITEM QTY NAME DESCRIPTION

ALUMINIUM

STEEL

BASE

MOVABLE JAW
SCREW

WASHER

1
1
2
2
2
2

1
2
3
4
5
6

ALUMINIUM

ALUMINIUM
STEEL

STEEL

1

4

4

5

6

2

3

5

3

6

BURNEY CUTTING JIG

Figure 20.43

Burney jig
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Figure 20.43

Burney jig (Continued)

982

.283 ø .18

.13

90∞

2.511

.03R .57

.19

2X 45∞

PART NAME: BASE
PART NUMBER: 1
ALL FILLETS AND ROUNDS R.0625

BOTTOM DETAIL

2X ø .50

.34

.02

1.00.50

R .18

.31

.16

.44
.06.25

.22

.50

R 1.00

1.94

3.88

1.75

.12

.38

1.12

R .27
R 1.90

R 2.63

R 2.25

1.000
.03

.18

.38
ø .19

Sø .18

R 2.53

.12

.25 .16

.09

.06

.12

.25

2.50

2X ø .190
.335 X 90∞

.2500
.2509

ø
R .38

R .12

R .50

R .06

R 2.03R 1.84

R 2.41

.313

.38

2.209

11∞

84∞

12∞

1.656

CL

90∞

45∞.25

ø.2900.2906

1.00

.75
.06

ber28376_ch20.indd   982ber28376_ch20.indd   982 1/2/08   3:23:22 PM1/2/08   3:23:22 PM



983

Figure 20.43

Burney jig (Continued)

ø.
1950

.1952

1.94

R .06

.22

.16

.12

.500

R .18

.38

.25

.08

.750

ø .750

ø .50

.312

Sø .25

PEENED AT

ASSEM

.18

.25

R .25

R .12

2.200

2.735
1.000

.156

.250

.25

R 1.002.000

.50

1.00

.309

3.88

PART NAME: SWING ARM
PART NUMBER: 2
ALL FILLETS & ROUNDS R .0625

45∞

.6376

ø.2900.2960

.31

3X R .18

.12

1.75

4X R .12

.56

R .22

.25-20UNC

.88

2X R .06
R .12

.18

.62

PART NAME: MOVABLE JAW
PART NUMBER: 3
ALL FILLETS & ROUNDS R .03
U.O.S.

.25

.825

ø.2895.2891

ø .1250
.1280

PEEN AT ASSEMBLY

ø .312

.25-20UNC

4.432

.312

.433

.313

PART NAME: SCREW
PART NUMBER: 4

.156

ø .1205.1190

PINCH EACH END

AT ASSEMBLY

2.000

PART NAME: HANDLE
PART NUMBER: 5

.03

ø .3125

ø .2500

PART NAME: WASHER
PART NUMBER: 6

R .125

.52
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.500

R .625
ø .5313

 .250

.3125-18UNC

.75
.625

1.000

ø 1.250

.0625

ø .750

.250

ø 1.000

ø 1.4062

B.C.

3X #10-24UNC

ø .6250
ø 1.81251.1094

1.8125 .375

.1734

.375

ø 1.015

ø 2.500

#8-32UNC.75

.1875

3X #10-24UNC

1.25

.1875

ø 1.0625

.1875

.250

#6-32UNC
.375

ø .750

ø 1.8125

.65651.313

3X ø .201
120°

.260

.520

.3622

R .260

ø .332

ø 3.875

.0625

.250

PART NAME: WASHER
PART NAME: MOUNTING SLIDE

PART NAME: BACKING PLATE

PART NAME: REAR BRACE

PART NAME: FOCUSING RING

PART NAME: CONNECTING RING

 .3125
ø

.0625

Figure 20.44

Ku-band parabolic dish (Continued)
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.1875

.6232

R .4375R .250

105°

.1875
.375 2X  .201

.3789

13.3356

R .25 .1875

R .4375

.4988

.250

142°

PART NAME: SUPPORT BAR

R .125

.3184

.375

.150
2°

#10-24UNC
.625

.1875

BOTH SIDES

.8357

R .25

8.7263

.5
00

R .125

21°

1.1357

2.2293

10.1162

.2
50

.3675

#1
0-

24
UNC

PERPENDIC
ULA

R T
O

PA
RABO

LI
C S

URFA
CE

PART NAME: PARABOLIC ARM

CL

4.6764

14.8281

3 PLACES
EQ SP

4.9954

R .0962
R .1562

SECTION A-A

PART NAME: PARABOLIC DISH

A

A.3438

.2041

Figure 20.44

Ku-band parabolic dish (Continued)
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ARM

HINGE A

HANDLE
PIN B

ITEM QTY NAME DESCRIPTION

STEEL

STEEL

STEEL
STEEL

SUPPORT (LEFT & RIGHT)

GRIP
PIN A

HINGE B
SHAFT

1 EA.
2
1
1
1
1
1
1
2

1
2
3
4
5
6
7
8
9

STEEL

STEEL
STEEL

STEEL
STEEL

1

2

3
4

5

6

7

8

9

QUICK-ACTING HOLD-DOWN CLAMP

PIN C STEEL110

10

Figure 20.45

Quick acting hold-down clamp
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ø .2812ø .250PEEN AT ASSEMBLY

BOTH ENDS2X .1875
.750

.375

1.125 .375

PEEN AT ASSEMBLY

BOTH ENDS

ø .250

ø .3125

R .03125

ALL EDGES

ø .3125

.750

.375

.375

1.375

.250

PART NAME: HINGE A

PART NAME: SUPPORT
RIGHT & LEFT NEEDED

PART NAME: GRIP

PART NAME: PIN A

PART NAME: PIN C

PART NAME: ARM

.125

R .3125

.375

.250

R .1562

.2187 6X ø .250.250

.750

1.250

.8750

1.250

.500

.375

1.250

2.500
1.000

45°

.375

.125

.375

R .25

R .10
R .10

ø .2343

ø .750

PEEN AT ASSEMBLY

BOTH ENDS

ø .250BOTH SIDES

.1875BOTH SIDES

.750

R .0312 FILLET

BOTH SIDES

R .500

2.250

R .3125

3X ø .250R .31254°

1.375

.125

R .25

PART NAME: PIN B

ø .3125ø .250PEEN AT ASSEMBLY

BOTH ENDS.1875
.750

1.125

 
CENTERED 

ON FEATURE

Figure 20.45

Quick acting hold-down clamp (Continued)
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ø .6250

.4375

ø .266

CENTERED ON

FEATURE

.375-16UNC

ø .2504.1875

5.0625

ø .375-16UNC
ø .700

ø .3125
BOTH ENDS

.125BOTH SIDES

1.000

R .0312 FILLET

BOTH ENDS
PEEN AT ASSEMBLY

BOTH SIDES

ø .250

3.000

PART NAME: HINGE B
PART NAME: SHAFT

PART NAME: HANDLE

Figure 20.45

Quick acting hold-down clamp (Continued)
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1

2

3

4

BASE

ITEM QTY NAME DESCRIPTION

STEEL
BUSHING

CAP
HEX HEAD BOLT

2
1
1
6

1
2
3
4

BRONZE

STEEL
.50-13UNC X 2.00

DOUBLE BEARING

Figure 20.46

Double bearing

990

ber28376_ch20.indd   990ber28376_ch20.indd   990 1/2/08   3:23:25 PM1/2/08   3:23:25 PM



PART NAME: BASE

.500

3.000

3.000

1.250

3.000

4.000

.500

2X R 1.25
7.000

3.500

2X R.750
.50

1.500

.750

6X
 .516

PART NAME: CAP

PART NAME: BUSHING

 2.00

4.500

.500

 1.125  1.50

2.500

.750

6X .500-13UNC
1.125

1.500

.500

9.00

4.00

1.50

45°

.500

1.250

1.750 3.500

1.250

1.50
2.50

.500

3.00

4.00

R .750

R 1.25

CL

.500

1.00

.500

Figure 20.46

Double bearing (Continued)
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2.75

1.25

ø .75

.63
2.56

2.00
1.25

.25

2.75

1.88

1.50

1.25

2.00

1.75

1.13

.87

2.00

2.441.97.47

.22

2.75

1.25

2.00

.375 -16 UNC THRU TO HOLE

ø.50

4.00

.63
.62

R .9
7

.313 - 1
8 UNC

.375 
–16 UNC

.625

ø .50 X .50

.25

ø .1
3

.313 - 
18 UNC X 1.75

ø .25 X .19

DOUBLE V-BLOCK

1

2

3

FASTENER

BASE

U-CLAMP

1 REQ.

2 REQ.

2 REQ.

90°

.25

R .25

R .1
25

R 1.2

.63

ø

.25

1.25

ø

ø
2.350

Figure 20.47

Double V-block
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.28

1.881.591.471.00.87.41

1.501.06.87.12

2.00

1.31

2.13

1.06 .13 SQ

1.69
1.50

1.25
1.00

.75

1.88

1.38

1.00

45°
1.25

R .125.03STAMP NAME

CENTERED

ø.38 - 16 UNC

1.00

ø .31
3/8 - 1

6 UNC

.63 FROM BOTTOM

.50

1.00

.88

1.13

R .69

R .905

90°

1.81
1.06

.50

4X R .05

10-32 UNF

.25

ø .38 X .50

.0625 X 45°

# 10 - 3
2 UNF

X 1.88

ø .16

1.40

ø .19 X .12
MEDIUM KNURL

V-BLOCK

1 BASE
1 REQ.

2 FASTENER
1 REQ.

3 U-CLAMP
1 REQ.

FILLETS & ROUNDS R .125

.375

Figure 20.48

V-block
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11.50
6.50

2.50

1.00

3.00

.75

4.00

4X .500-13UNC

4.002.00
1.00

1.50

4.00

2.00

1.50

R .125

.50

FN2 FIT

R .625

SOCKET HEAD SHOULDER SCREW 5/8" DIAMETER
2.50" SHOULDER LENGTH RC1 STEEL

WASHER
INNER DIAMETER 5/8"
BRONZE

BUSHING
OUTER DIAMETER 1.00" FN2
INNER DIAMETER 5/8" RC1
THICKNESS 1/2"
BRONZE

WHEEL
DIAMETER 4.00"
WIDTH 1.00"  BODY .50" THICK
HUB WIDTH 1.50" X .75" O.D.
GROOVE 45°

 

AND CENTERED
CAST IRON

SUPPORT COLD
ROLLED STEEL

HEX HEAD NUT
1/2" - 13NC

BASE
COLD ROLLED STEEL

DETAIL WHEEL

.50

HEX HEAD MACHINE SCREW 
.500—13UNC X 1.00

WHEEL SUPPORT

 3.25 4.00

.25

Figure 20.49

Wheel support
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SHOCK ASSEMBLY

PIVOT

U-SUPPORT

BRACKET
FLAT WASHER

ITEM QTY NAME DESCRIPTION

STEEL

STEEL

STEEL
1.50 X .750 X .125

CASTLE NUT

BUSHING
HEX HEAD BOLT

SHAFT
SPACER

SELF-LOCKING NUT

1
1
2
1
1
1
1
1
1
1

10
9
8
7
6
5
4
3
2
1

STEEL

BRONZE
STEEL

C.R.S.

11 COTTER PIN1

.625-11UNC

STEEL1

2

3

4

56

7

8

9

8

10

11

WELD TO BRACKET

WELD TO U-SUPPORT

Figure 20.50

Shock assembly
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.625-11UNC X 1.00

HEIGHT OF SHAFT

DETERMINED BY USER

 .750

.125 X .125
.250

 2.000

 .500

 1.500

1.250PART NAME: SPACER

PART NAME: BUSHINGPART NAME: BUSHING PART NAME: SHAFT

1.500

9.500

2X
 .500

 .750

CENTERED IN OBJECT

4.750 2.875
1.188

2.375

3.000

PART NAME: BRACKET
ALL FILLETS R .313
ALL ROUNDS R .625

.313

2X R 1.400

3.500

3.813

2X
 .500

.313

PART NAME: U-SUPPORT
ALL FILLETS R .313
ALL ROUNDS R .625

.752.500

.313

1.250
.625

6.5005.000

1.313
3.250

R 1.063

 1.500 4X
 .250

PART NAME: PIVOT

R .500

DETERMINED

BY USER

 1.75

 2.25

4.750

2.875
1.188

1.500

Figure 20.50

Shock assembly (Continued)
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BILL OF MATERIALS

QTY. PART NAME DESCRIPTIONITEM
1
2

3
4

1
1

SHOULDER

SUPP. SHAFT
V-SUPPORT
WASHER

STEEL

5

1
1
1 CAP SCREW

STEEL

STEEL
STEEL

SCREW JACK

3

2

1

4

5

#10 SC. HD.

Figure 20.51

Screw jack
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ø 1.00

ø .453
1.25

.500-20UNF

1.25

FROM BOTTOM

ø.625
1.094

ø 1.125

.094

R .0625 FILLET

2.00

.500

.0625 X 45°

.05 x 45°

ø 1.50

ø .203

ø .500

.0625

1.68752.7656

.6251 .1875

.2660

ø 1.00

ø .3750#10-32UNF X .578 DP

3X .031 X 45°

.500 - 20 - UNF - 3A

ø .2182 HOLES 90° APART

CENTER .5785 FROM TOP

OF PART

ø .406
ø .5625

.5625

90° V CUT

.218

.8125 .563

ø 1.250

ø 1.00

3X .031 X 45°

PART NAME: SUPPORT SHAFT

PART NAME: V-SUPPORT

PART NAME: WASHER

PART NAME: SHOULDER

Figure 20.51

Screw jack (Continued)

998

ber28376_ch20.indd   998ber28376_ch20.indd   998 1/2/08   3:23:26 PM1/2/08   3:23:26 PM



R
O

U
N

D
 H

E
A

D
 M

A
C

H
IN

E
 S

C
R

E
W

W
O

O
D

R
U

F
F

 K
E

Y

A
R

M
H

E
X

 H
E

A
D

 N
U

T

IT
E

M
Q

T
Y

N
A

M
E

D
E

S
C

R
IP

T
IO

N

#4
-4

8U
N

F
 X

 .2
50

S
T

E
E

L
.3

75
-2

4U
N

F

B
O

D
Y

P
LA

T
E

S
H

A
F

T

R
E

TA
IN

E
R

R
O

U
N

D
 H

E
A

D
 M

A
C

H
IN

E
 S

C
R

E
W

1 2 1 1 1 1 3 1 1

1 2 3 4 5 6 7 8 9

C
A

S
T

 IR
O

N

A
LU

M
IN

IU
M

S
T

E
E

L

S
T

E
E

L
#1

0-
32

U
N

F
 X

 .5
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R
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S
E
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6X ø .470

2.250

ø 1.50

1.125

1.594

.313

120°

ø .5622.813ø .875

ø .750

3X #10-32UNF

.375

ø 1.938

R 1.406

1.750

R .500

3.250

6X 120°
.250ø .563

120°

ø 2.000

3X ø .203

ø 1.50

.063

2X ø .125 1.000
.000

.703
.949

1.072

1.109

.000
.250

.500
.750

.969

PART NAME: BODY

PART NAME: RETAINER

PART NAME: ARM

PART NAME: SHAFT

PART NAME: PLATE
(ELLIPTICAL)

.625

.187

ø 1.125

ø .563

.077 X .126
KEYWAY

3.00

ø .438

ø .875

W
O
O
D
R
U
FF

K
E
Y
W
AY

.500.03 X 45°
BOTH ENDS

ø .872

ø .560

ø .560

.375-24UNF

.898

.240
3.898

1.000

.125

.472

.375 1.937

.311

2X #4-48UNF

.125

ø 2.000

.250

Figure 20.52

Valve (Continued)
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8

7

4

1

3

5

6

2

9

BILL OF MATERIALS

QTY. PART NAME DESCRIPTIONITEM
1
2

3
4

1
1

1
1

5
6
7
8
9

2
1
1

2
1

INDEX
INDEX PLATE
GENEVA
BUSHING
WASHER
FLAT HEX NUT
CAP SCREW
SHAFT
SET SCREW

BRASS

STEEL
STEEL

STEEL

STEEL
STEEL
#3 SC. HD.
STEEL
STEEL

GENEVA CAM

Figure 20.53

Geneva cam
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ø 2.25

8X ø .375

ø .11

ø 1.52

ø 1.79
ø .50

.13
ø .50

ø 2.47ø .25

5X
.2

ø 1.25

.44

.25

ø .25
ø .13

.11

.03 ø .19

ø .13

2.50

ø .25

2X .031 X 45°

ø 1.25

ø .50ø .25

R 1.25

#10-32 UNF

.25
.25

.13

PART NAME: INDEX PLATE

PART NAME: INDEX

PART NAME: GENEVA

PART NAME: BUSHING

PART NAME: WASHER

PART NAME: SHAFT

.2870

.350

1.5287

5X R .63

Figure 20.53

Geneva cam (Continued)
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INTERNAL LUG

ROCKER

SURFACE ROLLER
CUSTOM SCREW

10-32 FILL. HD. SCR.

ITEM QTY NAME DESCRIPTION

DR. ROD

C.R.S.

BASE

EXTERNAL LUG
PEAN

CONICAL SPACER
RETURN SCREW

COMPRESSION SPG.

1
1
1
1
1
1
1
1
1
3
1

1
2
3
4
5
6
7
8
9
10
11

C.R.S.

C.R.S.
DR. ROD

C.R.S.
C.R.S.
C.R.S.
C.R.S.

SURFACE GAUGE

1

2

3

4

5

6

7 8

9

10

10

11

Figure 20.54

Surface gauge
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PART NUMBER: 1
FILLETS & ROUNDS R.125
BOTH 90° SLOTS CENTERED

R .25

R .500GROOVE
CENTERED

2.38

.500

2.8751.4375

.8125.9375

1.1875

 .3125-.24UNF

.4375.0625
90°

90°

.375
.25

 .3125

DRILL TO REMAINING

THICKNESS OF .125

R .25

.375

.50

.250+.005- .000

.500
.875

1.250
2.000

8-32 X .688

 .3125 +.000- .005

.187
+.002

- .000

 .312 +.002- .000 .1406

2X .0313 X 45°

PART NUMBER: 2

 .500 +.000- .002

PART NUMBER: 4

S
 .3125

 .125
.2188

9.00

10-32 UNF.500

 .312+.000- .002

.03 X 45°
.625

1.094

.156

.188 X 60°

 .312

 .141

 .501
+.002

- .000
.190 +.005- .000

 .6875

PART NUMBER: 3

.30

.45

2X

Figure 20.54

Surface gauge (Continued)
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Figure 20.54

Surface gauge (Continued)

R 1.00

BLEND

.248

.813

1.00.500

1.437

.500

.250

8-32 UNC THRU

PARALLEL TO END

CENTERED ON

.248 THICKNESS

ø .187

.03 X 45°

BOTH SIDES

R .438

ø .3125

.188 X 60°

ON BACK SIDE

+.005

- .000

+.000- .002

R .250

.3125

+.002

- .000

PART NUMBER: 5

ø .438.063

.188

ø .315

.125

+.005

- .0
00

ø .6875

.190 +.005- .000

PART NUMBER: 6

ø .625 DIAMOND KNURL

.188

1.125
8-32 X .8125

3X .03125 X 45°

R .0625

PART NUMBER: 7

PART NUMBER: 8

ø .4375

.1875
.563

8-32 UNC

ø .281

.3125

FROM BACK SIDE

ø 1.00 DIAMOND KNURL

2X .03125 X 45°

PART NUMBER: 9

3X .3125 X 45°

.03125 SLOT
.0625

ø .3125-24 UNF.938

.563

 ø .187+.000- .002

1005
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DRILL GUIDE

SLIDE

DRILL ADAPTOR

ROD GUIDE

ITEM QTY NAME DESCRIPTION

ALUMINIUM

STEEL

STEEL

BASE

BUSHING
EXTERNAL RETAINING RING

COLLAR
THUMB SCREW

1
1
2
2
1
2
4
2

1
2
3
4
5
6
7
8

ALUMINIUM

BRONZE
SAE 1060

ALUMINIUM
ALUMINIUM

4

5

8

2

3

4

3

ASSEMBLY A

ASSEMBLY A

1

8

7

2

6

Figure 20.55

Drill guide
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.16

.25-20UNC
.62

2X ø .25
45°

.40

.5000
.5004

1.53.18

R .25

.75

2X ø.75

ø 2.25

ø 3.50

.62

1.44

.88

ø 4.75

.125

PART NAME: BASE
PART NUMBER: 1
ALL FILLETS & ROUNDS R .0312

1.75

.38

2X ø

CL

ø .5000
.5004

PART NAME: SLIDE
PART NUMBER: 2
ALL FILLETS & ROUNDS R .04

.18

1.750

ø .88

ø .25

.12

.56

1.25
1.88

1.50
.750

.16

ø .750

ø .68

.38-16UNC X .406

2.7816

2.1826

1.9976

.185

ø .500
2X .0313 X .0313

GROOVE

.38-16UNC
1.20

PART NAME: DRILL ADAPTOR
PART NUMBER: 5

ø .5000
.5004

.38

1.06

.438

.25-20UNC

1.00

PART NAME: COLLAR
PART NUMBER : 6

10.000

2X .04 X 45°

ø .5000
.4997

PART NAME: ROD GUIDE
PART NUMBER: 8

ø

Figure 20.55

Drill guide (Continued)
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WELDER ARM

FIXTURE

3/16 SLOTTED SPRING PIN

ARM
THONG

ITEM QTY NAME DESCRIPTION

STEEL

STEEL
STEEL

HEX HEAD MACHINE SCREW

MIDPIECE
SUPPORT

BRACE

HOLDER

3
1
1
2
1
1
1
1
2
1

1
2
3
4
5
6
7
8
9
10

STEEL
STEEL

1

2

3

4

5
6

7

8

9

11

10

WELD TO
ARM

WELD TO
MIDPIECE

CENTER AND WELD
TO HOLDER

111

STEEL

STEEL

3/16 SLOTTED SPRING PIN

1/8 SLOTTED SPRING PIN

Figure 20.56

Welder arm
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R .250

.1250

ø .1768 .5625

2.125 5.0625

5.3125

4°
.5625.1875

34°

.375

.1875

14°

.240

R .1768

14°

R .250

ø .100

3.000

.500

1.500

.375

.500

1.375

.6875
.6875

.875

50°

.9375

.875

.500

1.3125
.6875 R .250

10° R .250

.3125

.476
2X ø .1

 ø.1768

90.8125

37°ø .125

 .20

.375

34°

11°
ø .500

.500

.625

.125.500 .125

.250

.6875

.25 X .1875 X .4375
GROOVE CENTERED

R .250

 R .125
ø .125

.125

.250

1.250

3.500
.0625 X 45°

ø .4521

ø .190

ø .500

.500

.601

PART NAME: THONG

PART NAME: FIXTURE

PART NAME: HOLDER

PART NAME: BRACE

PART NAME: SUPPORT

PART NAME: MIDPIECE

.500

.425

.250

.250

1.500 .500

11X #5-40UNC
ø 2.125

ø 1.800

9X R .125
R .0625

.500

3X 120

.375
.250

.5625

.375

3X ø .136

#5-40UNC
.75

1.81251.250

.4062

.875

.250

.750

1.375
.625

Figure 20.56

Welder arm (Continued)
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.9375

5.1875

2.500

.250

ø 3.125 B.C.

9X ø .375
ø 4.000

ø 2.500

ø 2.125

13°

27°

ø 1.500 ø 1.250

1.5625

.8125

1.125

.125

ø 1.500

ø 1.250

.04 X 45°

ø1.000

.125 X 45°

2.750

ø 1.250 CENTERED1.8125

6.6875

PART NAME: ARM

1.250

Figure 20.56

Welder arm (Continued)
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BRACE B

HANDLE

PIN B
GRIP A

SOCKET HEAD CAP SCREW

ITEM QTY NAME DESCRIPTION

10-32 X .375

BRACE A

PIN A
HINGE A

SHAFT
HINGE B

GRIP B

2
2
4
1
1
1
1
2
1
1
1

1
2
3
4
5
6
7
8
9
10
11

C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.
C.R.S.

KANT-TWIST CLAMP

6

5

1

2

9

10

4

11

7

3

8

3

8

3

Figure 20.57

Kant-twist clamp
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R .38

.56

4.50

1.44

.12

5X ø .25

.75

2.50

R .31R .56

R .38

1.75

.69

2.00

R .31

PART NAME: BRACE A
PART NUMBER: 1
THICKNESS .125

PART NAME: BRACE B
PART NUMBER: 2
THICKNESS .125

2X ø .25

.375-16UNC
CENTERED ON

PART
1.00

.75

.13

ø .75

PART NAME: HINGE A
PART NUMBER: 4

PEEN AT ASSEM

BOTH ENDS

2.75

ø .25 .03125 x 45°

BOTH ENDS

PART NAME: HANDLE
PART NUMBER: 5

ø .62

CENTERED ON PART

.62

3.88

.44 ø .252X .0625 X 45°.375-16UNC
ø .2510-32UNF

PART NAME: SHAFT
PART NUMBER: 6

ø .312

.75

.74

.75

90° GROOVE

.0625
.31

ø .25

ø .38

.25 CENTERED ON

PART

.50

.69

ø .75

.125

.75

ø .25

PART NAME: HINGE B
PART NUMBER: 7

PEEN AT ASSEM

BOTH ENDS

PART NAME: GRIP A
PART NUMBER: 9

2X ø .25

ø .31

2X .1875

.50

PEEN AT ASSEM

BOTH ENDS

PART NAME: PIN B
PART NUMBER: 8

90° GROOVE

.0625

.75

.49

ø .312

.75

.18

PART NAME: GRIP B
PART NUMBER: 10

ø .31

.19

.75

ø .25BOTH ENDS

PEEN AT ASSEM

BOTH ENDS

PART NAME: PIN A
PART NUMBER: 3

ø .31R .313X ø .25

1.75

R .31

R .38

.81
2.50

1.69

R .56
.69

.75

Figure 20.57

Kant-twist clamp (Continued)
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BELT TIGHTENER

ø .266

.250 1.000

ø .500

R .4687
.25-20UNC

20°.9375 .250

R 2.000

R 2.3437

R .3438

ø .250

R .375

.375

CL

.500-13UNC

.9375

.500

CL

1 BASE
MATERIAL: STEEL
NO. REQ.: 1

2SWIVEL
MATERIAL: STEEL

NO. REQ.: 1

3HEAVY HEX NUT
MATERIAL: STEEL

NO. REQ.: 1

4 HEX HEAD CAP SCREW
MATERIAL: STEEL
NO. REQ.: 1

1.25

Figure 20.58

Belt tightener
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BILL OF MATERIALS
QTY. PART NAME DESCRIPTIONITEM

1
2
3
4

2
1
4
4

U-JOINT
SWIVEL
BUSHING
RET. RING

CAST IRON
CAST IRON

INTERNAL
STEEL

YOKE

4

5

5 4 PIN STEEL

1

2

3

Figure 20.60

Yoke
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 1.20

 .75

R 1.00.75
2.753.50

3.55

1.50

PART NAME: BUSHING

PART NAME: U-JOINT

R.1.00

1.00

2.00

PART NAME: SWIVEL

 .50 THROUGH

 .75

.75

.95

PART NAME: PIN

 .50

 .50

Figure 20.60

Yoke (Continued)
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METRIC

VALVE ASSEMBLY

10

11

12

13

14

15

16

171819

EXPANSION PIN

VALVE TOP

SPRING

EXTERNAL RETAINING RING
MATING RING A

E-TYPE RETAINING RING
PIN

SHAFT

JOINT A

ITEM QTY NAME DESCRIPTION

STEEL

STEEL

STEEL

STEEL

STEEL

STEEL

SOCKET HEAD CAP SCREW

WELD RING
MATING RING B

PISTON
BODY

HANDLE

BRACE

SUPPORT

6
1
3
1
1
1
1
1
2
1
4
2
2
1
1
1
1

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

M12 X 1.75 X 54

STEEL
STEEL

STEEL

STEEL

SPRING PIN118
JOINT B STEEL119

STEEL

STEEL

1

2

20

4

5

6

7
9

9 3

8

3

WELD RING 2 STEEL220

Figure 20.61

Valve assembly
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PART NAME: WELD RING

ø 94
5 4

4

13

ø 78

ø 86

ø 78

13

ø 70

ø 78

12

35

R 5

4 TYP

2112

4

117

229

ø 96

45°

PART NAME: BODY

53

ø 158

29

ø 96ø 112
12FROM BOTTOM

ø 128 6X M12
THRU

PART NAME: MATING RING B

PART NAME: WELD RING 2

ø 112
5 4

4

13

ø 96

ø 24

34

ø 128

ø12.5ø 19.250

12.5

ø 1417
11

46

6

27

3 X 45°

PART NAME: VALVE TOP

ø 158

PART NAME: JOINT B

1.000 X 45

°

46

M12 X 1.75

13
4

5

R 5

22

2X ø 8

R 11

11

12

11

R 11

32
1151

6

R 10

2X ø 8

60

PART NAME: BRACE

30°

Figure 20.61

Valve assembly (Continued)
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PART NAME: MATING RING A

ø 150

25

ø 78ø 9416FROM BOTTOM

ø 122

M12THRU

ø 39.228
R 50

ø 22

M12 X 1.75

51

125

PART NAME: HANDLE

13

11

ø 8
R 10

210

ø 24

1 X 45°1.5 GROOVE

.5

3.8
38

ø 20

1.8ø 8

.7 GROOVE
.8

30

11
22

R 11

ø 8
23

ø 7
11

22 22

4
ø 14

11

11

PART NAME: PISTON

45°

ø 84

3

33

2

6

ø 66

ø 18

PART NAME: PIN

PART NAME: SUPPORT
PART NAME: SHAFT

ø 14

12

135.5

ø 7

PART NAME: JOINT A

Figure 20.61

Valve assembly (Continued)
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ø .8250

.900

ø .6250

.200

ø 1.000

ø .625

2X .6250-18 UNC X .875

R .025 FILLETED

GROOVE

ø .6250

.0625 X 45°

7.250

2X .0325 X .350

.344

ø 1.3750

.156

ø 2.000

.6250-18UNC

.250

1.250

.344

ø 2.000
ø 1.3750

PART NAME: SHAFT

PART NAME: PISTON

PART NAME: RUBBER RING

PART NAME: BODY

PART NAME: SLEEVE

PART NAME: MOUNT

PART NAME: SPACER

5.250

ø 2.230

 2X .115 X 45°

ø 2.00

1.250-12UNC

.650

ø 2.230

ø 2.000

ø .625

ø 1.600

ø .250-18NPT

1.000

R .050

.100

.250
.1

.200

.0875

.200

1.750

2.75

1.500

ø 2.00

.250

ø 2.23

1.250

ø .250-18NPT

PART NAME: END CAP

.5001.25

2X

Figure 20.62

Air cylinder (Continued)
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PART NAME: WELDED UNIT
MATERIAL: STEEL
NO. REQ.: 1

3.05

130.59

80.00

50.87

29.00

¿ 12.7

¿ 40

R 40
4X M8

1.25

69.40
54.00

2X ¿ 10.0¿ 15.111

22.40

54.60
13.00

23.63

R 3 FILLET WELD

ALL-AROUND

30

57.65

°

140.00
198.00

238.00

5-J-WELD

55.00

141.01

121.96

2X ¿ 9.52

160.00 38.06

6.01 12.60

55.3118.71

74.31 100.00

4X M5
13

LOCATE AT ASSEMBLY

19.00

15.40

40.00

R6

30°

12.57
R3 FILLET W

ELD

ALL-AROUND

2X M819.18

143.74

82.00

2X M6

3.60

40.00 

162.70

40.65
18.75

22.35

82.00 119.34

98.30

220.00

430.00

13.00

207.30

2X M8
2X ¿ 9.52

36.68 83.90

12.7068.05

405.00379.20

M8

163.80113.0025.40
12.70

4X ¿ 10.30

10.00

25.40110.00194.60210.00

3.6

30°

15.00

PART NAME: BASE
MATERIAL: STEEL
NO. REQ.: 1

Figure 20.63

Water pump fi xture (Continued)
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PART NAME: SHAFT
MATERIAL: STEEL
NO. REQ.: 1

163.00

ø 4.8
106.00

ø 64.0028.00

6.35

45° X 1.6

13.00

R 4

R 3

RAISED DIAMOND

KNURL

16.00
13.00 SQUARE

ø 19

18.00

ø 30.00

PART NAME: END PLATE
MATERIAL: ALUMINUM
NO. REQ.: 1

188.00

2X ø 6.8

ø 10.3

 7.9

12.70

162.70

12.70

38.00

30°

28.00

9.50

PART NAME: PAD
MATERIAL: MOLDED WEIGHT POLYETHYLENE
NO. REQ.: 2

2X ø 5.00

ø 10.50 X 41°

3.23

45° X .80

4.78

89.00
12.70

63.50

16.00

8.00

PART NAME: PUMP BODY
MATERIAL: N/A
NO. REQ.: 1

26.75

ø 333ø 203ø 180

R 8

R 50

R 3

ø 259.85

ø 170

321.25

254.50

150.00

60.34

35.27

Figure 20.63

Water pump fi xture (Continued)
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SECTION A-A

1.329

2.813

6.406

.313 .469

.625

R 1.719

4.058

R .153

R .153

SECTION B-B

.313

.313

.938 .079
.313

.548

1.329

 3.281

.781

2.50

.313

.313

1.251.094.555

PART NAME: HOUSING
MATERIAL:    CI
NO. REQ.:      1

6.25

5.7815.235

ø 4.535

3.750

3.438

2.656

2.813

ø 2.60

8X ø .500-14UNC

.625

2.656

4.156

8.281

7.969

8X R .313

R .500

5.781

.500-16NPT PLUG

.7813

.781.635

3.043

6.094

3.754

7.969

8.281

R 3.041

3.438
3.754

3.281

.938

1.641
2.433

8X ø .4375-14UNC

.625

2.891

7.656

.156

SECTION A-A

SECTION B-B

ALL FILLETS & ROUNDS

R .156 U.O.S.

Figure 20.64

Gear reducer (Continued)
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1.406

.625
.313

.313

.156
ø 3.906

ø 2.812

ø 2.195

3.755

5.400

ø 2.30

3.755

5.938

ø 3.125
ø 3.750
ø 4.531

4X ø .469
R 2.969

ø 1.983

ALL FILLETS & ROUNDS

R .156 U.O.S.

PART NAME:  RETAINING PLATE
MATERIAL:  CI
NO. REQ.:  2

.25

11.875

1.875

2.813

5.000

2.813

2X 45° X .156

1.125ø 1.25

PART NAME:  SLOW SPEED SHAFT
MATERIAL:  SAE 4320
NO. REQ.:  1

R 1.000

ø 1.25

R .313

1.438 ø 2.188

ø 4.531

.25

1.875

R .665

.783
.625
.469

PART NAME:  WORM GEAR
MATERIAL:  PHOSPHOR BRONZE
NO. REQ.:  1

SPUR GEAR DATA

DIAMETRAL PITCH

NUMBER OF TEETH

PRESSURE ANGLE

PITCH DIAMETER

BASE CIRCLE DIAMETER

CIRCULAR PITCH

CIRCULAR THICKNESS

ROOT DIAMETER

8

27

20°

4.219

4.523

.491

.246

3.906

ø 8.125

.235

.391

2.188

.860.781

.469

.190

.156

ø 6.406

.938

45°

ø 3.906

ø 2.188ø 2.500

ø 2.494

ø 1.50

4X ø .531

ø 3.757 B.C.

ø 5.469

ø .531ø 7.03 B.C.

.860

ø 5.781 R .125

ALL FILLETS & ROUNDS

R .156 U.O.S.

PART NAME:  MOTOR ADAPTOR
MATERIAL:  CI
NO. REQ.:  1

Figure 20.64

Gear reducer (Continued)
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R .548

1.406

ø 2.188

.313

2.188

R .125

.313

R .625

10°

ø 3.125

ø 2.600.625

2.656
3.906

4X ø .531

3.906

2.656

4X R .469

R .938

FILLETS & ROUNDS

R .156 U.O.S.

PART NAME:  HIGH SPEED SHAFT
MATERIAL:  SAE 4320
NO. REQ.:  1

WORM GEAR DATA
NUMBER OF THREADS

PRESSURE ANGLE

PITCH DIAMETER

LEAD RIGHT HAND

LEAD ANGLE

ADDENDUM

WHOLE DEPTH

CHORDAL THICKNESS

INNER DIAMETER

OUTER DIAMETER

5

20°

.938

.375

169°

.156

.313

.204

.619

1.24445°  X .0789

ø 1.406

2.891

2.266

ø .938

45° X .235
2.344

.546 1.796

1-8 UN-2A

.935

ø 1.100

ø 1.500

.25

ø .475

.600

.0788 GROOVE

.0788

9.296

3.204

45° X .0788

PART NAME:  BEARING CAP
MATERIAL:  CRS
NO. REQ.:  1

Figure 20.64

Gear reducer (Continued)
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1 2

3

4
5

6

7

8

9

10

PLATE

LID

DOOR SLIDER
DOOR

ITEM QTY NAME DESCRIPTION

STEEL

CLR PLASTIC

STEEL
STEEL

BODY

RETAINER
CONNECTOR

PIN RETAINER
PIN

BACKING PLATE

1
1
1
1
1
1
1
2
1
1

10
9
8
7
6
5
4
3
2
1

PLASTIC

STEEL
PLASTIC

STEEL
PLASTIC

PLASTICCD-ROM CAROUSEL

Figure 20.65

CD-ROM carousel
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ø 1.750 X .0312

SLOT .25 AT TOP

BY .1875 AT BOTTOM

EVENLY ANGLED SIDES

3 EQ SP & IN MIDDLE

OF TWO C'BORES

ø 1.4375 X .0468
ø 1.3125 X .0781
ø .3750ø 1.1875 X .0312

FROM BACKø .5625.0312ø 1.000.0312

.0312

.1562

.250

.375

DETAIL B

.1250
.0313

CHAMFER
  .01 X 45°

.1875

.0625

.0937

DETAIL A

DETAIL C

ø .1250

.250

R .0625

.0625

.1875

.200

.200

.0625

PART NAME: CONNECTOR

PART NAME: PLATE

.1250 X .1325

BOTH ENDS
.3125

1.00

2.2969

4.625

.169

2.375

4.750

ø 1.500

DETAIL A

DETAIL B

DETAIL C

PART NAME: LID

.0625

.1875.0625

3X .093 X .093 TAB

EQ SP

ø .750 X .0312

3X .093 X .093 SLO

T

EQ SP

45°

PART NAME: RETAINER

Figure 20.65

CD-ROM carousel (Continued)
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ø .0781

4.5625

Sø .0781

ø .0468 X .0312 LONG

ø .0937

.010

ø .0625

.2187

1.4375

.0078

4.25

R .0937

.0625

R .0625

ø .0781

.3125

.250

1.4375
1.750

4.000

1.375

4.750

1.4375

.0313

.375

1.500

.0156 X .0312

BOTH TOP &

BOTTOM

ø .100

7° TAPER

BOTH SIDES

.250
.125

.1093.100

.0078

.1093

.0781

PART NAME: PIN
PART NAME: PIN RETAINER

PART NAME: DOOR SLIDER

PART NAME: DOOR

PART NAME: BACKING PLATE

R .125

.15625

Figure 20.65

CD-ROM carousel (Continued)
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R 4.500 X .1562 RECT SLOT

.375 CENTERED ON END

STARTING AT .3750 AND .125 DEEP

FROM END ALSO CENTERED TO ENDDETAIL A

DETAIL B

.250

5.9750

.1562 .1875 X .1250 RECT HOLE

.25

ø .0781 CENTERED IN

HOLE

.5625

.375

R .1875

ALL CORNERS1.6250
4.750

4.8750

.3125 .8125

1.3750

.93752.3437 CL

.1875

2.5312

.025

.0625

R 1.000

.1562

.0625 .5937

FILLETS & ROUNDS R .0625

.3125

.0625

.0625
.2500.2187

.0625

.500
.6250

R .03125

DETAIL BDETAIL A

TOP VIEW PROFILE VIEW

.1250

.0313

.0625

.0625 .0625

.4375 

.0937

R .0487

Figure 20.65

CD-ROM carousel (Continued)
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Figure 20.66

Fixture assembly (Continued)
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  CHAPTER 20  Working Drawings 1035

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by 

Thomas E. French, Charles J. Vierck, and Robert Foster.

 1. Make an assembly drawing in section. The bracket 

is cast iron, the wheel is cast steel, the bushing is 

bronze, and the pin and taper pin are steel. Scale: 

full size.

 1a. Make a drawing of the bracket with one view in 

section. Material is cast iron. Scale: full size.

 1b. Make a drawing of the wheel with one view in sec-

tion. Material is cast steel. Scale: full size.

 2. Make an assembly drawing in section. The assem-

bly comprises two cast-iron brackets, two bronze 

bushings, steel shaft, cast-steel roller, and cast-iron 

base. The bushings are pressed into the roller, and 

the shaft is drilled for lubrication. Scale: full size.

 2a. Make a drawing of the roller and bushing assembly 

that gives one view in section. See Problem 2 for 

materials. Scale: full size.

 The problems that are given in this group have been 

arranged as complete exercises in making a set of work-

ing drawings. Remember that the dimensions given on 

the pictorial views are to be used only to obtain distances 

of information needed. In some cases the data needed 

for a particular part may have to be obtained from the 

mating part.

 The detail drawings should be made with each part 

on a separate sheet. Drawings of cast or forged parts may 

be made in the single-drawing or the multiple-drawing 

system.

 The assembly drawing should include any necessary 

dimensions, such as number, size, and spacing of mount-

ing holes that might be required by a purchaser or needed 

for checking with the machine on which a subassembly is 

used.

 3. Make a complete set of working drawings for the 

antivibration mount.

 4. Make a complete set of drawings for pivot hanger, 

including detail drawings, assembly drawing, and 

parts list. All parts are steel. This assembly consists 

of a yoke, base, collar, and standard parts.

 5. Make a complete set of drawings for pump valve. 

The valve seat, stem, and spring are brass; the disk 

is hard-rubber composition. In operation, pressure 

of a fl uid upward against the disk raises it and al-

lows fl ow. Pressure downward forces the disk tighter 

against the seat and prevents fl ow.

C l a s s i c  P r o b l e m s

Problem 1

Metric sliding-door guide
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Problem 2

Bell-roller support

Problem 3

Antivibration mount
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Problem 4

Pivot hanger

Problem 5

Pump valve
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3-D Solid Models for Assembly, Working Drawings and Design Verifi cation

Objective—The multiview and pictorial assembly 

sketches and models in this section are intended to be 

used to construct fully constrained 3-D solid part mod-

els and product assemblies. Rendered models, photos, 

and parts lists are included with sketches to help in 

visualizing and planning product modeling and as-

sembly. Selected solid modeling problems from Chap-

ters 10, 13, and 16 designated “FOR ASSEMBLY” 

are included in some of the following 3-D assembly 

model assignments.

Nominal Dimensions—Assembly and part sketches typi-

cally are dimensioned by nominal size only. To achieve 

manufacturing realism, calculation of appropriate tol-

erances, fi ts, and clearances will be required. Chapters 

in this text on general dimensioning, geometric dimen-

sioning and tolerances, as well as appropriate appendi-

ces are recommended for reference.

Use of Appendices—Where noted on sketches, refer to 

the Appendix section of this text to verify thread spec-

ifi cations, standard fasteners, as well as other stan-

dardized part information. 

Your Solid Modeling Software—Any available para-

metric solid modeling software may be used for these 

problems. For assembly of existing parts, determine 

the key base part and use appropriate assembly con-

straints when creating 3-D assemblies. For bottom-up 

part modeling of individual parts, apply construction 

or datum plane set up as assigned to create part bodies 

using standard extrusion, revolution, or lofting meth-

ods. For top-down modeling, plan your datum plane 

layout in assembly mode for part building. Apply 3-D 

features, such as holes, fi llets, chamfers, ribs, thin wall 

operations as required to create a logical, easy to edit 

history tree. Use the fi nished part and assembly model 

to generate associated multiview documentation con-

taining appropriate drawing views (i.e., front, top, right 

side, isometric). If assigned, make parametric changes 

to part model fi les and use these changes to update the 

associated multiview documentation.

On-Line Manufacturer’s Parts—For standard parts, 

such as threaded screws, bolts, washers, spacers, bush-

ings, and O-rings, many manufacturers furnish 3-D 

CAD models of their products online. Where possible, 

identify and download standard parts in order to save 

modeling time. Use online searches to investigate the 

availability of manufacturer’s 3-D part models. Deter-

mine whether they are available in a format that is com-

patible with your solid modeling software.

1: HITCH MOUNT—Product

4: UTILITY FAUCET—Product 5: ROBOTIC ARM—Concept 
Model

2: MATERIAL PUNCH—Concept 
Model

3: ENGINE—Concept Model
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Assembly 1: TRAILER HITCH MOUNT—Reverse Engineer from Product

Hitch Mount Photo & Parts List

Figure 20.67

Trailer hitch mount—reverse engineer from product

Sketch for Part Number 1: HITCH MOUNT
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Sketch for Part Number 2: BALL Sketch for Part Number 3: HITCH PIN

Figure 20.67

Trailer hitch mount—reverse engineer from product (Continued)

Sketch for Part Number 4: PIN LOCK
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Sketch for Part Number 5: HEX NUT Sketch for Part Number 1: HITCH PIN

Figure 20.67

Trailer hitch mount—reverse engineer from product (Continued)

Exploded and Assembled Model of Trailer Hitch Mount
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Assembly 2: MATERIAL PUNCH—Concept for Initial Design Model (METRIC mm)

Concept Sketch

Figure 20.68

Material punch—initial concept design model

Design Refi nement

1042
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Parts List

Figure 20.68

Material punch—initial concept design model (Continued)

Sketch for Part Number 1: PUNCH BASE
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Sketch for Part Number 2: PUNCH SLIDE

Figure 20.68

Material punch—initial concept design model (Continued)

Sketch for Part Number 3: HAND LEVER
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Figure 20.68

Material punch—initial concept design model (Continued)

Sketch for Part Number 4: HAND BAR

Sketch for Part Number 5: PUNCH LEVER 

Sketch for Part Number 6: PUNCH PLATE
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Sketch for Part Number 7: RECEIVER PLATE

Sketch for Part Number 8: PIN - 45

Figure 20.68

Material punch—initial concept design model (Continued)

Sketch for Part Number 9: PIN - 30
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Sketch for Part Number 10: PIN SCREW

Exploded Assembly Model

Figure 20.68

Material punch—initial concept design model (Continued)

Operational Test Assembly Model: Open and Closed Positions
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Figure 20.69

Engine model—working concept for block, pistons, and crankshaft

Assembly 3: ENGINE MODEL—Concept for 3-Cylinder Model (METRIC mm)

Concept Sketch and Parts for Virtual Engine Assembly
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Figure 20.69

Engine model—working concept for block, pistons, and crankshaft (Continued)

Sketch for Part Number 1: ENGINE BLOCK
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Figure 20.69

Engine model—working concept for block, pistons, and crankshaft (Continued)

Sketch for Part Number 2: CRANK SHAFT
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Sketch for Part Number 3: PISTON

Figure 20.69

Engine model—working concept for block, pistons, and crankshaft (Continued)

Sketch for Part Number 4: CONNECTING ROD

ber28376_ch20.indd   1051ber28376_ch20.indd   1051 1/2/08   3:24:11 PM1/2/08   3:24:11 PM



Sketch for Part Number 5: PISTON PIN

Figure 20.69

Engine model—working concept for block, pistons, and crankshaft (Continued)

Operational Test Assembly Model: Working Crankshaft and Pistons in Engine Block
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Figure 20.70

Utility faucet—reverse engineer from product

Assembly 4: UTILITY FAUCET—Reverse Engineer from Product

Utility Faucet Product Photo, Parts Listing and Exploded Views
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Sketch for Part Number 1: FAUCET BASE

Figure 20.70

Utility faucet—reverse engineer from product (Continued)

Sketch for Part Number 2: SPOUT
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Sketch for Part Number 3: HANDLE

Figure 20.70

Utility faucet—reverse engineer from product (Continued)

Sketch for Part Number 4: LOCK RING Sketch for Part Number 5: O-RING

ber28376_ch20.indd   1055ber28376_ch20.indd   1055 1/2/08   3:24:21 PM1/2/08   3:24:21 PM



Sketch for Part Number 6: SCREW-HANDLE Sketch for Part Number 7: HOT-COLD BUTTON

Figure 20.70

Utility faucet—reverse engineer from product (Continued)

Sketch for Part Number 8: NOZZLE Sketch for Part Number 9: RING-FILTER
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Sketch for Part Number 10: FILTER-SCREEN Sketch for Part Number 11: SPACER

Figure 20.70

Utility faucet—reverse engineer from product (Continued)

Final Assembly Model
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Assembly 5: ROBOTIC ARM—Concept for Initial Design Model

Figure 20.71

Robotic arm—concept for initial design model

Concept Sketch, Parts Listing and Exploded Parts View of Robotic Arm
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Sketch for Part Number 1: BASE E-01

Figure 20.71

Robotic arm—concept for initial design model (Continued)

Sketch for Part Number 2: ARM E-01
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Sketch for Part Number 3: ARM E-02

Sketch for Part Number 4: SLIDING TUBE

Figure 20.71

Robotic arm—concept for initial design model (Continued)

Sketch for Part Number 5: VACUUM CONNECTOR
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Sketch for Part Number 6: VACUUM CUP

Sketch for Part Number 7: BASE CAP

Figure 20.71

Robotic arm—concept for initial design model (Continued)

Sketch for Part Number 8: ELBOW CAP
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Sketch for Part Number 9: VACUUM CAP

Figure 20.71

Robotic arm—concept for initial design model (Continued)

Sketch for Part Number 10: CAP SCREW
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Figure 20.71

Robotic arm—concept for initial design model (Continued)

Sample Position Settings for Assembled Robotic Arm
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C
hapter Tw

enty-O
ne

Chapter Twenty-One

Technical 
Data 
Presentation

Objectives
After completing this chapter, you will be 
able to:

 1. Describe the role of data visualization 

in the technical design process.

 2. Defi ne the attributes of a data set.

 3. Identify and apply the different data 

visualization types.

 4. Represent time as a dimension in the 

visualization of data.

 5. Understand the stages of the rendering 

process, or pipeline.

 6. Describe the different types of light 

sources and shading models.

 7. Master the basics of mixing color and 

understand how color is implemented 

in a computer system.

 8. Identify advanced rendering 

techniques.

 9. Describe how text and graphics can be 

integrated to more effectively commu-

nicate technical information.

 10. Understand the basic techniques used 

in creating and storing animations.

 11. Identify how hypermedia technology 

can be employed in technical data 

presentation.

Beware lest you lose the substance by 

grasping the shadow.

—Aesop “The Dog and 
the Shadow” Fables

1064
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  CHAPTER 21  Technical Data Presentation 1065

Introduction
The primary focus of this text has been to explore ways that 

geometric information is displayed graphically. Previous 

chapters have introduced techniques ranging from ortho-

graphic multiviews to pictorial projections. This chapter 

looks at ways that all kinds of scientifi c and technical in-

formation—both geometric and nongeometric—can be 

displayed graphically. Nongeometric information such as 

temperature, pressure, and torsion is generated as part of 

the analysis phase of the design process. This type of infor-

mation is also generated as part of many other activities of 

engineers and technicians in the course of their jobs. The 

graphic display of data of all kinds is a powerful tool both 

as part of a personal exploration toward a solution and as a 

means of communicating your ideas to others.

The chapter begins by placing data visualization into 

the context of engineering design. The types of data are 

defi ned as are the basic methods for displaying them. 

Rules for the effective presentation of data are outlined 

emphasizing the need to match the visualization method 

to the type of data you need to present and the audience 

you are presenting to. Data visualization was introduced 

in Section 5.7, Graphical Analysis of Engineering Data. 

The fi rst part of this chapter will expand on these con-

cepts and techniques.

Part of data visualization often involves display of 3-D 

geometric models created using CAD systems. Many 3-D 

CAD systems now have the capability of rendering and 

animating their models. In addition, these models, along 

with other data visualizations, can be integrated into 

technical reports and presentations using desktop and 

web publishing tools.

21.1 Data Visualization in Engineering and 
Design

In the technical design process, models of potential 

design solutions are developed based on initial 

specifi cations (Figure 21.1). The information contained in 

the specifi cations comes in many forms, from drawings 

of current products to text of legal and safety require-

ments to numeric performance requirements. Ideally, all 

of this information is combined and then transformed into 

models of one or more possible design solutions. Finally, 

each model is tested against the original specifi cations, 

using various analysis tools.

In many areas of technology and engineering, the solu-

tion is a geometric model; that is, the initial  specifi cations, 

whether geometric forms, numbers, or words, are trans-

formed into geometry (Figure 21.2 on the next page). The 

resulting geometric form is then analyzed using any of a 

number of methods. Traditional engineering analyses test 

the model geometry using such techniques as fi nite ele-

ment analysis, kinematics, and mass properties analysis. 

In the past, most tests were performed on physical pro-
totypes of the design. Today, computer modeling tools 

increasingly provide virtual models upon which the tests 

are performed.

With either real or virtual models, the analysis typi-

cally involves probing the model (Figure 21.3 on the next 

page). For example, the model may be fi xed in place and 

subjected to shear or torsional forces at various points. 

Forces may also be applied to movable parts to examine 

the resulting motion.

With physical models in particular, different types of 

energy sources play a critical role in model evaluation. 

For instance, simple visible light energy could be used to 

look at the results of physical distortion under pressure, 

infrared light energy could be used to look at the amount 

of thermal energy being released, or ultrasound energy 

could be used to explore the mechanical characteristics of 

a material. Newer technologies have broadened the use of 

different energy types as probes.

Graphics provides a powerful vehicle for communi-

cating the responses of the model. The responses are re-

corded as data, which come in many different forms. For 

example, the data may represent a change in the location 

of a part, a change in temperature, or a change in stress. 

Using graphics methods, the response data are compared 

with other data, such as the geometry of the model or the 

results of other tests. The information is then compared 

with the initial specifi cations, which are often presented in 

terms of how the model should have responded under ideal 

conditions.

The graphic representation of these comparisons, when 

done properly, taps into underlying human perceptual 

Specification
• words
• numbers
• graphics

Generation
• models

Analysis
• numbers
• graphics

Visualization
• graphics
• text
• numbers

Figure 21.1

Visualization of analysis data
Graphics plays a critical role in integrating information used 
in the design and analysis process through visualization 
techniques.
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Current
Product

Model #1

Model #2

Synthesis

Material

Steel

Safety

Meets OSHA regulations

Pressure

Container => 165 psi maximum

Specifications Generation

Size

Diameter => 6.5 meter maximum

Figure 21.2

Generation of design models from specifi cation information
Graphic representations of models are generated as part of the search for a design solution.

abilities and makes diffi cult comparisons easier. Such 

comparisons often involve large amounts of data and con-

siderable mental effort. Graphic presentation converts the 

data into a form more easily processed by the user, facili-

tating the necessary mental analysis and synthesis of the 

information. The computer is harnessed not only to gener-

ate the data but also to display that data graphically. This 

process is known as data visualization. The proliferation 

of data generated using computational tools has made ad-

vanced visualization techniques a necessity (Figure 21.4).

21.2 Data Visualization Elements
The analysis data must be evaluated to determine the most 

appropriate graphical presentation format. Depending on 

the type of analysis performed, there may be considerable 

differences in the amounts and types of data available be-

fore and after the analysis. Common graphical techniques 

for representing different types of data are discussed in 

the following sections.

Figure 21.3

Model response data through probing
Analysis of a proposed design involves measuring the response 
to conditions the real product will face in an operational 
environment.

Probes Model Model
Response

Data

Model
Response

Visible light

Infrared light

Ultrasound

Point force
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21.2.1 Data Types

The data analyzed by engineers and technicians is di-

vided into two basic categories: qualitative and quantita-

tive (Figure 21.5). Qualitative data is symbolic, has no 

inherent magnitude, and is used for labeling and identi-

fying. Qualitative data with no inherent order (e.g., New 

York, Boston, Houston) are considered nominal; qualita-

tive data with an inherent order, such as the months of the 

year, are called ordinal.
The bulk of the data evaluated is quantitative, which 

has an inherent magnitude. Quantitative data are further 

classifi ed by the number of components and the scales of 

values. Scalar quantitative data have only one component 

and can only express a magnitude (Figure 21.6A on page 

1068). Vector data can express both magnitude and di-

rection (Figure 21.6B). The number of scalar components 

in the vector depends on the number of dimensions (i.e., 

dimensionality) of the coordinate system being used. Al-

though in principle any number of dimensions are pos-

sible, 2-D and 3-D coordinate systems are the most com-

mon and are the ones used in this text.

Figure 21.4

Data visualization
Increased computer capabilities have meant both the prolifera-
tion of analysis data and new tools for use in visualizing that 
data.

(Image created using EnSight, courtesy of United Technologies, Pratt and 

Whitney, and Computational Engineering International.)

Data

Qualitative

Nominal Ordinal

Scalar Vector Tensor

Scales of values

Quantitative

Number of
components

Interval Ratio Absolute

Figure 21.5

Organization of data types
Selecting an appropriate method of analyzing data requires a knowledge of the data’s characteristics.
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(A) Scalar

18

(B) Vector

(6,18)

2-D

(14,6,5)

3-D

Y Y

X X

Z

Figure 21.6

Scalar and vector data types
Scalar data have only one component expressed as a  magnitude. 
Vector data can express both magnitude and direction.

Pressure
(psi)

124

168

44
psi

(A) Interval

0

1

2

Increase factor

$200/$100 = 2

(B) Ratio

Height (cm)

85

0

(C) Absolute

Figure 21.7

Interval, ratio, and absolute data types

Tensors are a method of describing all types of quan-

titative data. A tensor has two parts: the dimensionality, 

d, of the coordinate system and the order, n, of the tensor. 

The number of components needed to express the tensor 

is equal to dn. A scalar is a tensor of order n � 0. This 

means that, regardless of the dimensionality of the coor-

dinate system, only one value is needed to express a sca-

lar (e.g., in a 3-D coordinate system, 30 � 1). A vector is a 

tensor of order n � 1, and the number of components will 

always be equal to the dimensionality of the coordinate 

system (e.g., in a 2-D coordinate system, 21 � 2).

The term tensor is usually applied to data types with a 

tensor order greater than n � 1. Because the tensor is an 

exponential function, orders of 2 or more very quickly 

generate many components. For example, a tensor of order 

n � 2 in a 3-D coordinate system has 32 � 9 components. 

Higher order tensors play an important role in techniques 

such as fi nite element analysis. However, because of the 

inherent diffi culty in visualizing higher order tensors, 

graphical representation of such data is less common.

Quantitative data can use three scales (Figure 21.7). 

Interval data preserve the units used, but do not have a 

natural zero point. For example, given two pressure read-

ings, 124 psi and 168 psi, the difference between the two 

would be 168 psi � 124 psi � 44 psi. The unit, psi, is 

important in expressing the result, but that result is in-

sensitive to the relationship of the two values to zero. To 
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illustrate, 178 psi � 134 psi also equals 44 psi. Ratio data 

scales have a natural zero point but are insensitive to the 

units used. The fact that $200 is twice as much as $100 is 

not dependent on the unit of measure, dollars. Absolute 
data values are on a scale that has both a defi ned zero 

point and a defi ned unit of measure.

21.2.2 Marks

Marks are the fundamental graphic elements used to en-

code data in a visualization. Marks can be thought of as 

graphic primitives and are typically classifi ed as either 

simple or compound. Simple marks include points, lines, 

areas, and volumes, all of which interrelate closely with 

the dimension of the data type. Points indicate a location 

in 2-D or 3-D space, lines indicate length and/or connec-

tion, areas indicate a region in 2-D space, and volumes do 

the same in 3-D space.

Complex marks are collections of simple marks, 

perceptually forming a unit (Figure 21.8). This loose 

defi nition covers several possibilities, including arrows, 

meshes, contour lines, and glyphs. A glyph is a com-

pound mark that cannot be defi ned by other commonly 

recognized names. Glyphs are usually custom designed 

to encode multiple data elements into a single mark. The 

guiding objective for designing glyphs, or any other mark, 

is to tap into the innate perceptual abilities of the viewers. 

This is accomplished through careful design.

Arrow Mesh

Contour
lines

Glyph

Figure 21.8

Examples of complex marker types
Complex marks are a synthesis of simple marker types and ap-
propriate use of perceptual cues such as color and size.
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Figure 21.9

Using perceptual cues to encode data
Effective visualizations exploit our natural ability to discrimi-
nate between visual elements such as color, size, shape, and 
orientation.

Data is encoded into an image by varying the quali-

ties of the marks. The qualities manipulated are rooted 

in human perception. Manipulating such qualities as 

location, orientation, size, color, and shape reveals dif-

ferences in data values. Equally important to data visu-

alization are similarities that group marks together. In Fig-

ure 21.9, similar colors and symbols result in data grouped 

together, while changes of location differentiate between 

individual data points within each group.

Another important perceptual element is time. With 

the power of computer animation, marks can not only be 

located in space but also in time. At the most basic level, 

adding time provides one more data dimension that can 

be encoded into the visualization. Data changes can be 

represented directly by changes in the visualization over 

time. At a higher level, time adds another very important 

element to visualizations: 3-D marks are much more read-

ily perceived when they change position over time. Just 

as you would rotate an object in a 3-D modeling system, 

rotating a 3-D visualization can provide valuable insight 

into its interpretation.

An element that does not fi t easily into any of the mark 

categories is text. Text should be used to support graphic 

elements, not as a replacement for them. Text is typically 

used to label individual qualitative data points, scales, or 

units of measure. Text is also used for supplementary in-

formation. Often a small amount of text can simplify a 

visualization considerably. However, text should be inte-

grated into the visualization as much as possible, rather 

than being set apart in a separate legend.
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21.3 Visualization Methods
Visualizations are classifi ed by the number of inde-

pendent and dependent variables and by the scalar 

or vector nature of the information displayed. Figure 21.11 

relates the types of visualizations to the number of vari-

ables. This matrix, however, does not list every type; 

rather, it lists many of the common types of visualizations 

used to display data. Graphs, charts, and plots are com-

mon names given to visualizations.

An examination of the chart reveals that if there is 

more than one dependent variable, many of the visual-

ization techniques are ruled out. Also, more than two of 

either type of variable usually means that a customized 

visualization using glyphs must be developed.

21.3.1 Visualizations for One Independent Variable

The most common type of visualization is the 2-D graph 

or plot (Figure 21.12), which is defi ned by two primary 

axes (scales). The area within the vertical and horizon-

tal scale lines is the region where the data are presented. 

Text is used to indicate the range and units on the scales. 

The data are shown with marks in the data region, where 

reference lines are used to relate scale values to data 

marks. Text is used to label marks either directly or in-

directly through the use of a key or legend. The legend 

should be isolated from the graph and enclosed by a bor-

der. The legend will indicate the variables associated with 

the point marks or line types on a visualization.

Scatter Plots  In the most common application of a 2-D 

graph or plot, the horizontal scale represents the indepen-

dent variable, and the vertical scale is for the dependent 

21.2.3 Encoding Data Variables

Usually, an analysis is designed to examine data relation-

ships. The functional relationships between variables are 

described as either independent or dependent. For exam-

ple, in the earlier discussion of probes applied to a model 

to create a response, the probes, which are controlled by 

the experimenter, are independent of the model; therefore, 

they are an independent variable. However, the response 

data are dependent on the model’s reactions to the probe, 

so the data are a dependent variable.

Suppose that heat is the probe, the model is for a reac-

tor vessel, and the response being analyzed is the pressure 

inside the vessel (Figure 21.10A). The heat is an indepen-

dent variable because it is controlled by the researcher. As 

the heat is varied, the pressure inside the vessel is moni-

tored. The researcher knows ahead of time what temper-

atures to use but doesn’t know what the resulting pres-

sure will be at the different temperatures. The  pressure is 

 dependent on the application of the laws of physics to this 

particular vessel design, and the object of the experiment 

is to explore this relationship.

The resulting data are encoded, via marks, into a vi-

sualization. For every heat value, a corresponding pres-

sure value is recorded. A simple line graph is used to 

display the data, with the independent variable (tempera-

ture) mapped on the horizontal scale and the dependent 

variable (pressure) shown on the vertical scale (Fig-

ure 21.10B).

Independent variables can be either qualitative or 

quantitative values. Dependent variables can be scalar, 

vector, or tensor. If they are vectors, they can be easily 

decomposed into separate scalar values. Dependent vari-

ables are rarely qualitative in engineering applications.

●

●
●

●

●
●

● ●

Pressure (psi)

Temperature (°F)
Probe (heat)

Response
(pressure)

(A) (B)

Figure 21.10

Independent and dependent variables
The fi rst task in designing a visualization is identifying the types of variables to be displayed in the visualization.
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2-D scatter plots
Line graphs
Bar graphs
Histograms

2-D particle tracks
2-D stream lines

3-D particle tracks
3-D stream lines

Time series analysis
3-D scatter plots
Contour plots
Surface plots
Area rendering
Arrow plots
Multiple line graphs

Surface with rendering
Glyph areas

Glyph areas

Isosurfaces
Volume rendering

Glyph volumes Glyph volumes

Number of Dependent Variables

Number of
Independent
Variables

1 2 3

1

2

3

Figure 21.11

Taxonomy of visualization techniques

variable. In a scatter plot, both variables are scalar, and 

point marks are used to indicate discrete relationships 

between one dependent value and one independent value 

(Figure 21.13). However, the inherent error involved in any 

experiment means that for any independent value, there 

may be more than one dependent value recorded. For ex-

ample, going back to Figure 21.10, if the vessel is heated on 

fi ve separate occasions and the pressure reading is taken at 

a certain temperature each time, the resulting values are 

likely to be close to each other, yet they are bound to vary 

slightly. Typically, all of these data points (or a summary 

of them) would be recorded as part of the experiment.
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Figure 21.12

Elements of a 2-D graph
These elements include scale lines, data region, reference lines, 
and legend.
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Figure 21.13

2-D scatter plot
2-D scatter plots encode scalar data with unconnected point 
marks. The graph depicts a discrete relationship between the 
independent variable on the horizontal axis and the dependent 
variable on the vertical axis.
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Line Graphs  Variations in experimental data mean that 

points represented on the graph may show a trend, yet 

may not align perfectly with a straight line. The point 

marks can still be connected together to form a line 
graph. The line mark would connect the points by fol-

lowing a progression of independent values, rather than 

vice versa (Figure 21.14). Using a technique called regres-
sion, a “best-fi t” line, representing the trend of the data, is 

drawn on the graph (Figure 21.15). This regression line 

could be linear or a second- or third-order curve. Higher 

order curves are not common since they are unlikely to 

represent well-understood phenomena. 

Line graphs allow the viewer to perceive orientation 

and direction. Absolute values of individual data points 

are secondary to the trend revealed by the line. The direc-

tion of the line reveals information about the relationship 

between the dependent and independent variables. For 

example, in Figure 21.15, the line angling down indicates 

that as distance increases, intensity level goes down. This 

depicts a negative relationship between the two variables.

Regression lines attempt to represent the relationship 

of the variables under ideal circumstances, and they often 

clarify the central message being conveyed by the visual-

ization. Unfortunately, such lines can also hide or obscure 

the variation in the individual data points. One solution is 

to leave the original point marks on the graph, along with 

the regression line. Another solution is to present summary 

statistics at periodic independent variable values, with or 

without either the original data or the regression line. The 

most common summary statistic is the mean (or average) 

value of the dependent variable associated with a specifi c 

●

●

●

●
●

● ●

●
● ●

●

●

●
●

●

●

●

●

●

● ●

●

●

●

1970 1975 1980 1985 1990
0

10

20

30

40

50

60

Corrected
index

Year

Figure 21.14

Connected line graph
Connected line graphs encode scalar data with line marks. The 
graph depicts the trend in the data relationship between the in-
dependent and dependent variables.
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Figure 21.15

Regression line graph
Regression line graphs depict statistical or estimated trends in 
the data relationship rather than connecting the individual data 
points.

independent variable value. The mean is often presented 

along with an error bar mark, representing plus or minus 

one standard error (Figure 21.16). Standard error describes 

the natural variation in measurement that accompanies 

all experimental work. A basic understanding of statisti-

cal theory is necessary in order to properly apply graphic 

techniques depicting statistical information.
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Density (kg/m3)

Lot

+1 standard error

mean

–1 standard error

Error bar mark

Figure 21.16

Mean and standard deviation
Mean and standard deviation markers summarize results of the 
statistical analysis of the data.
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Since the standard error does not directly refl ect the 

distribution of points about a specifi c independent vari-

able value, percentiles are often used instead. Figure 21.17 

shows a box mark graph, depicting the 10th, 25th, 50th, 

75th, and 90th percentiles. The 50th percentile mark indi-

cates that half the dependent variable values are larger and 

half are smaller. The 10th percentile mark indicates that 

only 10 percent of the values are smaller. Conversely, at the 

90th percentile mark, only 10 percent are larger. Typically, 

any individual point marks lying outside the 10th–90th 

percentile range are individually displayed.

There are several variations on the box mark, many 

of which display the same information but with fewer 

graphic elements. The representation that is most suitable 

depends on the situation. Certain styles and conventions, 

which dictate the design, are often specifi ed when statisti-

cal data are to be published.

Bar Graphs   Another common type of 2-D graph is the 

bar graph (Figure 21.18). A bar graph uses either line 

or area marks to allow a closer focus on individual data 

values. However, in a bar graph, the line mark is used to 

show length rather than orientation. Although area marks 

are commonly used in bar graphs, one dimension of the 

bar is held constant, reducing the variability in the mark 

to the length of the other dimension. Bar graphs are most 

often used when there are only a few independent vari-

able values, and they are usually qualitative. Also, unlike 

line graphs, bar graphs sometimes show the independent 

variable on the vertical axis (Figure 21.19).
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Figure 21.17

Box mark graph
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Figure 21.18

Bar graph
Bar graphs are often used when the independent variable is 
qualitative rather than quantitative. The bar mark represents 
the distance from some common origin value to the dependent 
variable value.
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Figure 21.19

Horizontal bar graph
Horizontal bar graphs are sometimes used as an alternative 
to standard bar graphs. Here, the independent and dependent 
variable axes are switched.
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Increasing the number of bars in the graph reduces the 

ease with which a single value can be read. At the same 

time, increasing the number of bars permits visualiza-

tion of an imaginary line or edge connecting the ends of 

the bars (Figure 21.20). This perceptual edge has a shape 

that reveals trends in much the same way as a line graph. 

In addition, the shape of the area under the edge reveals 

 information about the composite values of groups of data. 

However, if the bars are suffi ciently dense, the effect will 

be similar to shading the area under a line graph, defeat-

ing the purpose of using a bar graph in the fi rst place.

Data with a well-defi ned zero point are best shown by 

having one end of all of the bars aligned on a common 

baseline, thus making it easier to compare their absolute 

values or to estimate ratios. When the data are depicting an 

interval or range along a scale, with no natural zero point, 

the bars can fl oat (Figure 21.21). Although more diffi cult 

for making comparisons of length, range bars are a useful 

tool for depicting the location of an interval. Mentally or 

physically drawing a reference line through the range bars 

at a specifi c dependent value permits comparisons of the 

locations of various range bars. For example, using time 

as the dependent variable, the points at which various in-

dependent values turn “on” or “off” can be identifi ed and 

compared.

A number of techniques are used with bar graphs to 

group similar data together. If the independent variable 

has logical subgroups, spacing can be used to depict these 

groups. In Figure 21.22, separate data points represent 

each of three years within each category. Three grouped 
bars, each depicting one year, are used with a space be-

tween categories. Assuming the categories and subcate-

gories of the independent variable are kept to a minimum, 

comparisons can be made both between years in a single 

category and between categories in a single year.

Sometimes, data values are a composite of a com-

mon group of subvalues. For example, in Figure 21.23, 

the overall weights of a series of models are divided into 

metal, plastic, and liquid components. Within a single 

prototype, comparisons are made of the relative weights 

of steel, plastic, and aluminum. In addition, comparisons 

of each of these subcategories are made between models. 

With this approach, the composite values (i.e., overall 

weights) of each group are easy to discern, but the lack of 

a common baseline for the subcategories makes absolute-

value judgments diffi cult.
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Figure 21.20

Dense bar graph
Dense bar graphs take on many of the characteristics of a line 
graph with the area under the line being shaded.
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Figure 21.21

Range bar graph
Range bar graphs do not have bars that are anchored at a com-
mon origin. These bar markers are used to encode interval (or 
range) data.
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Figure 21.22

Group bar graphs
Group bar graphs can be used to depict subcategories of a data 
variable.

ber28376_ch21.indd   1074ber28376_ch21.indd   1074 1/2/08   3:26:43 PM1/2/08   3:26:43 PM



  CHAPTER 21  Technical Data Presentation 1075

With both grouped and composite bars, the use of 

color or pattern coding to distinguish between the subcat-

egories is recommended.

Another type of bar graph is the histogram, which 

summarizes data by reporting how many data points fall 

within a given range. Figure 21.24 shows part of a graphic 

image. The image is composed of a series of small squares, 

or pixels, and each pixel is a data point with a value be-

tween 0 and 255 (represented by a color). These data can 

be summarized with a histogram showing how many data 

points are at each color level. The independent variable 

(i.e., color) has enough values that trends, rather than in-

dividual data points, can be examined in the histogram. It 

is important to realize that, in providing a summary, histo-

grams depict the original information only indirectly.

21.3.2 Visualizations for Two Independent Variables

It is common to have two independent variables that must 

be examined. The same techniques used to display one 

independent variable can be used to display two, if vari-

ous encoding marks are employed. Another option is to 

increase the number of geometric dimensions used to dis-

play the data. In both cases, perceptual abilities, such as 

color discrimination or depth perception, are important 

for visualizing the second independent variable.

Multiple Line Graphs   If the second independent variable 

has only a few discrete values, a multiple line graph can 

be used. The horizontal and vertical scales of the graph 

are used the same way as for only one independent vari-

able. Each value of the second independent variable is 

represented as a separate line on the graph, and each line 

must be coded, typically with either a color or a shape 

and a legend to indicate the code-to-value mapping (Fig-

ure 21.25A on page 1076). If there is suffi cient room, text 

labels pointing to the individual lines can be used instead 

of the legend. The use of color versus shapes to code the 

second variable depends on how the graph is going to be 

displayed. Color reduces clutter and is less affected by be-

ing reduced or displayed at lower resolution. However, if 

the graph is to be photocopied in black and white, shape or 

line style coding is preferable (Figure 21.25B).

A common second independent variable is time. A time 
series analysis uses a sequence of graphs for compari-

sons. There are three basic methods for representing this 

sequence. An animation would show a series of graphs 

in rapid succession. Each graph represents a frame in the 

animation, and each frame is a discrete time value. The 

frames should all be registered (i.e., aligned) with each 

other such that the skeleton of the graph (i.e., the scales, 

text, key, etc.) remains “still” while only the data change. 

Animation is discussed more in Section 21.5.
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Figure 21.23

Composite bar graphs
Composite bar graphs allow both individual subcategory val-
ues and an overall value to be represented by the length of a 
bar mark.

Figure 21.24

Histogram distribution of a bitmap image
Histograms are used to summarize data by totaling the number 
of data points that fall within a certain range of independent 
variable values. Histograms are used extensively to analyze bit-
mapped image data.

(Image displayed with NIH Image; data courtesy of the U.S. Geological Survey, 

U.S. Department of the Interior.)
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If only a few individual graphs are to be compared, 

or if animation is not possible, the graphs can be pre-

sented in parallel rather than in series; that is, they can 

all be viewed at the same time. For example, the graphs 

can be overlaid on each other, using color coding to dis-

tinguish between the individual graphs. However, if the 

data change only a small amount between frames, the 

viewer may not be able to distinguish between individual 

data lines. An option for this case would be to offset each 

frame a uniform amount, making absolute-value mea-

surements diffi cult but allowing general comparisons.

If scale values must be conserved, the individual 

graphs can be placed in a linear or matrix arrangement. 

Uniformity in the design of each graph is critical for eas-

ing the comparisons between frames.

3-D Graphs and Plots  Two independent and one depen-

dent variable can be combined in a 3-D graph or plot. 

Two of the dimensional axes represent the independent 

variables, and the third axis (usually Z) represents the 

dependent variable (Figure 21.26). For every X,Y value 

representing an independent variable, a Z value maps a 

dependent variable. If the data consist of discrete values, 

point marks can be used to create a 3-D scatter plot. Vi-

sualizing a 3-D scatter plot requires the ability to view a 

3-D form projected onto 2-D paper or a computer screen. 

As with other 3-D models, being able to rotate the plot in-

teractively helps considerably in perceiving its structure. 

This is particularly important for scatter plots since point 

marks only give a minimal number of perceptual cues. 

Also, a regression line added in 3-D space aids in under-

standing data trends.

Connecting point marks in a 2-D graph results in a line 

graph. With a 3-D plot, connecting the points results in a 

surface plot, which can be depicted in a number of ways. 

The simplest depiction is a mesh covering the surface (Fig-

ure 21.27A). Removing hidden lines helps in perceiving 

the 3-D form but may hide data points that are occluded 

(Figure 21.27B). Alternatively, the surface can be shaded. 

For example, the plot could simulate a light source falling 

on the object (Figure 21.27C). The shading value gradient 

over the surface would assist in perceiving the 3-D form 

but may cause confusion; shading values could be mis-

taken for the coding of a data variable. A fourth approach 

is to shade the surface by varying the color according to 

the dependent variable value (Figure 21.27D).
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Multiple line graphs with color and shape coding
Multiple line graphs allow more than one independent variable 
level on a single graph. Each line mark represents a different 
level (value) of the independent variable.
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3-D scatter plot
3-D scatter plots map discrete data points derived from two in-
dependent variables. Correctly interpreting a 3-D visualization 
such as this can sometimes be diffi cult.

ber28376_ch21.indd   1076ber28376_ch21.indd   1076 1/2/08   3:26:45 PM1/2/08   3:26:45 PM



  CHAPTER 21  Technical Data Presentation 1077

A 2-D option for a 3-D surface plot is a contour plot. 
A surface plot is sliced with a plane (Figure 21.28A on 

the next page). This X–Y plane represents a constant 

dependent variable value over all possible independent 

variable combinations. Next, a line is traced at the inter-

section between the plane and the surface. This contour 
line, or isoline (i.e., a line of constant value), represents 

the independent variable combinations that result in the 

dependent variable value (Figure 21.28B).

Typically, multiple contour lines are drawn on a contour 

plot to represent a uniform sampling of dependent variable 

values (Figure 21.28C). The horizontal and vertical scales 

represent independent variable values, and the contour 

lines show the mapping of constant dependent variable 

values. If the surface is thought of as a piece of terrain, the 

lines are like elevation contours on a terrain map.

Rarely will collected data points fall exactly on one of 

the contour lines since the surface itself is the product of 

 interpolating between the data points. The contour line rep-

resents an intersection with this interpolated surface, not 

actual collected data points. The denser and more regular 

the sampled data, the better will be the interpolation. Both 

contour and surface plots are most successful when data are 

sampled at regular intervals of both independent variables.

Area Renderings  An alternative to using line marks is to 

use uniformly sized area marks. If regular samples have 

been taken along both independent variable scales, the 

graph can be divided into a series of square regions, each 

containing a data value (Figure 21.29A on the next page). 

The data values could be left as numeric values written 

into each area, but a more powerful technique would be 

to map each data value to a color lookup table (LUT) 
(Figure 21.29B).

The table assigns a specifi c color to each data value, 

using a predefi ned system for varying the color in relation 

(C) (D)

(A) (B)

Figure 21.27

Examples of surface plots
Surface plots use a variety of visualization techniques to connect data points in 3-D space with a surface mark.

(© Wolfram Research, Inc. “A New Kind of Science” by Stephen Wolfram, www.wolframscience.com)
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Figure 21.28

Contour plot
Contour plots are a method of visualizing data with two inde-
pendent variable values in a 2-D plot. Each contour line (iso-
line) represents combinations of the two independent variables 
that give rise to a certain dependent variable value.

(© Wolfram Research, Inc. “A New Kind of Science” by Stephen Wolfram, 

www.wolframscience.com)
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Figure 21.29

Mapping color lookup tables
Area renderings use color to encode the regularly spaced data 
values. The independent variables on each axis are evenly 
divided into a grid, and a color is assigned to the data value of 
each grid, based on a color lookup table.

(21.29B displayed with NIH Image; 21.29C courtesy of SDRC, Inc.)

202 178 157 138 120 106 89 77 74

200 184 167 164 141 127 108 94 88

201 195 183 174 161 146 130 1 91

198 197 201 188 178 161 146 130 101

211 207 206 190 180 177 157 135 105

207 205 202 193 182 168 156 130 115

211 206 202 188 183 165 144 127 115

214 214 209 199 175 154 137 126 118

223 228 216 196 175 154 140 126 114

(A)

(C)
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to a range of dependent variable values, to create an area 
rendering. For example, in Figure 21.24, a range of col-

ors was assigned to the values 0 through 255.

Computer systems typically limit the range of possible 

discrete colors to preset values, although the range is con-

siderable. Some systems are limited to 256 possible val-

ues, while others have more than 16 million! A combina-

tion of dense data sampling and a large color range allows 

tremendous amounts of data to be mapped to a single area 

rendering (Figure 21.29C). Retrieving single data values 

is allowed with most visualization software, but the main 

goal is to provide a holistic view of the complete data set 

and to identify overall trends.

Vector Representations  Less common than the display of 

scalar information is the display of vector information as 

one of the variables. Where contour lines or color map-

ping can convey information about scalar values, they 

cannot provide a sense of direction or orientation. For 

vectors, discrete line marks give orientation, and a more 

complex mark with an arrowhead shows direction.

If the vector is a dependent variable related to two in-

dependent variables, the vertical and horizontal scales are 

used for the independent variables, and the line or arrow 

markers represent the dependent variable in an arrow 
plot (Figure 21.30). As with contour plots and area ren-

dering, regular sampling of the data points is helpful to 

the perception of overall patterns created by the marks. 

Indicating the magnitude of the vector is more compli-

cated. The marks could change size in proportion to their 

magnitude, but this would interfere with the textural per-
ception of the visualization. Color coding the marks is a 

better option for this purpose.

Flow Representations   With the types of plots previously 

discussed in this section, the two independent variables 

represent geometric dimensions. An alternative involves 

making time the independent variable and making the 

geometric dimensions the dependent variables. In the 

study of fl uid or air fl ow, the position of a theoretical par-

ticle at a given point in time is often the dependent vari-

able. Using a computer simulation, point marks represent-

ing particles are released into a fl ow model. Discrete time 

samples (the independent variable) depict the positions of 

the points in 2-D space (Figure 21.31). Animation tech-

niques allow multiple time samples at very small intervals 

to show the “fl ow” of particles through the model. If the 

visualization resolution is suffi ciently high, the particles 

look more like a cloud or smoke. The perceived density 

of the cloud (the number of points in a region) is often as 

important as the direction of fl ow of the particles.

Figure 21.30

Arrow plot
Arrow plots use arrow marks (short line marks) to encode vec-
tor data. Length or color is often used to encode the magnitude 
of the vector value.

(Reprinted with permission from MCNC. www.MCNC.org.)

Figure 21.31

Particle clouds tracking fl uid fl ow
Particle clouds use point marks to track the paths of hypotheti-
cal particles through space. Often used in animated sequences, 
these images are used extensively to study fl uid and gas 
dynamics.

(Reprinted with permission from MCNC. www.MCNC.org.)
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An alternative to showing point marks in anima-

tion is using line or arrow marks. Smaller arrow marks 

show orientation and direction at a discrete point in time, 

whereas, long lines called streamlines show the paths of 

sample particles over larger distances (Figure 21.32).

21.3.3 Visualizations for Functional Relationships

Not all relationships in technical design involve quanti-

tative information. Functional relationships, which are 

usually qualitative or nominal in nature, must also be de-

picted in some visual manner. Several methods for doing 

so are described briefl y in the following paragraphs.

Hierarchical trees, as indicated by their name, display 

the natural order of relationships between elements, with 

a singular element at one end of the tree related to many 

items at the other end (Figure 21.33). Trees are organized 

into levels, with the elements of each level subdivided 

into the elements of the next level. The subdivisions are 

known as the children of the parent element. Trees cannot 

Figure 21.32

Streamlines tracking airfl ow
Streamlines are an alternative to particle clouds for modeling 
airfl ow. In a single image, line marks can depict the path of 
particles over time.

(Image created using EnSight, courtesy of NASA/Lewis Research Center and 

Computational Engineering International.)

Figure 21.33

Hierarchical tree graph
Hierarchical tree graphs are used to depict functional relation-
ships between parts in a group. These trees can be used to de-
pict relationships, such as the fi les in a computer fi le system or 
the parts in a 3-D model assembly.
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have looping structures, meaning each child element can 

only have one parent. The only element with no parent is 

the top, or root element, of the tree. The number of ways 

an element can subdivide is often used as a classifi cation 

for trees. For example, if a tree element can branch two 

ways, the tree is a binary tree, four ways a quadtree, eight 

ways an octtree, and so on. Trees are used extensively for 

displaying hierarchical structures, such as computer fi le 

systems and 3-D model part assembly organizations.

Flow charts are another vehicle for displaying rela-

tionships in time. PERT, CPM, and Gantt charts and 

other types of similar charts map the relationships of 

 specifi ed tasks to time, personnel, and other resources 

(Figure 21.34). In a typical chart, time is represented 

on the horizontal scale and individual or organizational 

groups are represented on the vertical scale. In the data 

region, boxes representing tasks are mapped to the point 

in time and the personnel needed. A box may appear more 

than once, and all boxes are linked with line marks indi-

cating the fl ow of operations through time. Unlike trees, 

the links in these charts can loop and branch into irregu-

lar networks. The lines can be thought of as communica-

tions  connections, indicating the fl ow of information. Such 

charts are an excellent project management vehicle for or-

ganizing a large design project and mapping the necessary 

fl ow of information over the course of the project.

Matrix charts are typically rectangular or triangu-

lar grids that show relationships between variables (Fig-

ure 21.35 on the next page). Each variable is represented 

along a scale, and the interior grid cells represent every 

possible combination of the values of the variables. The 

marks used in the cell can vary considerably. For example, 

a mark may simply indicate that there is a linkage between 

the two values, and the absence of a mark would indicate 

that there is no linkage. More sophisticated marks, or 

groups of marks, are used to indicate a range of possible 

relationships between the values. The grid cell can also 

contain numeric values. For example, a common usage 

of a matrix chart with numeric grid values is a road map 

showing the mileage between cities.

21.4 Object Rendering
The increasing predominance of 3-D modeling sys-

tems has brought with it new tools that have few 

corresponding techniques in 2-D CAD. Earlier chapters 

in this text have introduced pictorial representation tech-

niques, such as axonometrics, obliques, and perspectives. 

These projections, long the mainstay of technical illustra-

tion, are achieved essentially the same way whether done 

by hand or with 2-D CAD. The same could be said of ren-

dering techniques that add realism to the pictorial. On the 

other hand, 3-D modeling and rendering software takes a 

decidedly different approach, one that is likely to domi-

nate the profession in the future. The following section 

A

B

C

D

E

1 50 100 150 200

Time (days)

Personnel

Figure 21.34

Flow chart
Flow charts are often used by companies to organize the people and resources needed to complete a project. The chart outlines who 
is responsible for what tasks over the course of the project.
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will describe how the geometry for a 3-D model is ren-

dered to add realism and interpretability. (See Chapter 9 

for discussions on how such models are created.)

Object rendering techniques can simulate color, tex-

ture, and lighting effects to create a photorealistic image 

of a virtual model. Such renderings are used by industrial 

designers, marketing executives, and others to gage the 

effects of visual appearance. Computer renderings are 

also used to code abstract data for analysis, and may in-

clude the use of color or other rendering techniques.

21.4.1 The Rendering Pipeline

Over the last 20 years, computer-based hardware and soft-

ware systems devoted to the rendering of 3-D models have 

evolved rapidly. Although many techniques have been 

superseded by newer algorithms and hardware, they can 

still be placed into generalized categories that describe the 

methods used by many mainstream systems sold today.

The process of rendering takes place in a serial fashion, 

with the model being progressively processed at each stage 

(Figure 21.36). The fi rst stage begins with creating the ge-

ometry of the model. Surface models are the most common 

and are the easiest to render. The surface model, as typi-

fi ed by boundary representation (B-rep), consists of a col-

lection of closed polygons connected at their edges. Most 

modelers also assume these polygons are planar (fl at).

A number of coordinate systems must then be defi ned. 

Both the object and the viewer have local coordinate sys-

tems that position them in a world coordinate system. 

In addition, there are usually light sources that must be 

located with their own local coordinate systems. All of 

these coordinate systems then work together to help de-

fi ne the fi nal rendered image representing the object.

21.4.2 Visible Surface Determination

With both parallel and perspective projection, the direc-

tion of view is perpendicular, or normal, to the plane of 

the computer screen. The screen coordinate system is 

then oriented relative to the model, with X being the hori-

zontal dimension, Y being the vertical dimension, and Z 

being the depth dimension (Figure 21.37). For the remain-

der of this section, these dimensions will be referred to 

simply as X, Y, Z.

Once the view orientation is set, a view volume is es-

tablished, defi ning the region of the “world” to be rendered 

PLASTIC SAMPLE
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Acetone

Benzene

Toluene

Water

S
O

LV
E

N
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A B C D E
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3-10 Minutes
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TIME BEFORE FAILURE

Figure 21.35

Matrix chart
Matrix charts are used to depict the relationship between two qualitative variables. Symbols or numbers can be used to depict the 
relationship between two levels of either variable.

Geometric
Model

Light &
Surface

Definition

Projection
Visible
Surface

Determination

Shading Display

Figure 21.36

The rendering pipeline
The rendering pipeline represents the typical path that geomet-
ric data go through in order to be rendered into an image.
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(Figure 21.38). The view volume is defi ned by minimum 

and maximum X and Y screen coordinates and minimum 

and maximum Z values for depth. Figure 21.38 shows the 

volume in parallel projection.

Although typically sized to enclose the entire model, 

the view volume will exclude, or clip, any geometry out-

side the defi ned volume. The sides of the defi ned window 

clip in the X and Y dimensions, while the front and back 

planes clip in the Z dimension.

Once this initial acceptance/rejection of the model 

geometry is accomplished, the remaining geometry is 

sorted according to its location in the Z dimension. This 

depth sorting is the basis for hidden surface removal.

21.4.3 Light Defi nition

Any model that depicts surface properties must be asso-

ciated with one or more light sources. In the real world, 

physical objects interact with the visible spectrum of 

electromagnetic radiation; in other words, they refl ect, 

transmit, and absorb light. Computer rendering systems 

therefore include virtual light sources with their own co-

ordinate systems (Figure 21.39).

Computer systems can mimic a variety of light sources, 

for which the two most important characteristics are lo-
cation and orientation. In addition, lights can have a va-

riety of intensity patterns and colors. For now, however, 

assume that the light is white. Intensity is typically set as 

Object

YS

ZS

XS

Screen

Figure 21.37

Screen coordinate system
The screen coordinate system is used to represent the model 
data in an orientation that represents how the viewer is seeing 
the model.

Object

Screen

Front clipping
plane

Z Min

Z Max

Back clipping
plane

X
Min

X
Max

Y
Min

Y
Max

Z

Y

XS

S

S

Figure 21.38

Parallel projection view volumes
The view volume defi nes the space that the model occupies. 
This volume is used by the rendering system to identify the 
region of space occupied by the model and to minimize the 
number of calculations required.

YS

ZS

XS

Screen

Light
Source

Object

Figure 21.39

Light source coordinate system
A light source coordinate system is used to relate the direction 
of the light source to the surface of the model and the view 
direction.
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Custom Bike Maker Uses FEA Software to 

Design and Engineer Carbon Fiber Bicycles

a function of the distance between the object and the light 

source, and this attribute is usually limited to those light 

sources with a clearly defi ned location in space.

An ambient light source has no specifi c orientation or 

location. Everything is lit uniformly, and no shadows are 

cast. A computer model lit with this kind of light looks 

like a single solid color (Figure 21.40A). An ambient 

light source is sometimes used as a default to give a base-

line level of lighting for the model. By itself, an ambi-

ent light source does little except depict the silhouette of 

the form.

A directional or infi nite light source has a clearly de-

fi ned orientation but no specifi c location (Figure 21.40B). 

As its name implies, the light source is theoretically at 

infi nity, with all rays emanating from the source parallel 

to each other. With this light source, all of the rays strike 

any given surface at the same angle, but each surface 

has its own unique orientation to the light source. In a 

Those high-performance bicycles speeding along 

the Olympics route or the Tour de France are usu-

ally custom-made and can cost as much as $25,000 each. 

An Ogden, Utah, custom bicycle designer is utilizing 

FEA software and cutting the cost to less than half.

Mark Enders, of Composite Arts and Science, em-

ploys the vacuum bag technology used to make compos-

ite rocket motor cases to craft carbon fi bers and epoxy 

into customized bike frames which are more comfort-

able and more aerodynamic than traditional steel, alu-

minum or titanium frames.

Enders’ patented high-performance “beam” bicycles 

are inexpensive compared to his high-end competition, 

with each bike going for $5,000 to $6,000 each and tan-

dem for $8,000 to $12,000.

To create a bike to the size and specifi cations of the 

customer, Enders must, in a sense, design and engineer 

each bike from scratch. “While not quite as complicated 

as an airplane, custom designing a bicycle is similar be-

cause it is very engineering-intensive,” says Enders.

The key engineering challenge in designing a com-

posite bicycle frame is to determine where and at what 

angles to place the carbon material in the body of the 

frame. Finite element analysis (FEA) breaks a model 

into small uniform elements, then tests each of the ele-

ments for how they react to real-world conditions.

Enders is always striving to design a lighter bicycle, 

while retaining high performance and comfort. He 

has been able to shave about seven percent off the 

weight of his tandem models and is working to take 

about 15 percent off the weight of his latest single bi-

cycle frames.

“At this point, it’s cost prohibitive to destructively 

test the frames. I rely on Algor’s accurate results to en-

sure that my bikes stand up to the stress of running in 

the real world,” says Enders.

(Courtesy of Composite Arts & Sciences.)

(Courtesy of Composite Arts & Sciences.)
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computer system, an infi nite light source would be de-

fi ned by specifying an orientation vector. Depending on 

the system, the vector originates at either the origin or the 

light source.

A point light source is the reverse of an infi nite light 

source. It has a clearly defi ned location, but no orienta-

tion (Figure 21.40C). It shines uniformly in all directions, 

or omnidirectionally. The light rays strike each surface 

at a variety of angles. The closer the light source is to the 

object, the greater the variation in the angle; the farther 

away it is, the more it acts like an infi nite light source. 

A point light source is specifi ed by a coordinate location 

relative to the object, or to the world coordinate system.

A spot light source has both a location and an orien-

tation and is the most fl exible type of light source (Fig-

ure 21.40D). It can be located and oriented to illuminate 

select parts of the model. In addition to a location and 

orientation, a cone is specifi ed to defi ne the angle of the 

light beam spot (Figure 21.41A). This type of light source 

is the most likely to have intensity settings. Intensity is 

defi ned in terms of both the distance between the light 

source and object and the angle of displacement from the 

source’s designated direction (Figure 21.41B). If a cone 

is specifi ed, then the light intensity typically falls to zero 

outside the cone.

Practice Exercise 21.1
Walk around any building and identify examples of different 

types of light sources. Examine how each illuminates the 

objects around them. Is the light strong or weak? Does its 

strength change as you move the objects closer or farther 

(A) Ambient (B) Infinite (C) Point (D) Spot

Figure 21.40

Different types of light sources

d

Near linear falloff
to distance

COS     function
4

d

(A) (B)

Figure 21.41

Spot light intensity controls
A cone is used to describe both the volume covered by the light source and its intensity.
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away? Are the objects evenly lit, or is the light stronger on 

certain sides? Do the objects cast a shadow?

Using a fl ashlight and a 2� � 3� sheet of white poster-

board, shine the fl ashlight on the posterboard. What kind of 

pattern does the light create? Does the pattern change as 

you change the angle of the board or move the light closer 

or farther away? How does the board look when rotated un-

der fl uorescent light or sunlight?

21.4.4 Basic Shading Techniques

Shading refers to the perceptual effect of light striking 

and refl ecting from the surface of a face. The greater the 

amount of light energy hitting the surface, the greater the 

energy absorbed and re-radiated by that surface. The per-

ceptual result, as depicted by the computer model, is a 

more lightly shaded face.

The light energy is calculated in terms of illumination. 

A simple model used for shading calculates the angle at 

which the light source hits the face (Figure 21.42). The co-

sine of the angle, �, between the normal vector of the face 

and the light vector varies between 0 and 1. When the light 

vector and face normal vector are coincident (� � 0�), the 

face is at maximum lightness. When the light vector is per-
pendicular to the normal vector (� � 90�), the surface is at 

its darkest.

This simple shading model is modifi ed according to 

the characteristics of the surface. For example, a diffuse 
surface, such as a carpet or a dull plastic, disperses re-

fl ected light uniformly, favoring no single direction (Fig-

ure 21.43A). A viewer looking at the surface from any 

direction would receive the same amount of refl ected 

light (diffuse refl ection). On the other hand, a polished or 

shiny surface would not refl ect light uniformly.

For a perfect mirrored surface, 100 percent of the light 

would be refl ected at the same angle of incidence, � (Fig-

ure 21.43B). The orientation of the viewer then makes a 

difference. If the angle, �, between the refl ected ray and 

the view orientation is 0� and the surface is a perfect mir-

ror, the viewer would receive all of the light’s illumination 

as specular refl ection. The viewer would see the refl ec-

Light

Surface

Viewer

Light

Surface

Viewer

(A) (B)

Figure 21.43

Diffuse and specular refl ection
Diffuse and specular refl ection defi ne two ways in which light can refl ect, depending on the characteristics of the surface.

Light

Surface
normal

Surface

Figure 21.42

Lambert’s cosine law
The lightness of the shaded surface will be based on the angu-
lar relationship of the light source and the surface.
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vector information with each other. For a collection of 

faces representing a curved surface, a single vertex nor-
mal is set to represent the composite orientation of all 

the faces sharing the vertex (Figure 21.45A). If the faces 

are supposed to be discontinuous (i.e., to show a crease), 

then separate vertex normals are set up for each face (Fig-

ure 21.45B). Instead of illumination intensity values being 

calculated from a single normal vector for each face, in-

tensity values are calculated for each vertex normal. The 

intensity values of all the vertices of a face are then inter-
polated to shade that face (Figure 21.46 on the next page). 

While this technique visually smooths across the facets of 

a curved surface, it does not allow for the representation of 

specular highlights.

With Phong shading, the normal vectors, rather than 

the intensity values, are interpolated across the face, al-

lowing specular refl ection to be accurately calculated. 

However, this increased realism comes at a cost. Instead 

of single scalar intensity values being calculated across 

the face, 3-D vectors are needed. In addition, to represent 

the specular refl ection, the refl ected light vector must be 

compared with the viewing vector.

To summarize, if you are only working with rectilin-

ear forms and there is no need to represent specular sur-

faces, fl at shading may be adequate. If you are represent-

ing curved surfaces, Gouraud shading will improve the 

realism considerably, and Phong shading will add another 

degree of realism if you have refl ective surfaces.

The faceted approximation of curved surfaces is 

largely overcome by Gouraud or Phong shading, but even 

tion of the light source at that point on the surface. How-

ever, real materials rarely act like perfect mirrors, and 

the refl ection is typically a combination of diffuse and 

specular components. The amount of specular refl ection, 

as seen by the viewer, decreases in intensity as a function 

of �. The perceptual effect of this refl ection is a lightened 

area on the portion of the surface where � is small. With 

the proper shading algorithms, and with control over the 

specular and diffuse refl ection properties of the surface, 

realistic highlighting can be simulated.

The simplest type of shading used by computer ren-

dering programs is often referred to as fl at shading (Fig-

ure 21.44), in which one surface normal vector is calcu-

lated for each polygon in the model. In the fi gure, the color 

assigned to the cube is purple, and the lightness is varied 

on each face to match the amount of illumination. Once 

the light source is located, those faces with normal vectors 

pointing most directly at the light are made the lightest in 

color. This type of lighting is realistic only under a  limited 

number of conditions. If in Figure 21.44 the cube has no 

specular refl ective properties to give highlights and is 

lighted with an infi nite light source, fl at shading would be 

a relatively realistic simulation. Most rendering software 

works well with fl at planar polygons; however, curved sur-

faces are usually treated as a collection of facets. This is 

a problem with the fl at shader since it would shade each 

facet of the curve with a discrete value. The result would 

be a faceted rather than a smooth, curved appearance.

With Gouraud shading, the faceting effect on curved 

surfaces is eliminated by having the faces share normal 

Figure 21.44

Flat shaded model
Flat shading assigns a single color value to each face of the 
model.

(A) (B)

Surface Normal

Vertex Normal

ProfileProfile

Figure 21.45

Vertex normal calculation for curved and fl at surfaces
Sharing vertex normals between faces allows shaders to simu-
late a smooth surface from a faceted one.
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they won’t eliminate the faceting seen along the silhou-

ette edge of the curved surface. Refi ning the model with 

more facets will ease but not eliminate the problem. If the 

faceted surface was generated from a model that contains 

an accurate mathematical model of the curved surface, it 

is usually easy to generate an increased number of fac-

ets for a fi nal rendering. During the development phase, a 

coarser model with fewer facets, and therefore faster ren-

dering speed, can be used.

Practice Exercise 21.2
Use a fl ashlight and three 2� � 3� sheets of white poster-

board. Wrap one posterboard in aluminum foil as smoothly 

as possible, and wrap another in a thick, light-colored fab-

ric. Shine the fl ashlight on the three boards. Do all three 

show diffuse refl ection? What about specular refl ection? For 

those that show specular refl ection, at what range of angles 

do you see a refl ection? How intense is the refl ection? Try 

wrapping other objects in these materials or using objects 

with a range of refl ective properties. What is the difference 

in shading on the surfaces of fl at and curved objects? Do 

the refl ective properties of the surface matter?

21.4.5 Advanced Shading Techniques

The shading of any surface may be infl uenced by the 

combined effects of the refl ective and transmissive prop-

erties of neighboring surfaces. Ray tracing enhances the 

realism of models by accounting for these properties in 

the shading. Ray tracing is based on the principle of trac-

ing light rays between the light source and the viewer. 

The amount of light reaching the viewer will depend not 

only on the intensity of the light source but also on the re-

fl ective, refractive, and transmissive qualities of all of the 

surfaces encountered by the light ray. Since a majority of 

the light rays emanating from the light source never reach 

the viewer, rays are usually traced recursively, starting 

from the viewer and going backward (i.e., toward the light 

source).

For transparent materials, ray tracing calculations of 

specular refl ections and transmissive properties are very 

sophisticated. Very impressive images of models con-

taining these sorts of materials can be generated (Fig-

ure 21.47). In addition to calculating the added light that 

would be refl ected or transmitted by other surfaces, ray 

tracing can also calculate the light that would be blocked 

by neighboring surfaces. This technique, called shadow 
casting, adds still another degree of realism to the model.

Ray tracing, like the previous techniques mentioned, 

has its disadvantages. Besides its computationally inten-

sive nature, ray tracing does not accurately calculate the 

diffuse refl ective qualities of materials or the effects of 

light from nonpoint sources.

Ray tracing often fails in interior architectural scenes. 

A preponderance of diffuse refl ecting fabrics and broad, 

planar light sources (such as windows and fl uorescent 

lights) create high levels of ambient light. For such a scene, 

Figure 21.46

Gouraud shading
Gouraud shading uses vertex normals to create a gradient 
of color values across a face and to simulate smooth curve 
surfaces.

Figure 21.47

Ray traced image
Ray tracing accounts for the effect of light that is refl ected by 
or transmitted through surfaces of the model.
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newer rendering techniques based on radiosity are more 

useful (Figure 21.48). Radiosity techniques are based on 

thermal principles that state that there is a conservation of 

light energy in a closed environment. In previous shading 

methods, light sources were treated separately from the 

objects they were illuminating. With radiosity methods, 

any size or shape of surface is considered capable of both 

radiating and absorbing light energy. The rate at which 

energy leaves a surface, that is, its radiosity, is the result 

of all light energy received, absorbed, and radiated by 

that surface. Since these calculations are independent of 

the viewpoint, they are calculated for the model prior to 

any view transformation. Once the initial calculations are 

done, the view is calculated, and the radiosity results are 

used to shade the surfaces.

The limitations of radiosity, besides being computa-

tionally very intensive, tend to be the opposite of ray trac-

ing. Where ray tracing inadequately deals with diffuse 

refl ection, radiosity methods are limited in their ability 

to calculate specular refl ection since such calculations 

are highly dependent on the location of the viewpoint. 

Promising solutions to these problems are being explored 

by combining ray tracing and radiosity methods, and ren-

dering in two passes. The fi rst pass uses view-independent 

radiosity methods, while the second pass executes a view-

dependent ray tracing. Although not perfect, this and other 

approaches continue to exploit the increase in computing 

power available to create more realistic visual renditions 

of the real world.

Practice Exercise 21.3
Use two or three fl ashlights, a 2� � 3� sheet of white poster-

board, and two or three objects the size of a coffee mug. 

Make one of the objects a clear glass half fi lled with wa-

ter. Put one of the opaque objects on the posterboard, and 

look at it under fl uorescent light. Does it show any shad-

ows? Shine one of the fl ashlights on the object, and turn 

off the fl uorescent lights. Does the shadow look different? 

How about with the fl uorescent also on? With more than 

one fl ashlight on the object? Put the glass of water on the 

board. How does its shadow differ from the opaque object 

next to it?

Slowly move a pencil behind the glass of water. Make 

sure you can see a portion of the pencil with and without 

the glass in front of it. What happens to the pencil when 

it passes in back of the glass? Is it continuous at the bor-

der of the glass? Try viewing the pencil moving behind the 

glass in numerous ways: looking through just one side of 

the glass, both sides, the glass with water, and the glass 

without water.

21.4.6 Color Defi nition

Three perceptual qualities describe the color of a surface 

material: lightness, saturation, and hue. The energy 

used to illuminate the surface of the model is described in 

terms of wavelengths. Visible light is those wavelengths 

to which the retina in our eyes responds. The range of vis-

ible wavelengths is roughly from 400 to 700 nanometers 

(nm). In theory, a pure white light would contain an equal 

number of all of these wavelengths. In reality, the balance 

of wavelengths in daylight varies from that of incandes-

cent bulbs, which in turn varies from that of fl uorescent 

bulbs, and so on (Figure 21.49 on the next page).

One way of thinking of color is the totality of all the 

wavelengths reaching the eye. When light strikes a surface, 

some wavelengths are absorbed into the surface in varying 

amounts, and the rest are refl ected. The dominant wave-

length of the light that remains after refl ection is the hue 

of the color you perceive (Figure 21.50 on the next page). 

The saturation is determined by the relative amounts of 

all the wavelengths. The larger the ratio of the dominant 

wavelength over the remaining wavelengths, the higher the 

Figure 21.48

Radiosity rendered image
Radiosity rendering techniques use thermal energy calcula-
tions to do a superior job of rendering diffuse refl ections.

(Courtesy of University of North Carolina at Chapel Hill, the Department of 

Computer Science.)
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saturation of the color (Figure 21.51). Lightness, then, is 

the absolute amount of all the visible light energy (i.e., the 

summation of all the wavelengths from 400 to 700 nm), 

rather than the relative amounts of the various wave-

lengths (Figure 21.52). Lightness determines how light or 

dark a surface looks.

The mixing of red, green, and blue, the primary col-

ors, forms the basis of the computer color display. Every 

pixel on a color screen contains a red, green, and blue 

phosphor. Varying the excitement of these phosphors 

with electrons creates the range, or gamut, of colors pos-

sible on that particular computer screen. Although not the 

full range of colors perceivable by the eye, this gamut is 

typically quite large.

RGB Color Model  One way of describing the mixing of 

the three primaries is to use the RGB color model (Fig-

ure 21.53). The model uses a cube mapped in Cartesian 

space and describes colors created by the relative addi-

tive combinations of the three primaries. The additive 
primaries, (R)ed, (G)reen, and (B)lue, occupy three cor-

ners of the cube at (1,0,0), (0,1,0), and (0,0,1), respectively. 

The main diagonal of the cube graphs all of the points 

that contain an equal amount of the three primaries and 

runs from white (1,1,1) in one corner to black (0,0,0) in 

the other. The other three corners are occupied by the 

complements of the additive primaries and are known as 

the subtractive primaries, cyan (0,1,1), magenta (1,0,1), 

and yellow (1,1,0).
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Figure 21.49

Typical spectrogram of a light source
A typical light source does not contain a uniform amount of 
light energy from each wavelength of visible light.

Violet Red

WAVELENGTH (NM)400 700

Figure 21.50

Hues representing different spectral wavelengths
Each hue represents a different wavelength on the visible light 
spectrum.

Ratio of dominant
wavelength to rest

of wavelengths

1

White Full
saturation

Figure 21.51

Changing color saturation
Color saturation represents the ratio of the dominant wave-
length to the rest of the wavelengths represented in the light 
source.

Total visible light energy

Black White

Figure 21.52

Changing color lightness
Color lightness (or value) represents the total light energy.
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gradations in the shading can be created. When the range 

is reduced to 8 bits (Figure 21.54B), banding begins to 

appear where there are no longer enough gradations to 

make a perceptually “invisible” transition. A range of 

4 bits shows the banding even more because only 16 col-

ors are available; 2 bits is only enough to give rough ap-

proximations to the real colors used; 1 bit (Figure 21.54C) 

separates all of the colors into either black or white.

An RGB model is often the one provided for mixing the 

desired color in a graphics program (Figure 21.55 on page 

1093). In a 24-bit color system, values between 0 and 255 

would be chosen for each of the primaries. For example, 

(255,255,255) would be white and (100,240,150) would be 

a sea green. Unfortunately, this system is not very intui-

tive. Unless the viewer is quite experienced at color mix-

ing, obtaining the color desired is usually a matter of trial 

and error. An interactive mixing system that immediately 

displays the color would help, but a better solution would 

be to base the mixing system on a different color model.

HSV Color Model  The HSV color model is based on the 

perceptual components of color, (H)ue, (S)aturation, and 

(V)alue (lightness), and is displayed as a single hexacone 

(Figure 21.56 on page 1093). There is a simple geometric 

relationship between the HSV model and the RGB model. 

If the RGB cube is viewed along the main diagonal repre-

senting value, and a projection of this view is created, the 

resulting hexagon will represent hue and saturation (Fig-

ure 21.57 on page 1093).

In the HSV model, hue is laid out in a radial pattern, 

whereas saturation ranges linearly from full saturation at 

the perimeter to white at the center. Hue is the type of 

color you are seeing (red, green, or yellow), and saturation 

is the amount of that color. A fully saturated color has a 

maximum amount of hue, where a color with no amount 

of hue would be white (or a shade of gray). Value is the 

third dimension, running from the base of the hexacone 

(white) to the point (black). Value represents the level of 

illumination of the color. The tapering of the cone repre-

sents the fact that, as the value shifts from white to black, 

the saturation range becomes more limited.

A computer system using the HSV model provides a 

much more intuitive method for mixing colors. Individ-

ual colors are modifi ed, or families of colors are created, 

based on progressions of hue, saturation, value, or combi-

nations of any two or three (Figure 21.58 on page 1094).

With most basic shading methods, only value is ma-

nipulated. As a general rule, do not choose too dark a 

baseline value because this would limit the range avail-

able to the shader. Hue and saturation will be unchanged 

Practice Exercise 21.4
Use three fl ashlights, pieces of red, green, and blue gel 

sheets (from an art supply store), and a 2� � 3� sheet of 

white posterboard. Attach a gel sheet to each fl ashlight 

lens. Find an appropriate distance where the beam from a 

fl ashlight takes up no more than 25 percent of the poster-

board and is fairly sharp at the edges. Look at each of the 

lights alone and then with portions of their beams overlap-

ping. What colors are seen in the overlapping areas? Can 

all three primaries be mixed? What happens to the colors 

when white light of various intensities is added?

Shine the lights on objects the color of the three prima-

ries. What colors do they assume under the three lights?

The RGB model is designed to ease the conversion to 

a hardware specifi cation of color. The number of possible 

colors depends on the number of levels of the three prima-

ries. Since the colors are specifi ed in binary code, the num-

ber of available levels of a primary is expressed in terms 

of powers of 2, or bits. A 24-bit color image is usually 

divided equally among the three primaries. Since 8 bits 

is equal to 28, 256 levels of each primary color are pos-

sible. The three primaries combined can produce 256 

� 256 � 256 different colors, or more than 16 million. 

Other common bit levels are 16-bit, 8-bit, and 1-bit, and 

8-bit is commonly used to produce 256 levels of gray, that 

is, no hue but varying levels of lightness. However, 1-bit 

systems can only display two colors, typically white and 

black.

The total number of bits available for color can infl u-

ence the realism considerably. Figure 21.54A on the next 

page shows an image with 24-bit color. This range of col-

ors means that realistic hues are available, and smooth 

Red = (1, 0, 0) Yellow = (1, 1, 0)

Green = (0, 1, 0)

White = (1, 1, 1)

Black = (0, 0, 0)

Magenta = (1, 0, 1)

Blue = (0, 0, 1) Cyan = (0, 1, 1)

Figure 21.53

The RGB cube color model
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(A)  24-Bit Image (B)  8-Bit Image

(C)  1-Bit Image

Figure 21.54

Varying bit levels of an image
Increasing the number of bits of data storage for each pixel in the image increases the number of possible colors that can be 
represented.

(Reprinted with permission from MCNC. www.MCNC.org.)
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Figure 21.55

Mixing RGB primaries to create a new color
With this mixing interface you can also use H(ue), S(aturation) 
and B(rightness) to mix the color.
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Figure 21.56

The HSV hexacone color model
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Figure 21.57

Value axis projection of the RGB cube
Viewing the RGB cube along the value axis reveals the relationship between the RGB and HSV color models.

1093
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Value

Saturation

Hue

Figure 21.58

Effects of varying hue, saturation, and value
Varying these color dimensions can be used to alter a single color or a complete color table.

by the shader, but different hues will behave differently 

when value and saturation are manipulated.

21.4.7 Surface Detail Defi nitions

Texture mapping changes the hue and saturation of 

color as well as the value. This technique is used for color 

changes that are not related to geometry changes, such as 

repeated fabric patterns or logos.

Texture mapping starts with a rectangular pattern of 

pixels called a texture map, which can come from any 

number of sources: it can be drawn in a computer paint 

program, captured from video, or created automatically 

through other procedural routines. The chosen image is 

then mapped or inserted onto a 2-D coordinate system, 

usually specifi ed by the axes U and V (Figure 21.59). The 

map ranges from 0 to 1 on each axis, with each pixel as-

V

U

(1,1)

(1,0)(0,0)

(0,1)

Figure 21.59

Creating a texture map
A texture map is simply a 2-D image that is mapped onto the 
faces of the model as part of the rendering process.
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signed a U,V coordinate value. Instead of a solid color be-

ing assigned to a polygon, the color value of each pixel 

of the polygon is set by the map. The mapping itself is 

accomplished by defi ning a relationship between the U,V 

coordinate system of the map and the 2-D surface of the 

polygon. Depending on how this conversion is done, the 

map may “just fi t” over the polygon (Figure 21.60A), or it 

may be repeated multiple times in each dimension (Fig-

ure 21.60B).

The rendering software typically allows libraries of 

maps, of both standard materials and custom patterns, to 

be stored in fi les and assigned to objects (Figure 21.61). 

Typically, tools in the software will permit a map to be 

“sized” interactively to the object. Hand-specifying the 

mapping of U,V coordinates to individual polygons is very 

time consuming and only done in special circumstances. 

In Figure 21.61, for example, the logo has been “wrapped” 

around the multiple facets of the sphere, visually warping 

the map. The cube is actually Figure 21.46 turned into a 

map and repeated once on each side of the cube.

Texture mapping is done at the same time that color 

assignments are made. Then, the shader varies the value 

(lightness) of each pixel, based on such properties as 

specular refl ection, orientation to the light source, etc.

Bump mapping is another technique for heightening 

the visual complexity of the surface. Where texture map-

ping manipulates the color of individual pixels on the sur-

face of a polygon, bump mapping manipulates the normal 

vectors used to calculate the shading. By adjusting the 

normal vectors across the surface, bump mapping simu-

lates the effect of light hitting faces at various orienta-

tions to the light source.

The algorithms for bump maps are stored in libraries in 

much the same way as those for texture maps. Using ge-

ometry to create the same surfaces implied by a bump map 

or a texture map would mean the addition of thousands of 

polygons, each showing a single change in color. The use 

of texture and bump mapping combined adds considerable 

visual complexity, without the use of these added polygons 

and with a minimal increase in computing time.

(A) (B)

Figure 21.60

Mapping the texture map pattern onto polygons
Texture mapping can create different effects by varying the number of times the map is copied on a single face.

Figure 21.61

Texture mapping with multiple patterns
(Adobe product screen shot reprinted with permission from Adobe Systems 

Incorporated.)
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These two mapping techniques are quite useful in sim-

ulating real-world materials. However, when rendering is 

being used to code objects symbolically in a model, tex-

ture and bump mapping will only add unnecessary detail 

and should therefore be avoided.

21.5 Information Integration
A computer-based geometric database underlying a 

visualization offers a range of presentation possibil-

ities. The goal of visualization is to convey information, 

including to those lacking technical expertise. Computer 

technology offers methods of conveying all types of in-

formation, through integration, with tools previously not 

available to engineers and technologists.

21.5.1 Text and Graphics

Final illustrations are rarely used in isolation. They are 

combined with other graphics and text and used as part 

of a larger document. Traditional publishing methods, in 

which illustrations are physically integrated with text on 

printing plates, are still the norm when high quality and 

color are a necessity. On the other hand, desktop pub-
lishing software and hardware allow moderate-quality 

publications to be produced with a minimum of expense. 

If the end document will be reproduced on a relatively 

low-resolution device, such as a photocopier, it is not nec-

essary to pay for the high resolution and color range of 

traditional printing.

A CAD workstation can be outfi tted with the proper 

software for integrating text and graphics. Although CAD 

programs allow the creation of text, the software is typi-

cally not suited for managing large blocks of text or al-

lowing fi ne control over the look and placement of text. 

Word-processing programs excel at these tasks and usu-

ally allow some integration of graphics. The graphic im-

ages in the CAD program are exported, using any of a 

number of formats, and are placed in the text document.

Maximum control over the arrangement of text and 

graphics can be achieved in specialized desktop publish-

ing programs. With this type of software, both text and 

graphics are handled in a common computer language, 

such as PostScript®. PostScript has considerable capabili-

ties in the scaling and placement of both black-and-white 

and color graphics and text. Specialized desktop publish-

ing programs are also used extensively to prepare docu-

ments for traditional printing.

The current generation of operating systems allows 

both CAD and word-processing programs to be open on 

the computer simultaneously, with the dynamic exchange 

of graphics and text and without intermediate fi les (Fig-

ure 21.62). This on-screen cutting and pasting allows 

documents to be created very quickly. Accuracy is also 

enhanced because the original CAD documents are used 

rather than being redrawn.

Some software will allow hot links to be created be-

tween the original CAD drawings and the fi nal document. 

If this is done, modifi cations to the CAD drawing will au-

tomatically show up in the other documents to which it is 

linked. This increases the accuracy of the fi nal document 

and saves time by allowing the document to be produced 

concurrently with the CAD drawing rather than being 

held up until the CAD drawings are fi nalized.

The arrangement of text and graphics will vary consid-

erably from document to document. As a rule, the closer 

the graphic is to the related text, the better. This keeps the 

reader from having to search for the graphic, interrupting 

the fl ow of the reading.

If the exact size of the graphic is known, and capable 

desktop publishing software is being used, the graphic 

can be integrated tightly in the running text (Figure 

21.63A). More fl exibility is given to the placement and 

size of the graphic if a full-width portion of the page is 

set aside (Figure 21.63B). However, less room is available 

for text in this layout, and it is harder to keep the relevant 

text on the same page. If the size of the graphic is not 

known or is large, a whole page may be required (Figure 

21.63C). Ideally, the graphic will be on the page opposite 

the relevant text, rather than on an obverse page. Avoid 

putting relevant graphics in an appendix since they will 

be hard to look up and unlikely to be examined.

Figure 21.62

Dynamic 3-D data exchange
CAD data can be dynamically exchanged with desktop and 
web-based publishing programs.

(Courtesy of Autodesk.)
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21.5.2 Animation

Many designs contain mechanisms with parts that move. 

Movement can be thought of as a displacement of geom-

etry through space over time. These movements are an 

important part of a design analysis. In the visualization 

of an object, the geometry is often all that is represented. 

For a mechanism with movement, the time dimension 

must also be represented. One method for doing so in-

volves showing, in a single image, multiple instances of 

the object(s) at varying points in time. If the instances are 

snapshots taken at uniform time intervals, the instances 

can convey a rate of change (Figure 21.64). The greater 

the spread between instances, the faster they appear to 

move per unit of time.

With the computer, time can be represented not only in 

a single image, but also by a series of images in an anima-
tion. If a sequence of images, or frames, is shown on the 

screen in rapid sequence (20 or more frames per second), 

the part is perceived as actually moving. Instead of show-

ing the part in different positions in the same image, each 

frame shows the part in a new position (Figure 21.65 on 

the next page).

The rate at which these frames are displayed depends 

on a number of factors. A rate of at least 15 frames per sec-

ond is needed to get the effect of apparent motion; that is, 

the object looks as though it is really moving. However, if 

there are only a few time intervals to depict, this rate may 

not make sense. Slower rates do not give the sense of real 

movement but allow a closer scrutiny to be made of more 

local changes that occur between the frames.

Also, animation is not limited to a single part. Mul-

tiple parts, each moving at its own rate and following its 

own path, can represent very complex mechanisms. If de-

picting this in a single image were to be attempted, the 

multitude of vectors and instances would completely clut-

ter the drawing.

Combined with other perceptual cues, such as hidden 

line removal and shading, animation helps clarify the 

shape and form of a part. In addition to depicting changes 

in location and orientation, animation can also be used 

to show changes in the shape of the geometry, such as 

(A) (B) (C)

Figure 21.63

Examples of page layouts of text and graphics
The layout of graphics in a printed document will depend, in part, on the size of the graphic image.

Figure 21.64

Representing variable rates of change of a mechanism 
component
Multiple instances of a part can be used to analyze the rate of 
change of a component in a mechanism.
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the deformation caused by contact with another part 

or the simulated removal of material by a cutting head. 

Animation techniques can also encode changes in more 

abstract data, not just geometry representing real objects.

21.5.3 Hypermedia

Much in the same way a book or a movie is assembled, 

multimedia material is assembled using authoring tools. 

Movies are meant to be viewed one way, from beginning 

to end. On the other hand, reference and text books have 

indexes and tables of contents, allowing the information 

to be accessed in a number of ways. Unfortunately, books 

are limiting in the speed and fl exibility in which you 

can access the information. They also lack the ability to 

support information in forms like audio or animated se-

quences. Hypermedia is the name given to material pub-

lished with authoring tools which allows fl exible, nonlin-

ear access to all types of media. The ability to randomly 

access information as you can on hard disks and optical 

media is critical to being able to create such a system.

While hypermedia has been used on computer systems 

for well over the past 20 years, the advent of the World 

Wide Web (WWW or Web, for short) has brought hyper-

media new prominence. While in the past hypermedia 

material had to be distributed on physical media like CDs 

or DVDs, the Web allows hypermedia to be published 

over the Internet from computer servers. Initially, the 

power of personal computers and the bandwidth limita-

tions limited the Web to still graphics and text. Now, all 

forms of static and dynamic graphics along with audio 

are readily available. Clicking on links within Web pages 

allows users to move to other parts of the same document 

or different media sources on the same server or on other 

servers located around the world.

Inexpensive or free publishing tools make the ability 

to author hypermedia material accessible to anyone with 

basic computer skills. However, access to the tools does 

not guarantee an effective hypermedia design. Just as 

owning a CAD system does not make you a mechanical 

engineer, owning a hypermedia publishing system does 

not make you an information engineer. Careful planning, 

an understanding of media technology, and extensive test-

ing are required for creating effective Web sites or other 

hypermedia materials.

21.6 Summary
Data visualization is a powerful tool for communicating 

data resulting from the testing of a technical design model. 

The type of data collected from the model determines 

the method used for the display. Central to an effective 

presentation is the application of good design principles, 

especially in the use of color, 3-D modeling, and other 

Figure 21.65

Sequential images in an animation
Presentation of sequential images can be used to create animations simulating the change in data over time. The data could be the 
geometric components of a mechanical mechanism or more abstract data dimensions.

(Courtesy of Intergraph Corporation.)
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techniques that make use of human perceptual capabili-

ties. Data presentations are created with both hand and 

computer tools. Computer rendering is used to realistically 

and symbolically add color, shadow, and occlusion to 3-D 

computer models. Once completed, data presentations are 

either viewed by themselves, or integrated with text and 

other graphics. Computer-based multimedia and hyper-

media are being used increasingly as vehicles for integrat-

ing and distributing technical information.

Questions for Review
 1. Describe the areas of technical design in which data 

visualization is important. How does data visualiza-

tion differ from traditional engineering graphics?

 2. Give examples of nominal, ordinal, and scalar vari-

ables. Are these variables qualitative or quantitative?

 3. Give examples of interval, ratio, and absolute quanti-

tative scales.

 4. Give examples of independent and dependent vari-

ables. Can a dependent variable sometimes be an 

independent variable, and vice versa?

 5. How many independent variables can be depicted in 

a scatter plot? What are some of the diffi culties in vi-

sualizing data in a scatter plot? Are these diffi culties 

true for all types of scatter plots? Suggest alterna-

tives for overcoming these limitations.

 6. Give examples of three different visualizations in 

which a line mark can be used. What are some of the 

different ways of coding multiple independent vari-

ables in a line graph?

 7. Give examples of at least three different types of bar 

graphs. Can the independent variable be depicted 

on both the vertical and horizontal axes? What are 

two ways multiple independent variables can be de-

picted in a bar graph?

 8. Name four different rendering techniques used with 

surface plots. Describe the pros and cons of each 

method. What is a 2-D alternative to the surface plot?

 9. What is the difference between a hierarchical tree 

and a fl ow chart?

 10. Describe the rendering pipeline. What are the major 

stages?

 11. What are the major components of the view volume? 

How are the clipping planes used?

 12. Name four different types of light sources. Describe 

their attributes and compare them with light sources 

found in the real world.

 13. Defi ne illumination. How is the amount of illumination 

refl ecting from a surface calculated?

 14. What is the difference between diffuse and specular 

refl ection? Is the same information needed for mod-

eling both of them?

 15. Name three different shading techniques. Compare 

them and describe how they differ from each other. 

Identify types of real-world materials and objects for 

which each shader is not suitable.

 16. What is the difference between hue and saturation? 

If two colors only differ in saturation, will they have 

different HSV values? If so, which values will be dif-

ferent? Will they have different RGB values? If so, 

which values will be different?

 17. What is the difference between saturation and 

value? Do colors lighten in value as they become 

less saturated?

 18. What HSV values are changed by a shader simulat-

ing a white light? What if the light is a color other 

than white?

 19. What are the advantages of laying out a document 

so that the graphics (fi gures) are on separate pages 

in an appendix? What are the disadvantages?

 20. When would animation be useful in depicting an as-

sembly? Name two basic techniques that can be 

used when animating an assembly.

 21. How is hypermedia implemented on the World Wide 

Web?

Further Reading
Bonneau, G.-P., Ertl, T., & Nielson, G. T. (Eds.) Scientifi c Vi-

sualization: The Visual Extraction of Knowledge from Data. 

Amsterdam: Springer, 2005.

Brodie, K. W., et al., ed. Scientifi c Visualization: Techniques 
and Applications. Berlin: Springer-Verlag, 1992.

Chen, C. Information Visualization: Beyond the Horizon (2nd 

Ed.). Amsterdam: Springer, 2006.

Cleveland, W. S. The Elements of Graphing Data. Monterey, 

CA: Advanced Books and Software, a Division of Wadsworth, 

1985.

Foley, J., et al. Computer Graphics: Principles and Practices. 
2d ed. Reading, MA: Addison-Wesley, 1995.

Robertson, B. How to Draw Charts and Diagrams. Cincinnati, 

OH: North Light Books, 1988.

Tufte, E. R. Beautiful Evidence. Cheshire, CT: Graphics Press, 

2006.

Tufte, E. R. The Visual Display of Quantitative Information. 
Cheshire, CT: Graphics Press, 1983.
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P r o b l e m s

 21.1 Find examples of the following types of rendered 

images online:

a. A one-bit image

b. An 8-bit image

c. A 24-bit image

d. A scanned image

e. An animation

f. A sound fi le

g. A postscript fi le

h. A hypertext fi le

 21.2 Using a 3-D modeler, print or plot pictorial wire-

frame views from at least three different quadrants 

(i.e., front/top/right side faces, back/bottom/left 

side faces, etc.) of models you have made.

a. Using tracing paper, trace just those lines that 

would be visible from the chosen point of view.

b. On the tracings done in part (a), simulate a 

shading model. Choose a direction of a single 

light source, and shade the visible faces the ap-

propriate value level, using pencils. Simulate at 

least two different light positions for each picto-

rial view.

 21.3 Using drawings of assemblies found in this text-

book or elsewhere (auto repair manuals are good 

sources), design a color scheme for rendering the 

assembly. Begin by drawing a hierarchical tree 

chart showing the relationship of the parts to each 

other. Then, develop a strategy of varying hue, sat-

uration, and value to depict the relationship of the 

parts to each other.

 21.4 Using rendering tools with your solid modeling 

software, create models of real-world objects, and 

render them as realistically as possible. When ren-

dering your model, consider the following factors:

■ A realistic location of (a) light source(s).

■  Colors used in the object. Take special care to 

set an appropriate base level of value.

■  Appropriate type of shading model for the ma-

terial from which the object is made (advanced 

renders only).

■  Texture or bump maps which may be appropri-

ate for the object (advanced renders only).

 21.5 Create a simple 3-D model of a two-story house, 

a detached garage, and a three-story apartment 

building next door. Use shadow casting to model 

the shadow line at 8:00 a.m., 10:00 a.m., noon, 

2:00 p.m., and 5:00 p.m. You can either estimate or 

consult specialized charts used by architects to lo-

cate the sun at these times of day.

 21.6 Create an animation of a simple mechanism. One 

possibility is an assembly from Chapter 20. Create 

a 3-D model of the parts and render them in appro-

priate colors. Keep the following things in mind 

when creating the animation:

■  Choose an appropriate point of view that will 

work for all of the frames of the animation. Al-

ternately, change the point of view during the 

animation.

■  Plan which parts will move at what point in the 

animation. Normally, this will mimic the move-

ment of the real mechanism.

■  Consider an animated sequence that, “explodes” 

the mechanism from its assembled confi guration.

  If your modeler is not capable of animation, manu-

ally move the parts of the assembly into a series of 

intermediate positions and capture a print or plot 

of the model at each stage.

 21.7 Using the model created in Problem 21.6, create 

another visualization showing the movement of 

one part of the mechanism, this time all within 

a single image. Create four critical intermediate 

stages of the movement by copying and transform-

ing the moving part(s). Use color and/or transpar-

ency to code the intermediate steps.

 21.8 On paper or in a computer graphics package, plan 

out a set of web pages in a fl ow chart. In each box 

create a mockup of the screen at that point. Use 

lines and arrows to show the other displays to 

which that particular display is connected. If you 

have a web editor, implement your design. Possible 

applications include the following:

a. A CAD tutorial. Include step-by-step instruc-

tions on creating a simple drawing, as well as a 

reference section giving information on differ-

ent commands.

b. Instructions on how to use a portable music 

player. Include a glossary of terms.

c. Information on all the major departments 

at your college or university. Organize your 

application the same way your school adminis-

tration is organized.
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d. Information an international visitor would like 

to know about the town or city in which you 

live. Imagine that your application is placed on 

a computer in a kiosk at the airport.

 21.9 Examine scientifi c and technical journals to fi nd 

examples of the following:

a. One independent and one dependent variable

b. One independent variable and two dependent 

variables

c. Two independent variables and one dependent 

variable

d. Two independent and two dependent variables

e. A visualization representing vector data

f. A visualization with multiple frames, represent-

ing a change in time

g. An area rendering

h. A surface plot

i. Another type of visualization

  For each of these visualizations, critique the design 

and suggest ways of improving it, including using a 

different visualization technique.

 21.10 Examine scientifi c and technical journals to fi nd 

examples of data that have been presented only in 

tabular form with

a. One independent and one dependent variable.

b. One independent variable and two dependent 

variables.

c. Two independent variables and one dependent 

variable.

d. Two independent and two dependent variables.

e. Another type of data table.

  Use one of the visualization methods to create a 

graphic representation of the data, using hand 

techniques, computer techniques, or a combination 

of the two.

 21.11 Imagine that you are a manufacturing engineer 

designing molds in which plastic is injected. You 

have software that analyzes your 3-D mold design 

and gives you the following information for any 

3-D location within the mold:

■ Temperature of the plastic

■ Direction in which the plastic is fl owing

■ Velocity of the fl owing plastic

■ Pressure of the plastic

  Design a visualization, utilizing glyph markers, 

that depicts this information. Consider how color 

might be used to represent some of the dimensions, 

and how geometric shapes could be used for oth-

ers. Make sure that the glyphs are modular; that 

is, if several locations along a line are sampled, 

the glyphs should be able to “stack” on top of each 

other.

 21.12 Imagine you are an aeronautical engineer design-

ing a supersonic aircraft. You are using a virtual 

3-D model and aerodynamic simulation software 

to model the following information at any point in 

space around the aircraft:

■ Wind velocity

■ Wind direction

■ Temperature of the surface of the aircraft

  In addition, you want to indicate regions of un-

safe turbulence around the aircraft. Consider how 

markers and colors might be used to visualize this 

information.

 21.13 Design line and bar charts that demonstrate the 

following poor design characteristics:

a. Unnecessary third dimension

b. Convergence in the third dimension, distorting 

the values

c. Poor choice of colors

d. Misleading use of area or volume

e. Poor line weight

f. Poor use of scale markers

g. Misleading use of scale transformation or scale 

breaks

h. Unnecessary detail

i. Too little detail/missing information

j. Vibrating patterns

k. Elements that have nothing to do with convey-

ing the data

l. Poorly placed or sized text

m. Other poor practices

  For inspiration, consult journals, magazines, and 

newspapers for examples of poor visualizations.

General Instructions for Problems 21.14 
through 21.30
Using the tables of data, graph or plot the data, using 

the specifi ed visualization method. In some cases, more 

than one method may be appropriate. Unless otherwise 

specifi ed, the fi rst column is an independent variable to 

be mapped on the horizontal axis, and the other columns 

are dependent variables to be mapped on the vertical axis. 

The visualizations may be created by hand, computer, or 

a combination of the two.
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Problems 21.14 through 21.15  Create scatter plots of 

the data supplied in the tables. For each of the plots, 

estimate a linear regression line that best describes the 

trend of the data.

Problems 21.16 through 21.18  Create single line graphs 

of the data supplied in the tables. The data can also be 

represented as bar graphs.

Steam Boiler Pressure

 Temperature (� F) Pressure (psi)

 290 46

 295 58

 300 63

 305 74

 310 80

 315 88

 320 93

 325 94

 330 102

 335 110

 340 127

 345 129

 350 148

 355 156

 360 166

Table for Problem 21.14

Steam Boiler Pressure: 
Four Heating Cycles

 Temper- Pres- Pres- Pres- Pres-
 ature sure 1 sure 2 sure 3 sure 4
 ( � F) (psi) (psi) (psi) (psi)

 290 22 72 35 64

 295 43 80 54 73

 300 58 84 70 78

 305 62 88 85 99

 310 74 95 91 92

 315 76 110 97 100

 320 87 113 99 104

 325 88 119 107 100

 330 95 112 103 108

 335 103 130 117 116

 340 143 125 124 128

 345 111 146 130 123

 350 126 148 136 139

 355 134 149 148 145

 360 140 157 153 147

Table for Problem 21.15

Copper Wire Resistance

  Resistance
 Size (AWG) (Ohms/1000 ft @ 25�C)

 18 6.23

 16 3.99

 14 2.48

 12 1.60

 10 1.12

 8 0.644

 6 0.404

 5 0.322

 4 0.267

 3 0.209

 2 0.166

 1 0.128

 0 0.100

Table for Problem 21.16

Torque Output of a Single 
Cylinder Engine

Table for Problem 21.17

 Crank Angle (deg) Torque (Newton-meters)

 0–90 72

 90–180 –49

 180–270 98

 270–360 102

 360–450 –80

 450–540 48

 540–630 –110

 630–720 63

Disk Cam DesignTable for Problem 21.18

 Cam Angle (deg) Lift (in)

 0 0

 30 0.11

 60 0.39

 90 0.78

 120 1.17

 150 1.45

 180 1.53

 210 1.48

 240 1.40

 270 1.28

 300 0.88

 330 0.33

 360 0
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Problems 21.19 through 21.21  Create single bar graphs 

of the data supplied in the tables. The data can also be 

represented as line graphs.

Problems 21.22 through 21.23  Create multiple line 

graphs of the data supplied in the tables. Each column 

in the table represents a separate value of a second in-

dependent variable. The data can also be represented 

as multiple bar graphs.

Pricing of Portable Music 
Players, May 2007

Table for Problem 21.19

 Brand Retail Cost (U.S. dollars)

 A 210

 B 199

 C 187

 D 340

 E 230

 F 280

Weight of MaterialsTable for Problem 21.20

 Material lb/ft3

 Brick 120

 Concrete 142

 Copper 556

 Granite 166

 Lead 710

 Porcelain 151

 Steel 482

 Tar 63

 Wood, pine 32

 Heat of Combustion of Fuel 
Sources

Table for Problem 21.21

 Substance Btu/lb

 Acetylene 21390

 Alcohol, methyl 9560

 Benzine 18140

 Charcoal, wood 13440

 Coal, bituminous 12780

 Gasoline 21350

 Kerosene 19930

 Hardwood 6980

 Calculated Friction Factor of 
Smooth Cast Iron Pipe

Table for Problem 21.22

 Velocity (ft/sec)

 Diameter (in.) 0.5 2 6

 1 0.0378 0.0318 0.0267

 3 0.0345 0.029 0.0244

 6 0.0311 0.0266 0.0233

 9 0.0299 0.0248 0.0218

 12 0.0270 0.0231 0.0206

 18 0.0239 0.0210 0.0195

Cost of Production (U.S. dollars) 
per Unit for Bicycles

Table for Problem 21.23

 Plant

 Year A B C D

 1988 120 124 118 130

 1989 119 120 115 121

 1990 119 118 116 112

 1991 117 116 110 108

 1992 115 112 105 106

 1993 114 109 100 104

Problems 21.24 through 21.25  Create multiple bar 

graphs of the data supplied in the tables. Each column 

in the table represents a separate value of a second 

independent variable. In a second graph, instead of 

laying out the bars side-by-side, make composite bars 

containing all the levels of the second independent 

variable. The data can also be represented as multiple 

line graphs.

 Raw Material Costs (German 
Deutsche marks) per Unit

Table for Problem 21.24

 Material

 Year Copper Plastic Resin Mild Steel

 1989 1.30 0.82 1.89

 1990 1.25 0.88 1.79

 1991 1.21 0.90 1.71

 1992 1.24 0.91 1.66

 1993 1.28 0.89 1.81
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Problems 21.26 through 21.27  Create time series anal-

yses of the data supplied in the tables. In the layout of 

the analyses, use range bars in which the time segments 

are mapped on the horizontal axis and the independent 

variable is on the vertical axis.

 Average Assembly Operation 
Time (sec) per Unit

Table for Problem 21.25

 Operation

 Assembly Install Attach Drive Place
 Line Harness Clips Fasteners Cover

 Line A 3.2 2.9 5.3 6.8

 Line B 3.0 3.1 5.0 7.1

 Line C 3.5 4.0 6.3 6.9

 Line D 2.9 2.7 5.1 6.0

 Line E 4.1 3.6 6.9 8.1

 Control Panel Operation 
Sequence (decimal min)

Table for Problem 21.26

  Time  Time
 Operation Begin End

 Acknowledge startup horn 0.0 0.2

 Monitor low power scale 0.2 5.6

 Unlock control rods 0.4 0.6

 Lower control rods 0.6 8.0

 Switch to high-power scale 5.6 5.8

 Monitor high-power scale 4.8 8.4

 Lock control rods 8.0 8.2 

 Set auto control 8.2 8.4

 Machining Operation Sequence 
(sec)

Table for Problem 21.27

Operation Begin End Begin End Begin End

Tool load 0 4.2 45.6 50.1 65.5 68.9

Coolant 4 9.8 10.6 42 49.9 64.5

Trim end 4.2 10.8 — — — —

Rough pass 10.8 21.2 — — — —

Finish pass 21.2 43 — — — — 

Chamfer corner 43 45.6 — — — —

End bore 50.1 65.5 — — — —

 ■ Standard linear scale plot

 ■ Semi-log plot

 ■ Log-log plot

 ■ Linear scale plot with scale breaks

 What are the problems with the standard linear scale 

plots? Which alternative plotting method best corrects 

the problems of the standard layout?

Deformation Test of Medium 
Steel

Table for Problem 21.28

  Unit Elongation 
 Unit Stresses (psi) (change in length/length)

 10,000 0.0003

 15,000 0.0013

 20,000 0.0022

 25,000 0.0034

 30,000 0.0045

 35,000 0.0158

 40,000 0.0203

 45,000 0.0381

 50,000 0.0508

 55,000 0.0792

 60,000 0.1284

Melting PointsTable for Problem 21.29

 Substance Melting Point (�C)

 Acetylene –81.3

 Aluminum 659.7

 Carbon dioxide –57.0

 Magnesium 651.0

 Mercury –38.9

 Radon –110.0

 Silver 960.5

 Sodium chloride 772.0

 Zinc 419.0

Problem 21.30 Create a histogram using the following 

instructions. Open a phone book to any page. Look at 

the last two digits of 30 different phone numbers, and 

count the number of two-digit pairs that fall between 0 

and 9, 10 and 19, 20 and 29, etc. Plot the results, with 

the ranges on the horizontal axis and the count on the 

vertical axis. Is there a uniform count between ranges? 

Count 30 more numbers. Is the distribution becoming 

more or less uniform? Repeat the above process with 

the fi rst two digits of the phone number. Is the distri-

bution more or less uniform? Why?

Problems 21.28 through 21.29  The data supplied in 

the tables do not plot well on standard linear scales. 

Decide whether a line or bar graph is more appropriate 

for the data, and create the following plots:
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Chapter Twenty-Two

Mechanisms: 
Gears, Cams, 
Bearings, and 
Linkages

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne mechanics, machines, and 

mechanisms.

 2. Classify and defi ne gears, gear trains, 

and pinions.

 3. Identify important parts of gear teeth.

 4. Find the gear ratio in a set of gears.

 5. Calculate the dimensions and other 

information for gears.

 6. Draw spur, racks, and bevel gears.

 7. Defi ne cams and list the three types.

 8. List the three types of cam followers.

 9. Draw a displacement diagram and 

cam profi le.

 10. Identify the different types of cam 

motions.

 11. Describe how CAD is used to draw 

gears and cams.

 12. Defi ne links and linkages.

 13. List the different types of linkages.

 14. Draw the symbols used for linkages.

 15. Solve a simple four-bar linkage 

problem.

 16. Defi ne a bearing.

 17. List the major categories of bearings.

 18. Represent bearings on engineering 

drawings.

It must be confessed that the inventors 

of the mechanical arts have been much 

more useful to men than the inventors of 

syllogisms.

—Voltaire

C
hapter Tw

enty-Tw
o
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Introduction
This chapter introduces some of the more common me-

chanical components used in technical design, as well as 

their graphic representations. Gears, cams, pulleys and 

belts, chains and sprockets, and mechanical linkages are 

used to transmit power and motion. Some are described 

in this chapter, along with the engineering drawing stan-

dards for each type of mechanism.

22.1 Basic Defi nitions
A machine is a combination of interrelated parts 

for using or applying energy to do work. A mecha-
nism is a mechanical system made of rigid parts or struc-

tures (such as housings, pillow blocks, and shafts) con-

nected by various linkages (such as gears, cams, and 

cranks) and driven by motions or loads. Mechanisms are 

designed using the laws of physics known as mechanics.
Mechanics is the branch of physics that deals with 

motion and the action of forces on materials, and it is an 

important prerequisite to the design, operation, and main-

tenance of machinery. There are two main branches of 

mechanics: statics and dynamics. Figure 22.1 shows how 

the fi eld of mechanics is broken down and how mecha-

nisms are an application of kinematics.

Statics deals with bodies at rest and with the interaction 

of forces in equilibrium. Dynamics deals with bodies in 

motion and with the effects of forces in motion, including 

kinetics. Kinetics deals with the effects of forces in the pro-

duction or modifi cation of motion of bodies. Kinematics 

is concerned with the motion of a mechanism without 

consideration of loads or forces. Mechanical components, 

such as gears, cams, and linkages, fall under kinematics.

A major part of mechanical design deals with the 

analysis of mechanisms and structures. Structural analy-
sis computes deformations and stresses in structures with 

either no joints or joints of very limited movement. An 

example of structural analysis is a fi nite element analysis 

to measure the stresses on two mating gear teeth. Mecha-
nism analysis is concerned with the calculations of mo-

tions and forces in mechanical systems. Such analyses 

include the following:

Static analysis—calculates the static equilibrium position 

of the system and components.

Kinematic analysis—detects interferences in the motion 

of the mechanisms.

Dynamic analysis—calculates the motion of all compo-

nents due to the forces acting on a system.

After the analysis is completed, the various mechani-

cal components are specifi ed, and the specifi cations are 

used to create the technical drawings or 3-D model.

22.2 Gears
A gear is a toothed wheel mechanical device used to trans-

mit power and motion between machine parts. Gears are 

used in many applications, such as automobile engines, 

household appliances, and computer printers (Figure 22.2). 

Gears provide long life cycles and can transmit power at 

up to 98 percent effi ciency. Vendors’ catalogs are used to 

MECHANICS

Statics Dynamics

Kinetics Kinematics

Gears Cams Linkages

Figure 22.1

Mechanics
Mechanisms fall under the 
science of kinematics.
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select standard gears. A gear train is the combination of 

two or more gears. Such combinations are used to

 1. Increase speed

 2. Decrease speed

 3. Change the direction of motion of shafts

When two gears of different sizes mesh, the larger 

is called the gear, and the smaller is the pinion (Fig-

ure 22.3). A gear cluster is more than one gear on a single 

shaft.

Gears are selected and specifi ed using standards estab-

lished by the American Gear Manufacturers Association 

(AGMA) and the American National Standards Institute 

(ANSI). If a standard gear is chosen, the gear is not shown 

in full detail on a technical drawing. Instead, a schematic 

representation is used, and a table of gear cutting values 

is drawn. Detailed drawings of a gear are made when a 

special gear is designed or when gears in assembly must 

be shown. Detailed drawings would also be used for illus-

tration purposes in catalogs, sales brochures, and mainte-

nance and training materials (Figure 22.4).

22.2.1 Gear Classifi cations

Gears are grouped by the positions of the connecting 

shafts: parallel, intersecting, and nonintersecting. Gears 

are classifi ed by the shape of the gear tooth: spur, helical, 

bevel, face, crossed helical, hypoid, and worm. The most 

common type of gear and the easiest to represent graphi-

cally is the spur gear.

22.2.2 Parallel Shafting

In parallel shafting, two or more meshing gears use 

shafts that are parallel to each other (Figure 22.5 on the 

next page). This arrangement is used in gear reducers to 

change speed and the direction of motion of the shafts. 

Spur and helical gears are the most commonly used with 

parallel shafting, although spiral bevel and hypoid gears 

can also be used.

Figure 22.2

Gears
There are many types of gears used for many purposes.

(Courtesy of Fairfi eld Manufacturing.)

Figure 22.3

Gear and pinion
The larger is the gear, and the smaller is the pinion.

Figure 22.4

Illustration of a gear found in a sales brochure
(© Parker Hannifi n Corp.)

ber28376_ch22.indd   1107ber28376_ch22.indd   1107 1/2/08   3:27:58 PM1/2/08   3:27:58 PM



1108 PART 4  Standard Technical Graphics Practices

Spur Gears  In a spur gear, the teeth are parallel to the 

axis of the shaft. Spur gears are relatively simple to de-

sign, draw, and install, making them one of the most 

popular forms in mechanical design. However, spur gears 

handle a lower load capacity and are noisier than other 

gear types. Spur gears can be external or internal. Fig-

ure 22.6 shows external spur gears. An internal gear has 

the gear teeth cut on the inside (Figure 22.7).

Helical and Herringbone Gears  Helical gears have special 

teeth that are cut at an angle to the shaft, allowing more 

than one tooth to be in contact at a time (Figure 22.8). This 

allows more load-carrying capacity and provides smoother 

and quieter operation. The angle between the gear tooth 

and the axis of the shaft is called the helix angle. The her-
ringbone gear is a double-helical gear that has no space 

between the two sets of gear teeth (Figure 22.9).

22.2.3 Intersecting Shafting

In intersecting shafting, two meshing gears are on shafts 

that are not parallel to each other. Although the shafts do 

not actually intersect, if the center lines of the shafts were 

to be extended, they would. Intersecting shafts are used 

to change the direction of motion. Bevel and face gears 

are commonly used with intersecting shafting.

Figure 22.5

Parallel shafting gears
(Courtesy of Fairfi eld Manufacturing.)

Figure 22.6

External spur gears
(Courtesy of Fairfi eld Manufacturing.)

Figure 22.7

Internal spur gear
(Courtesy of Fairfi eld Manufacturing.)

Figure 22.8

Helical gear
(Courtesy of Fairfi eld Manufacturing.)
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Bevel gears are conical in shape and are used to change 

the direction of motion. The change in direction is usually 

90 degrees, but it can be any other angle (Figure 22.10). 

Bevel gears that are at right angles and are the same size 

are called miter gears. The teeth of a straight bevel gear 

are located along the elements of a right circular cone. 

When two bevel gears mesh, the apexes of the cones inter-

sect at the same point.

22.2.4 Nonintersecting Shafting

In nonintersecting shafting, the gear shafts are at right 

angles and would not intersect if their center lines were 

extended. Common gears used for nonintersecting shafts 

are crossed helical, hypoid, and worm.

Crossed Helical Gears  Crossed helical gears are a heli-

cal gear and helical pinion positioned at right angles. 

They are used to change the direction of motion in low-

load-carrying situations (Figure 22.11). These gears are 

sometimes called spiral or right-angle helical gears.

Hypoid Gears  Hypoid gears are bevel gears with 

90-degree offset shafts and are used to change the direc-

tion of motion (Figure 22.12 on the next page). Hypoid 

gears are used when a high degree of strength is desired 

along with smooth, quiet operation.

Worm Gears  A worm gear is a helical gear and an acme 

screw thread on a shaft and is used when large speed re-

duction is necessary in a very small area (Figure 22.13 on 

the next page). The threaded shaft is called the worm, and 

the gear on the shaft is called the spider. When the gears 

are not in operation, they automatically lock in place, 

which can be an advantageous design characteristic for 

some applications.

Rack and Pinion  A rack and pinion is a spur pinion on a 

shaft that engages a fl at, straight spur gear. A rack and pin-

ion is used to convert rotary motion to linear motion (Fig-

ure 22.14 on the next page). One common application for 

a rack and pinion is the raising and lowering of the spindle 

of a drill press.

Figure 22.9

Herringbone gear Figure 22.10

Bevel gear
(Courtesy of Fairfi eld Manufacturing.)

Figure 22.11

Crossed helical gears
(Courtesy of Fairfi eld Manufacturing.)
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1110 PART 4  Standard Technical Graphics Practices

22.2.5 Gear Teeth Geometry

The transmission of power and the quiet operation of a 

gear depends on using the most effective geometric form 

available. Most spur gear teeth use the involute as the ba-

sic geometric form. An involute is a curved line formed 

by the spiral trace of a point on a string unwinding from 

around a line, circle, or polygon. (See Chapter 8.) The in-

volute of a circle creates the smooth curve necessary in 

the design of spur gear teeth (Figure 22.15). The circle 

is the base circle of the gear. Notice that, at any point on 

the curve, a line perpendicular to the curve will be tan-

gent to the base circle. Drawing another base circle along 

the same center line such that the involutes of both circles 

are tangent demonstrates that, at the point of contact, the 

two lines tangent to the base circles are coincident (Fig-

ure 22.16). This is what happens when two gear teeth are 

Figure 22.12

Hypoid gears

Figure 22.13

Worm gear
(Courtesy of Fairfi eld Manufacturing.)

Figure 22.14

Rack and pinion

1

2

3

4

5
6 7

8

9

10

11
12

BASE CIRCLE

SPUR GEAR TOOTH

Figure 22.15

Involute curve

Base
Circle  2

Base
Circle

Common
Tangent

Involute

Figure 22.16

Tangent involute curves demonstrate the kinematic 
principle of gearing
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  CHAPTER 22  Mechanisms: Gears, Cams, Bearings, and Linkages 1111

in contact, and this also demonstrates the kinematic prin-

ciple of gearing:

If a line drawn perpendicular to the surface of two rotat-

ing bodies at their point of contact always crosses the 

center line between the two bodies in the same place, the 

angular velocity ratio of the two bodies must be constant.

Only that part of the tooth that comes in contact with 

the other gear tooth must be an involute, so spur gear 

teeth are produced as shown in Figure 22.17. Involutes are 

rarely used on technical drawings to represent gear teeth. 

Instead, approximations are used, as will be described 

later in this chapter.

22.2.6 Pressure Angle

The pressure angle is the angle between the tangent to 

the pitch circles and line of action, which is a line drawn 

normal to the surface of the gear tooth (Figure 22.18). 

The actual shape of the gear tooth depends on the pres-

sure angle, as shown in Figure 22.19. The pressure angle 

also determines the size of the basic circle. Standard pres-

sure angles, developed by gear manufacturers, are 141⁄2, 

20, and 25 degrees. Gear catalogs are divided according 

to the number of teeth and the pressure angle.

22.2.7 Gear and Pinion Ratios

The diameters of the gear and pinion determine the gear 
ratio, which defi nes the degree of speed reduction or in-

crease in a gear train. For example, if the diameter of the 

gear is twice as large as that of the pinion, then the gear 

has twice as many teeth and will cause the pinion to go 

through two complete revolutions for every one revolution 

Involute

Figure 22.17

Spur gear tooth profi le

Base Circle

Line of Action

Pressure
Angle

Pitch Circle

Line of Centers

Figure 22.18

Pressure angle

Pressure Angle
14.5°

Pressure Angle
 20°

Pressure Angle
 25°

Figure 22.19

Gear tooth profi le for different pressure angles
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1112 PART 4  Standard Technical Graphics Practices

of the gear. This produces a gear ratio of 1:2, which means 

that if the gear turns at 100 revolutions per minute (RPM), 

the pinion turns at 200 RPM. Thus, a speed reducer is cre-

ated if the power is attached to the pinion shaft (200 RPM 

in and 100 RPM out); a speed increaser is produced by at-

taching the power to the gear shaft (100 RPM in and 200 

RPM out).

The gear ratio is found by dividing the number of teeth 

of the gear by the number of teeth of the pinion. The pin-

ion ratio is the reciprocal of the gear ratio. For example, if 

a gear has 100 teeth and the pinion has 25 teeth, the gear 

ratio is 4:1, and the pinion ratio is 1:4.

The gear ratio can also be found by dividing the pinion 

RPM by the gear RPM. For example, if the gear has 1200 

RPM and the pinion 3600 RPM, the gear ratio is 3:1, and 

the pinion ratio is 1:3.

The gear ratio is also the pitch diameter of the gear di-

vided by the pitch diameter of the pinion. For example, if 

the gear has a pitch diameter of 4 and the pinion has a pitch 

diameter of 1, then the gear ratio is 4:1, and the pinion ratio 

is 1:4.

22.2.8 Spur Gears: Defi nitions and Formulas

The defi nitions and related formulas for the design and 

drawing of spur gears are shown in Figure 22.20. Other 

formulas are found in the Machinery Handbook.
The following example will serve as a guide in deter-

mining dimensions for gear design and drawing. Normally 

when designing a system with gears, you will know the 

number of RPM in and the desired RPM out, the pressure 

angle, and the center distance necessary to fi t the gears 

within a specifi ed area. These values can be used as a start-

ing point to determine the dimensions necessary either to 

specify a standard gear from a catalog or to cut a gear from 

a blank.

Specifying a Standard Gear
The following exercise demonstrates how to determine the 

information necessary to fi nd a standard gear in a catalog. 

Refer to Figures 22.21, 22.22, and 22.23 on page 1114 and 

1115 and the following given design information:

Center distance � 4�

Pressure angle � 20 degrees

Face width � 1�

Speed of the gear � 400 RPM

Speed of the pinion � 1200 RPM

Pinion ratio � 400/1200 � 1:3

Gear ratio � 3:1

Step 1. The center distance and the ratio can be used 

to determine the pitch diameter of the gear and pinion. 

The center distance of 4� is equal to 1/2Dg � 1/2Dp. 

Therefore,

Dp � Dg � 8�

Step 2. The gear ratio is 3:1, which means that the pitch 

diameter of the gear is three times as large as that of the 

pinion. Therefore,

3Dp � Dg

 Substituting for Dg in terms of Dp results in

Dp � 3Dp � 8�

 Therefore, the pinion diameter Dp � 2�

 Solving for the gear diameter Dg,

Dg � 8� – 2� � 6�

Step 3. Look at available gears in a standard gear catalog 

to determine the number of teeth for a 6� gear and a 2� 

pinion (Figure 22.22). Begin by locating a 3.000 ratio in 

the ratio column. Then fi nd the center distance of 4.000�. 

Notice that there are a number of choices available. Se-

lect a diametral pitch of 12, which shows the gear with 72 

teeth and the pinion with 24 teeth.

Step 4. Other pages of the gear catalog have the gears 

listed by face width and pressure angle. For our exam-

ple, the applicable page would be for a 1� face and a 

20-degree pressure angle. Figure 22.23 is a table list-

ing the important dimensions for a 1� face width and a 

20-degree pressure angle for a pinion with 24 teeth and 

a gear with 72 teeth. For example, as shown in the table, 

the outside diameter (OD) of the pinion is 2.16�.

22.2.9 Spur Gears: Graphical Representation

The graphical representation of gears follows ANSI 

Standards Y14.7.1–1971 and Y14.7.2–1978. The gear 

drawing should show the front and profi le views, as shown 

in Figure 22.24 on page 1116. This fi gure shows the simpli-

fi ed method in which, in the front view, the outside and root 

diameters are represented as phantom lines and the pitch 

diameter is shown as a center line. The profi le view shows 

the root diameter as a hidden line, the outside diameter as a 

solid line, and the pitch diameter as a center line. Fig-

ure 22.25 on page 1116 shows the standard representation 

for internal spur gears. Gear teeth profi les are usually not 

drawn, unless necessary for the orientation of other features 

or for some gear clusters (Figure 22.26 on page 1117).

Normally, gear drawings include a table of information, 

called cutting data, for manufacturing (Figure 22.27 on 

page 1117). A detail drawing of a gear to be manufactured 
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Face Width

Base Circle

Working Depth
Circle

Addendum Circle

Pitch Circle

Radial Line

Root Circle

Line of
Action

Pressure
Angle

Dedendum
Circular Thickness

Addendum

Circular Pitch

Bottom
Land

Top Land

Working Depth

Clearance

Chordal Addendum

Chordal Thickness

Term

Addendum

Base Circle

Chordal Addendum

Chordal Thickness

Clearance

Dedendum

Diametral Pitch

Number of Teeth

Outside Diameter

Pitch Circle

Pitch Diameter

Pressure Angle

Root Diameter

Whole Depth

Working Depth

Symbol Definition Formula

Radial distance from pitch to top of tooth.

Circle from which involute profile is generated.

Radial distance from top of a tooth to the chord of the
pitch circle.

Thickness of a tooth measured along a chord of
pitch circle.

Distance measured along pitch circle from a point
on one tooth to corresponding point on the
adjacent tooth; includes one tooth and one space.

Thickness of a tooth measured along the pitch
circle; equal to one-half the circular pitch.

Distance between top of a tooth and bottom of
mating space; equal to the dedendum minus the
addendum.

Radial distance from pitch circle to bottom of tooth
space.

A ratio equal to number of teeth on the gear per
inch of pitch diameter.

Number of teeth on the gear pinion.

Diameter of addendum circle; equal to pitch
diameter plus twice the addendum.

An imaginary circle that corresponds to
circumference of the friction gear from which the
spur gear is derived.

Diameter of pitch circle of gear or pinion.

Angle that determines direction of pressure
between contacting teeth and designates shape
of involute teeth; also determines size of base circle.

Diameter of the root circle; equal to pitch diameter
minus twice the dedendum.

Total height of the tooth; equal to the addendum
plus the dedendum.

Distance a tooth projects into mating space; equal
to twice the addendum.

a

ac

a = 1/P

t c

Circular Pitch p

Circular Thickness t

c

b

P

NG or NP

Do

DR

hx

h t

DG or DP

t c = D sin(90 /N)

p = πD/N
p = π/P

t = p/2 =  π/2P

c = b – a = 0.157/P

b = 1.157/P

P = N/D

N = P ∗  D

= D + 2a = (N + 2)/PDo

D = N/P

DR = D – 2b = (N – 2.314)/P

h t = a + b = 2.157/P

= 2a = 2/Phx

ac = a + .5D[1 – cos(90 /N)]

φ

Figure 22.20

Spur gear defi nitions and formulas
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Type 2 Type 4

H
P.D.

O.D.

F P

F P

l

P.D.

O.D

Stock Steel and Cast Iron Minimum Bore Spur Gears (ENG)

1.000
1.083
1.167
1.250
1.333

1.500
1.667
1.750
2.000
2.333

2.500
3.000
3.500
4.000
4.500

5.000

5.500
6.000
7.000
8.000

9.000
10.000
11.000
12.000

14.000
16.000
18.000
20.000

1.16
1.25
1.33
1.41
1.50

1.66
1.83
1.91
2.16
2.50

2.66
3.16
3.66
4.16
4.66

5.16

5.66
6.16
7.16
8.16

9.16
10.16
11.16
12.16

14.16
16.16
18.16
20.16

12
13
14
15
16

18
20
21
24
28

30
36
42
48
54

60

66
72
84
96

108
120
132
144

168
192
216
240

2
2
2
2
2

2
2
2
2
2

2
2
2
2
2

3

4
4
4
4

4
4
4
4

4
4
4
4

1/2
5/8
5/8
5/8
5/8

3/4
3/4
3/4
3/4
3/4

3/4
3/4
3/4
7/8
7/8

7/8

7/8
7/8
7/8
7/8

7/8
1
1
1

1
1
1
1

1/2
5/8
5/8
5/8
5/8

3/4
3/4
7/8
1

1 1/4

1 3/8
1 5/8
1 5/8
1 5/8
1 5/8

1 5/8

1 9/16
1 9/16
1 9/16
1 9/16

1 9/16
1 9/16
1 9/16
1 9/16

1 9/16
1 9/16
1 5/8
1 5/8

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1

1
1
1
1

1
1
1
1

1
1
1
1

1 5/8
1 5/8
1 5/8
1 5/8
1 5/8

1 5/8
1 5/8
1 5/8
1 5/8
1 5/8

1 5/8
1 7/8
1 7/8
1 7/8
1 7/8

1 7/8

1 7/8
1 7/8
1 7/8
1 7/8

1 7/8
1 7/8

1
1

1
1
1
1

3/4
13/16
29/32

1
1 1/16

1 1/4
1 13/32
1 1/2
1 3/4
2 1/16

2 1/4
2 1/2
2 1/2
2 1/2
2 1/2

2 1/2

2 5/8
2 5/8
2 5/8
2 5/8

2 5/8
2 5/8
2 5/8
2 5/8

2 5/8
2 5/8
2 3/4
2 3/4

.2

.2

.2

.3

.4

.4

.6

.7
1.0
1.3

1.8
3.0
3.6
4.5
5.4

5.2

4.6
5.0
5.8
6.6

7.1
7.8

10.9
11.8

13.7
17.3
21.0
22.9

No.
Teeth Type

Bore

Stock Max. F L P H
Wt.
Lbs.Pitch Nominal

O.D.

Diameter Dimensions

5/8
5/8
5/8
5/8
5/8

5/8
5/8
5/8
5/8
5/8

5/8
7/8
7/8
7/8
7/8

7/8

7/8
7/8
7/8
7/8

7/8
7/8
1
1

1
1
1
1

Pinion

Gear

Figure 22.23

Gear catalog page used to determine dimensions for a standard gear and pinion

1115

ber28376_ch22.indd   1115ber28376_ch22.indd   1115 1/2/08   3:28:09 PM1/2/08   3:28:09 PM



Sectioned Front Sectioned Side Broken Section

Simplified Front Simplified Side

Figure 22.24

Standard representation of a spur gear

Sectioned Front Sectioned Side Broken Section

Simplified Front Simplified Side

Figure 22.25

Standard representation of internal spur gears
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NO INDEX RELATION REQUIRED BETWEEN SETS
OF GEAR TEETH

Specify identification where 
required 

 

CENTER LINE OF ONE GEAR TOOTH
AND ONE SPINE TOOTH MUST BE IN
LINE WITHIN .XX°

X.XX
X.XX

Figure 22.26

Standard representation of gear clusters and other gear features

GEAR PINION

PART NUMBER

MATERIAL

FACE WIDTH 3.5 3.5

STEEL

YSS612YSS624

STEEL

CUTTING DATA GEAR PINION
NO. OF TEETH 24 12
DIA. PITCH 4 4
TOOTH FORM
WHOLE DEPTH .5393 .5393

14 1/2° INV. 14 1/2° INV.

CHORDAL ADD. .3918 .3923
PITCH DIA. 6

.3925CIRC. THICK.
.25 .25

ø 1.3125

ø 5.25

ø 2.25

NOTE:  KEYWAY FOR GEAR 5/16 X 5/32
             KEYWAY FOR PINION 1/4 X 1/8

ø 1.0625
WORK DEPTH

.3925
3

Figure 22.27

Detail drawing of a spur gear
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1118 PART 4  Standard Technical Graphics Practices

would also include other dimensions not found in the ta-

ble. The section “Gear Data for Drawings” in the Machin-
ery’s Handbook includes tables that list the specifi cations 

to be shown on a drawing for helical and spur gears.

Because of the time required, the drawing of gear 

teeth should be avoided except when necessary for clarity, 

for assembly drawings, or for locating other details on the 

gear or gear cluster.

The following steps can be used as a guide to draw a spur 

gear tooth.

Step 1. Draw the horizontal and vertical center lines of the 

gear. Using dimensions from previous calculations or 

from a standard gear catalog, draw the addendum and 

root circles as phantom lines. Draw the pitch circle as a 

center line (Figure 22.28).

Step 2. To begin the detail drawing of a gear tooth profi le, 

construct a base circle from the pressure angle. At the 

intersection (point A) of the horizontal center line of the 

gear and the pitch circle, draw a vertical tangent con-

struction line.

Step 3. Draw a conclusion line through point A at an angle 

equal to the pressure angle. This line is called the line of 

action.

Step 4. Draw a construction line perpendicular to the ac-

tion line and through the center (point B) of the gear.

Step 5. Draw a circle, using radius B–C, creating the base 

circle.

Step 6. The involute profi le can be constructed using tech-

niques shown in Figure 22.29. The involute is drawn from 

the base circle to the addendum circle. Divide the root 

circle into a number of equal parts, then draw tangents 

through the points. To construct the involute, draw arcs 

using the tangent lines as the radii. The portion of the 

tooth profi le which is below the base circle is drawn as 

a radial line from the base circle to the end of fi llet D. 

The radius of the fi llet between the involute curve and the 

root circle is equal to 1.5 times the clearance.

An alternate method of approximating the involute curve 

from the base circle to the addendum circle involves draw-

ing an arc of radius equal to one-fourth the radius of the 

pitch circle, with a center located on the base circle (Fig -

ure 22.29). For 16 or fewer teeth, the one-fourth radius must 

be increased. For a small number of teeth, the radius may 

be equal to the pitch radius.

The involute curve can be approximated using the 

technique described here and shown in Figure 22.30.

Step 1. The spacing of the gear teeth is drawn with radial 

construction lines from the center of the gear. The angle 

between the gear teeth is equal to 360 degrees divided 

by the number of gear teeth times 2. To determine the 

angle for 30 gear teeth, use the following:

360/2(30) � 6 degrees

Step 2. Using Wellman’s Involute Odontograph, determine 

the two radii for the number of teeth and pressure angle. 

For this example, 30 gear teeth with a pressure angle of 

14d degrees would have R � 5.37� and r � 2.63�. Use 

2.63� for the arc between the base circle and the pitch 

circle (CB). Use 5.37� for the arc from the pitch circle to 

the addendum circle (BA).

Step 3. Repeat Step 2 to draw the other side of the gear 

tooth.

Gear teeth can also be constructed using a template, as 

shown in Figure 22.31, or using CAD.

Pitch
Point

Pressure
Angle

Line of
Action

Root Circle
Base
Circle

Pitch Circle
Addendum
Circle AB

CPerpendicular
Line of Contact

Gear
Center

Figure 22.28

Drawing the base circle

Addendum Circle

Pitch Circle

Base Circle

Root CircleR

A = 1.5 x Clearance

A

Radial Line

Figure 22.29

Drawing an involute for a spur gear tooth
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  CHAPTER 22  Mechanisms: Gears, Cams, Bearings, and Linkages 1119

22.2.10 CAD Applications

CAD can be used in the same way that traditional 

tools are used to create standard schematic repre-

sentations of gears. CAD can also be used to create detail 

representations of gear teeth more quickly and easily than 

hand tools. One-half of the gear tooth can be drawn using 

the traditional techniques previously described. The other 

half of the tooth can then be drawn using the MIRROR 

command. The remaining teeth are added to the root cir-

cle by using the COPY-ROTATE command to copy the 

gear tooth a specifi ed number of times in a circular array 

(Figure 22.32).

Some CAD software will automatically generate a 

gear drawing from data supplied by the user. The soft-

ware prompts the user for essential information, such as 

the number of teeth, pressure angle, and pitch diameter, 

and then the software automatically creates the detail 

drawing of the specifi ed gear.

Addendum
Circle

Pitch Circle

Base Circle

Root Circle

A

B

C

6

R

r

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37-39
40-44
45-50
51-60
61-72
73-90
91-120
121-180
Over 180

No. of
Teeth
(N) R (in.) r (in.) R (in.) r (in.)

0.118N
0.122N
0.125N

0.156N
0.165N
0.171N

2.87
3.02
3.17
3.31
3.46
3.60
3.74
3.88
4.02
4.16
4.29
4.43
4.57
4.70
4.84
4.97
5.11
5.24
5.37
5.51
5.64
5.77
5.90
6.03
6.17
6.36
6.82
7.50
5.40
9.76
11.42

0.79
0.88
0.97
1.06
1.16
1.26
1.36
1.46
1.56
1.66
1.77
1.87
1.98
2.08
2.19
2.30
2.41
2.52
2.63
2.74
2.85
2.96
3.07
3.18
3.29
3.46
3.86
4.46
5.28
6.54
8.14

3.21
3.40
3.58
3.76
3.94
4.12
4.30
4.48
4.66
4.84
5.02
5.20
5.37
5.55
5.73
5.90
6.08
5.25
6.43
6.60
6.78
6.95
7.13
7.30
7.47
7.82
8.52
9.48

10.84
12.76
15.32

1.31
1.45
1.60
1.75
1.90
2.05
2.20
2.35
2.51
2.66
2.82
2.98
3.14
3.29
3.45
3.61
3.77
3.93
4.10
4.26
4.42
4.58
4.74
4.91
5.07
5.32
5.90
6.76
7.92
9.68
11.96

14.5 20

Figure 22.30

Approximating the involute tooth profi le

2
2.5

2
4

5 6 7 8 9 10 12 14 16

14.5°

20°

Figure 22.31

Template used to draw spur gear teeth

3.002
2.998

1.314
1.313

6.667
6.665

ALL TOOTH ELEMENT
SPECIFICATIONS ARE

ESTABLISHED BY THE AXIS 
OF SURFACE S.

SURFACE S

CUTTING DATA
NUMBER OF TEETH
DIAMETRAL PITCH
PRESSURE ANGLE
PITCH DIAMETER

18
3.0
25

6.000
CIRC. THICKNESS
AT PITCH DIA.

.5263-
.5260

ADDENDUM .3333
WHOLE DEPTH
WORKING DEPTH

.750

.667

Figure 22.32

CAD detail drawing of a gear
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1120 PART 4  Standard Technical Graphics Practices

22.2.11 Racks

Circular dimensions on a gear translate to linear dimen-

sions on a rack across which the gear travels. A profi le 

and front view of a rack are shown in a detail drawing 

in Figure 22.33. The profi le view shows the dedendum 

as a hidden line and the pitch line as a center line. The 

front view shows the fi rst and last gear tooth with phan-

tom lines in between. Critical dimensions are added to 

the drawing, along with a data table showing linear pitch, 

number of teeth, diametral pitch, and whole depth.

22.2.12 Worm Gears

Worm gears are used when large speed reductions 

and power increases are necessary. The worm teeth 

are similar to a screw thread. The worm and worm 

gear are similar to a spur gear and rack, so many dimen-

sions are the same. In addition to the defi nitions and for-

mulas found in Figure 22.20, those shown in Figure 22.34 

are needed.

In the front view of a detail drawing of a worm, 

threads are shown at both ends and are drawn as phantom 

1.752
1.748

13.01
12.99

0.697
0.693

1.563
1.560

1.131
1.128

1.252 FORM LINE

(1.3625)

0.4436 0.5175
0.5173

12.4727
12.4720

2X ø .3750

ALL TOOTH ELEMENT SPECIFICATIONS
ARE FROM THE SPECIFIED DATUM.

NUMBER OF TEETH

INDEX TOL

CUTTING DATA

DIAMETRAL PITCH
LINEAR PITCH
PRESSURE ANGLE
ACTUAL TOOTH
THICK. AT PITCH LINE
PITCH TOL

20
5

.6283
14.5°
.3142

.005

.005

Figure 22.33

Detail drawing of a rack

Pitch
ø

Outside
ø

Center
Distance

Worm

Worm
Gear

Face
Length

Pitch

Pitch
ø

Root
ø

Addendum

Whole
Depth

Outside
ø

Figure 22.34

Worm and gear defi nitions
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lines in between. Phantom lines are also used in the end 

view, as shown in Figure 22.35. Normally, the worm and 

worm gear are drawn separately. Figure 22.36 is a worm 

gear detail drawing. Both the worm and worm gear draw-

ings have dimensions and a cutting data table. In assem-

bly drawings, the engaged portion of the worm and worm 

gear are shown with the teeth drawn in detail. However, 

to save time, it is common practice to use all phantom 

lines and eliminate the detail drawing of the gear teeth.

22.2.13 Bevel Gears

Bevel gears are used to transmit power between intersect-

ing shafts that are usually at 90 degrees. The gear teeth are 

involute like a spur gear, but they taper toward the apex of 

the cone forming the gear. Because bevel gear teeth are 

similar to spur gear teeth, many of the defi nitions and for-

mulas are the same (Figure 22.37 on the next page).

NO. OF THREADS
PITCH ø
AXIAL PITCH

LEAD-RH
LEAD ANGLE
PRESSURE ANGLE

WHOLE DEPTH

1
3.000

.7854
4°46'
14.5°

.5388

.785
NORMAL PITCH .7823

ADDENDUM .2498

CENTER DISTANCE 4.000

0.3125

1.4063

ø3.4996

ø2.0000

4.8653

3.5000 .6826

Figure 22.35

Detail drawing of a worm

ø5.75

ø3.00

2.75

1.500

5.500
5.495

R1.250

(4.000)

2.00

NO. OF TEETH
PITCH ø
PRESS. ANGLE
CIRC. PITCH
ADDENDUM
WHOLE DEPTH
CENTER DIST.

20
5.000
14.5°

.2498

.5388
4.000

.785

1.157
1.155

0.314
0.313

ø 1.001
1.000

ø

Figure 22.36

Detail drawing of a worm gear
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OUTSIDE
ø

Outer Cone
Distance

Face

Mounting
Distance

Crown
Height

Crown
Backing Backing

Whole Depth
Dedendum

Addendum

Back
Angle

Pitch
Angle

Root
Angle

Face Angle

Dedendum Angle
Addendum Angle

Addendum

Crown backing

Dedendum

Mounting distance

Distance from pitch cone to top of tooth; measured at large end
of tooth.

More practical than backing, for shop use; dimension Z given on
drawings instead of Y.

A dimension used primarily for inspection and assembly
purposes.

α = 1/P

Backing

δ

Z = Y + α sin Γ

b = 1.188/P

M = Y + .5D/tan ΓM

Term

Addendum angle

Back angle

Dedendum angle

Face angle

Face width

Outer cone distance

Symbol Definition Formula

Angle subtended by addendum; same for gear and pinion.

Usually equal to the pitch angle.

Distance from base of pitch cone to rear of hub.

For bevel gears the formulas given for spur gears can be used if
D is replaced by D/cos Γ and N is replaced by N cos Γ.

Distance from pitch cone to bottom of tooth; measured at large
end of tooth.

Angle subtended by dedendum; same for gear and pinion.

Angle between top of teeth and the gear axis.

Should not exceed 1/3A or 10/P, whichever is smaller.

Slant height of pitch cone; same for  gear and pinion.

α

Y

Chordal addendum

Z

b

F

A

tan δ = b/A

Γ   = Γ + α

α tan α = a/A

aC

Chordal thickness

Crown height Distance, parallel to gear axis, from cone apex to crown of
the gear.

X X = .5     /tan ΓDo o

Γo o

A = D/2 sin Γ

Outside diameter Diameter of outside of crown circle of the gear.D D  = D + 2a cos Γo o

Pitch  diameter Diameter of base of pitch cone of gear or pinion.or DPDG DG = N   /PG

= N   /PPDP

Root angle Angle between the root of the teeth and gear axis.Γ R ΓR = Γ - δ

PITCH
ø

Figure 22.37

Bevel gear terminology
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An assembly drawing of bevel gears in section, with 

important dimensions and cutting data table, is 

shown in Figure 22.38. Detail drawings of bevel gears are 

done separately and show the front and profi le views (Fig-

ure 22.39). The front view uses phantom lines, and the 

profi le view is in section. Important dimensions are 

shown, along with the cutting data table.

22.3 Cams
A cam is a mechanical device with a surface or 

groove that controls the motion of a second part, 

called a follower (Figure 22.40 on page 1124). Cams con-

vert rotary motion to linear motion. The timing and man-

ner of the movement to be created by the cam are the main 

elements in designing cams. For example, a cam might be 

7.250

5.500

1.251
1.250

1.126
1.125

5.802
5.797

10.195
10.190

(66°20')

(63°26')

(31°48')

(26°33')

2.451

3.195

CUTTING DATA

GEAR PINION

NO. OF TEETH
DIA. PITCH
TOOTH FORM
ADDENDUM
ROOT ANGLE
WHOLE DEPTH
CHORDAL ADD.
CHORD. THICK.

30 15
3

20° STD INVOLUTE

.7313
.2204 .4652
.4303 .6073

23°41'31° 47'
.2183 .4484

ø

ø

ø

øFigure 22.38

Bevel gear assembly drawing

NO. OF TEETH
DIA. PITCH
PRESS. ANGLE
CONE DISTANCE
PITCH DIAMETER
CIRC. THICK. (REF)
BACK ANGLE
FACE ANGLE
ADDENDUM
WHOLE DEPTH
CHORDAL ADD.
CHORD. THICK.

CUTTING DATA

30
3

20°

10.00
.4344

.2183

.7313

63° 26'
66° 20'

5.5901

.2204

.4303

5.570
5.564

4.974
4.970

(ø10.195)

(3.195)

ø1.251
1.250

Figure 22.39

Detail drawing of a bevel gear
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used to raise a follower rapidly, keep the follower station-

ary, then allow the follower to fall slowly to its beginning 

position. This is all done during the 360-degree revolution 

of the cam and is called the displacement. Cams on a cam 

shaft are used in automobile engines to control the open-

ing and closing of the valves (Figure 22.41). The Machin-
ery Handbook has detailed information on cam design and 

specifi cation.

22.3.1 Cam Types

The shape of the cam depends on the motion required and 

the type of follower used. There are three types of cams 

(Figure 22.42):

 1. Face

 2. Groove

 3. Cylindrical

Face cams are fl at disks, and the shape controls the 

movement of the follower. Groove cams are fl at disks with 

grooves cut in them, and the grooves control the move-

ments of the follower. Cylindrical cams are cylinders with 

grooves cut in them, and the grooves control the movement 

of the follower.

Follower

Cam

Hub Cam
Shaft

Cam
Rotation

Cam
Profile

Displacement

Figure 22.40

Cam and follower

Face cam Groove cam Cylinder cam

Figure 22.42

Three types of cams

Figure 22.41

Automobile engine showing a cam shaft
(Courtesy of Ford Motor Company.)

Cam shaft
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22.3.2 Follower Types

The cam follower makes contact with the cam, chang-

ing rotary motion to linear motion. There are three major 

types of followers (Figure 22.43):

 1. Knife edge

 2. Flat face

 3. Roller

The most common type of follower is the roller, which is 

used for high-speed applications.

Followers can also be grouped by their position rela-

tive to the axis of the cam shaft. An in-line follower is po-

sitioned such that it is aligned with the center line of the 

cam shaft (Figure 22.44). An offset roller is positioned 

such that it is not in alignment with the center line of the 

shaft. A pivoted follower uses spring tension to keep the 

roller in contact with the cam.

22.3.3 Displacement Diagrams

Displacement is the distance that a follower moves 

during one complete revolution (or cycle) of the cam 

while the follower is in contact with the cam. A displace-
ment diagram is a graph or fl at-pattern drawing of the 

travel (displacement) of the follower on the cam. A period 

is a part of the cam cycle and it includes the following:

Rise—the upward motion of the follower caused by cam 

motion.

Fall—the downward motion of the follower caused by 

cam motion.

Dwell—the stationary position of the follower caused by 

cam motion.

Figure 22.45 on page 1126 shows a displacement dia-

gram, with important parts labeled. The height (ordinate) 

is equal to the total displacement of the follower. The 

base circle (abscissa) is one revolution of the cam and can 

be drawn at any convenient distance. The horizontal dis-

tance is divided into degree increments from 0 to 360.

22.3.4 Motion Types

Motion is the rate of speed or movement of the follower 

in relation to the rotation of the cam. Cams are designed 

Knife Flat Face Roller

Figure 22.43

Cam followers

In-Line Offset Pivoted

Figure 22.44

Alignment of followers with the cam shaft
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to produce certain types of motion for the follower. The 

more common types are as follows:

 1. Uniform

 2. Harmonic

 3. Uniformly accelerated (gravity, parabolic in 

shape)

 4. Combination

22.3.5 Uniform Motion Displacement Diagram

Uniform motion is shown as a dashed line and oc-

curs when the cam moves the follower at the same 

rate of speed over a period of time (Figure 22.46). Uni-

form motion is a straight line on the displacement dia-

gram that causes the follower to start and stop suddenly. 

Normally, uniform motion is modifi ed by arcs drawn at 

the start and end of the period, as shown in Figure 22.46 

and described in the following steps.

Step 1. Draw the base circle line, using any convenient 

distance. For this example, 15-degree intervals are 

used, so the base circle will be divided into 24 parts 

(360/15 � 24). A convenient distance would be 6� because 

each inch could then be divided every 1/4�, resulting in 

24 parts.

Step 2. Draw the follower displacement height vertical to 

the base circle line. Create a rectangle, using the base 

circle line and the follower displacement line as the width 

and height, respectively.

Step 3. Divide the base circle line into 24 equal parts; then 

draw vertical lines across the rectangle.

Step 4. Draw a line from 0 degrees on the base circle to 

180 degrees at the top of the rectangle, then back down 

to 360 degrees on the base circle. This line represents 

the displacement diagram for uniform motion.

Step 5. Modify the straight displacement line by drawing 

arcs at 0, 180, and 360 degrees. The arc radius is equal 

to one-fourth to one-half the follower displacement.

22.3.6 Harmonic Motion Displacement Diagram

Harmonic motion occurs when the follower motion 

is smooth and continuous. The harmonic curve is 

constructed by drawing a semicircle equal in diameter to 

the desired rise. The circumference is then divided into 

equal parts. Points on the semicircle are projected to corre-

sponding points in the diagram to form the harmonic mo-

tion curve. Figure 22.47 on page 1128 and the following 

steps show how to construct a harmonic motion displace-

ment diagram.

Step 1. Draw the base circle line, using any convenient 

distance. For this example, 30-degree intervals are used, 

so the base circle will be divided into 12 parts. Therefore, 

6� would be a convenient distance.

Step 2. Draw the follower displacement height line vertical 

to the base circle line. Create a rectangle, using the base 

circle line and the follower displacement line as the width 

and height, respectively.

Step 3. Divide the base circle line into 12 equal parts, then 

draw vertical lines across the rectangle.

Step 4. Draw a semicircle equal in radius to the total rise. Di-

vide the semicircle into half the number of parts into which 

the base circle line has been divided (6 for this example).

Step 5. Project horizontal lines to the corresponding verti-

cal lines. For example, point 1 on the circle is projected to 

the 30- and 330-degree vertical lines, point 2 is projected 

to the 60- and 300-degree vertical lines, and so forth.

Step 6. Connect the plotted points with a smooth curve, us-

ing an irregular curve or the SPLINE command on CAD. 

RISE

360 = ONE REVOLUTION OF CAM = 1 CYCLE

B

C

X
Y

0 30 60 90

DWELL
STRAIGHT-LINE

1
2

3

4
5

1

A

D
E 2 3 4 5

1' 2'

3'

4'

180

F G

RISE
HARMONIC

DWELL

210 330 360

FALL
PARABOLIC

H

DWELL

1'
234 1

2'

3'

4' J

K
1

4

9

16

CAM PROFILE

(ABSCISSA)

FOLLOWER
DISPLACEMENT

(ORDINATE)

BASE CIRCLE

Figure 22.45

Cam displacement diagram
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22.3.7 Uniformly Accelerated Motion Displacement 

Diagram

Uniformly accelerated motion (parabolic) occurs 

when the follower moves with constant acceleration 

or deceleration. The corresponding displacement diagram 

is parabolic in shape (Figure 22.48 on the next page). The 

following steps describe how to create a uniformly accel-

erated displacement diagram.

Step 1. Draw the base circle line, using any convenient 

distance. For this example, 30-degree intervals are used, 

so the base circle will be divided into 12 parts; therefore, 

6� would be a convenient distance.

Step 2. Draw the follower displacement height line vertical 

to the base circle line. Create a rectangle, using the base 

circle line and the follower displacement line as the width 

and height, respectively.

Step 1

Constant Velocity

Rise=180°

Constant Velocity

Fall=180°

360° = One Revolution of Cam  = 1 Cycle

(Abscissa)

Total
Follower

Displacement

Step 3 Step 4

Constant Velocity Constant Velocity

Step 5

R

RR
R = 1/4 to 1/2 Displacement

Modified Constant Velocity Modified Constant Velocity

Completed Diagram

Step 2

Base Circle Line

Total
Follower

Displacement

Modified Constant Velocity Modified Constant Velocity

Rise=180° Fall=180°

Rise=180° Fall=180°Rise=180° Fall=180°

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360° 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360° 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Figure 22.46

Drawing a modifi ed uniform motion displacement diagram
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Step 2

Step 3 Step 4

Step 5 Completed Diagram

Step 1

Base Circle Line

Total
Follower

Displacement

Uniform Accelerated MotionUniform Accelerated Motion

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Fall = 180°Rise = 180°1

4

9

4

1

Uniform Accelerated MotionUniform Accelerated Motion

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Fall = 180°Rise = 180°1

4

9

4

1 1' 1"

4"

9"

4"

1"

4'

9'

4'
1'

1

1

4

9

4

1' 1"

4"

9"

4"

1"

4'

9'

4'
1'

Uniform Accelerated MotionUniform Accelerated Motion

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Fall = 180°Rise = 180°

Step 3

Step 1

Step 5 Completed Diagram

Step 2

Step 4

Base Circle Line

Total
Follower

Displacement

1

2

3

4

5
6

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

FallRise

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

FallRise

1

2

3

4

5
6

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

FallRise

1' 1"

2"

3"

4"

5"

2'

3'

4'

5'

1

2

3

4

5
6

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

FallRise

1' 1"

2"

3"

4"

5"

2'

3'

4'

5'

Figure 22.47

Drawing a harmonic motion displacement diagram

Figure 22.48

Drawing a uniformly accelerated motion displacement diagram
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Lockheed Martin’s Virtual Product Development 

Initiative (VPDI) is developing capabilities that 

support revolutionary productivity improvements in air-

frame development, manufacturing, and support. The 

simulation-based approach integrates lean processes, 

enterprise data management, and leading-edge simula-

tion technology into the company’s Virtual Develop-

ment Environment (VDE).

The fi ve-year VPDI effort will transform aircraft 

product development at Lockheed Martin by provid-

ing production-ready processes and tools for several 

programs (including one program for concept demon-

stration and possible production of thousands of new 

aircraft for the U.S. and British armed forces). VPDI 

has demonstrated the potential to reduce time spans for 

some development tasks by as much as 80 percent.

According to Mark Crenshaw, VPDI’s design and 

analysis manager, the initiative’s specifi c objectives are 

to enable design for affordability, minimize unplanned 

design changes, eliminate physical mock-ups, and re-

duce testing.

Crenshaw’s experience includes programs in which 

unplanned changes accounted for signifi cant portions 

of the projects’ overall costs. He notes, “VPDI is devel-

oping an environment to validate a design’s form, fi t, 

function, and manufacturability as early in the process 

as possible. Validation is accomplished with better vi-

sualization, data integrity, and physics-based modeling. 

This is critical because, as everyone knows, the later a 

design problem is found or a design change is requested, 

the higher the costs.” 

A Complete Virtual Aircraft Development 
Environment

ADAMS, along with the CATIA computer-aided design 

software from Dassault Systemes, is a core application 

used by Lockheed Martin to develop custom simulation 

environments for landing gear, store separation, and 

other mechanical operations. Lockheed Martin’s VPDI 

group is tasked with creating a complete virtual aircraft 

development environment in which every aspect of de-

sign, support, and manufacturing is simulated on com-

puters to allow design improvements before hardware 

is built.

Initiative Aims to Cut Aircraft Design Time in Half

Concept MaintenanceDesign Testing Manufacture

Elapsed Project Time

$

“The later a design problem is found, the higher the costs,” says Lockheed Martin’s Mark Crenshaw. The company’s Virtual 
Product Development Initiative (VPDI) is creating an environment to validate a design’s form, fi t, function, and manufactur-
ability as early in the development process as possible.

Step 3. Divide the base circle line into 12 equal parts; then 

draw the vertical lines across the rectangle.

Step 4. Create a horizontal construction line from point 

0. Then draw a line at any angle that intersects the ex-

tended base circle line. Proportionally divide half of the 

line into 3 parts or 1, 4, 9, using techniques described 

in Chapter 8. Then proportionally divide the other half of 

the line using the same technique.

Step 5. Project horizontal construction lines to the corre-

sponding vertical lines. For example, point 1 on the con-

struction line is projected to the 30- and 330-degree ver-

tical lines, point 4 is projected to the 60- and 300-degree 

vertical lines, and so forth.

Step 6. Connect the plotted points with a smooth curve, us-

ing an irregular curve or the SPLINE command on CAD.

(Courtesy of Lockheed Martin Corporation.)
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22.3.8 Combination Motion Displacement Diagram

Combination motion occurs when the follower moves 

through different types of motions in a cycle (Fig-

ure 22.49). The combination motion diagram uses the 

techniques described previously, but in combination. For 

example, for Step 3 in Figure 22.49, the modifi ed uniform 

motion construction is used. In Step 4, the uniformly ac-

celerated motion construction is used, and in Step 5 the 

harmonic motion construction is used to create the com-

bination motion displacement diagram.

22.3.9 Cam Profi le

The cam profi le is a drawing of the contour of the 

cam. The cam profi le is constructed using measure-

ments from the displacement diagram. The cam follower 

at its lowest position is drawn at the top of the cam profi le 

drawing and is then shown at incremental distances around 

the cam profi le, using phantom lines. The following steps 

describe how to create a cam profi le from a displacement 

diagram for a 2-inch-radius base circle and 0.625-inch-

diameter in-line roller follower (Figure 22.50).

Step 1. Draw the base circle, using a radius determined in 

the design of the cam. For this example, use a radius of 

2�. Draw the shaft, hub, and key; then show the cam ro-

tation direction, using a radial leader and note.

Step 2. Divide the base circle into the same degree incre-

ments used on the displacement diagram, which is 12 for 

this example. Use radial center lines drawn from the cen-

ter of the base circle. For this example, the base circle is 

divided into 30-degree increments and is labeled clock-

wise, starting with 0 at the top.

Step 3. Draw the cam follower such that the point of the 

knife edge follower (or the base of the fl at face follower) 

lies on the circumference of the base circle. If a roller fol-

lower is used, the center of the roller lies on the circumfer-

ence of the base circle. Normally, the follower is drawn at 

the top of the cam profi le if it is an in-line follower. For this 

example, the roller on the follower is drawn such that it is 

tangent to the base circle at 0 degrees and the center is 

Step  2

Step 3 Step 4

Step 5 Completed Cam Displacement Diagram

Step 1

Base Circle Line

Total Follower
Displacement

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Modified Uniform
Motion Dwell

Modified Uniform
Motion

Simple Harmonic
Motion

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

1’

4’

9’

4’

1’

Dwell
Dwell

1

4

9

4

1

Uniformly
Accelerated

Motion
Dwell

0
1

2

3

4

55’

4’

3’

2’

1’

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

Modified Uniform
Motion

Simple Harmonic
Motion

Dwell
Dwell

Uniformly
Accelerated

Motion
Dwell

9

4

1

Modified Uniform
Motion

Uniform
Accelerated

Motion

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

1’

4’

9’

4’

1’

Dwell
Dwell

1

4

Figure 22.49

A combination displacement diagram
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at A. The 0-degree position represents the cam follower 

at its lowest point. Using radius A–C, draw a center line 

circle, which is called the prime circle.

Step 4. Develop the cam profi le by measuring the distance 

from the base circle to the point where the displace-

ment curve intersects the degree increment lines on the 

displacement diagram. For the 30-degree increment, 

the measured distance is A, for 60 degrees it is B, for 

90 degrees it is C, and so on. Transfer these distances to 

the cam profi le drawing by measuring out from the prime 

circle along the respective radial center lines. This will 

produce another circle, called the pitch curve. Draw the 

cam follower roller at each position on the degree incre-

ment lines, 1�, 2�, 3�, . . .

3

1

2

4

5 6

0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°

1' 11'

10'

8'

7'6'

2'

3'

4'
5'

9'

Step 1 Step 2 Step 3
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60°
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240°

270°
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Base Circle
Key

Shaft

Hub

CAM ROTATION
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C

Prime Circle

Step 4 Step 5
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1'
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11' Cam Profile

ANGULAR DISPLACEMENT 0° 30° 60° 90° 120° 150° 180° 210° 240° 270° 300° 330° 360°
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Drawing a cam profi le
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Step 5. Draw the cam profi le tangent to the roller circles, 

using an irregular curve or the SPLINE command in 

CAD.

Step 6. On a detail drawing of a cam, add the critical di-

mensions and a chart giving the angular displacement 

and the radial displacement from the center of the shaft.

22.3.10 Offset Cam Profi le Drawing

An offset cam roller complicates the drawing of a 

cam profi le because an offset circle must be drawn 

equal in radius to the amount of offset (Figure 22.51). The 

offset circle is divided into the same number of parts as the 

displacement diagram. A tangent line is then drawn from 
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Figure 22.51

Drawing an offset cam profi le
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the points on the circumference of the offset circle to lo-

cate the centers for the roller along the pitch curve. The fol-

lowing steps describe how to create an offset cam profi le 

from a displacement diagram, using a 2-inch-radius base 

circle and 0.625-inch-diameter offset roller follower.

Step 1. Draw the base circle using a radius determined in 

the design of the cam. For this example use a radius of 

2�. Draw the shaft, hub, and key; then show the cam ro-

tation direction, using a radial leader and note. Draw an 

offset circle equal in radius to the amount of offset.

Step 2. Divide the offset circle into the same degree incre-

ments used on the displacement diagram, which is 12 

for this example. Use radial center lines drawn from the 

center of the offset circle. For this example, the offset 

circle is divided into 30-degree increments and is labeled 

clockwise, starting with 0 at the top.

Step 3. Draw lines tangent to the intersection of the radial 

lines and the offset circle.

Step 4. Develop the cam profi le by measuring the distance 

from the base circle to the points where the displace-

ment curve intersects the degree increment lines on the 

displacement diagram. For the 30-degree increment, 

the distance measured is A, for 60 degrees it is B, for 

90 degrees it is C, and so on. Transfer these distances to 

the cam profi le drawing by measuring out from the offset 

circle along the respective tangent lines. This will pro-

duce another circle, called the pitch curve. Draw the cam 

follower roller at each position on the degree increment 

lines, 1�, 2�, 3�, . . .

Step 5. Draw the cam profi le tangent to the roller circles, 

using an irregular curve or the SPLINE command in CAD.

Step 6. On a detail drawing of a cam, add the critical di-

mensions and a chart giving the angular displacement 

and the radial displacement from the center of the shaft.

22.3.11 CAD Applications

A CAD system can be used to replace traditional tools in 

the construction of displacement diagrams and cam pro-

fi les. The DISTANCE command is used to measure dis-

tances, the DIVIDE command is used to divide lines auto-

matically into an equal number of parts, and the SPLINE 

or curve fi tting command is used to draw the fi nal irregu-

lar curve. A parametric program is used to create the cam 

profi le and displacement diagram automatically once the 

critical information about the cam is entered. Such infor-

mation includes the following:

Cam motion

Type of follower

Total displacement

Specifi c dimensions for the base circle, hub diameter, 

shaft, prime circle, etc.

22.4 Linkages
A link is a rigid element that transmits force and velocity. 

Links are the most common type of machine element in 

use (Figure 22.52). A linkage is a number of links com-

bined to transmit force and velocity.

22.4.1 Symbols

Links are drawn in schematic form on technical drawings 

and for engineering design analysis. Figure 22.53 on the 

next page shows the schematic symbols used for linkage 

drawings. With CAD, these symbols can be drawn once, 

placed in a symbols library, then used on many draw-

ings. Third-party software that has link symbols on disk 

is also available. A linkage pin joint is represented with a 

small circle. A fi xed joint is represented as shown in Fig-

ure 22.53. A slider is represented as a circle surrounded by 

a rectangle. The linkage crank, lever, or bar is  represented 

as a line. More complex linkages are created by combin-

ing these schematic elements, as shown in the fi gure.

Linkages

Figure 22.52

Example of linkages (piston rod attached to piston and 
crankshaft) used in an automobile engine
(Courtesy of Ford Motor Company.)
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22.4.2 Linkage Types

There are many types of linkages used in engineering de-

sign (Figure 22.54). Some of them are listed here:

Crank—a bar with a fi xed joint at one end, where the bar 

is free to move 360 degrees about the fi xed joint.

Lever or rocker—a bar with a fi xed joint at one end, 

where the bar is free to move through a fi xed angle 

about the fi xed joint.

Rocker arm—a bar with a fi xed joint near the center of 

a bar, where the bar is free to move through a fi xed 

angle about the fi xed joint.

Bell crank—a three-or-more-joints mechanism that has a 

fi xed joint near the center of the bar, which is free to 

move through a fi xed angle about the fi xed joint.

Four-bar—a common mechanism made of four pin-

connected links.

22.4.3 Linkage Analysis

Linkages can be analyzed mathematically or graph-

ically to determine interference, extreme positions, 

and angle of oscillation. Geometry and trigonometry are 

used for mathematical analysis. However, graphics is used 

Slider, Linkage, Pin, and Housing Four-Bar Linkage

Fixed Through LinkThree Separate Links Complex Link Drawing with
Three Pin Joints

PIN

LINKAGE

SLIDER
HOUSING

Option 1 Option 2

Pin Joint Slider Bar Fixed Joint
(Pivot)

Figure 22.53

Schematic representations of link elements
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Schematic representations of linkages
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to analyze linkages more quickly. There is specialized 

software that uses CAD drawings of links to analyze 

linkages (Figure 22.55). The following steps describe 

how to analyze a four-bar linkage graphically. Determine 

the angle of oscillation for the four-bar linkage shown in 

Figure 22.56.

Step 1. Draw a circle with center at A and radius equal 

to A–D. Draw another circle with center at B and radius 

equal to B–C.

Step 2. Determine the extreme left position of the linkage 

by adding D–C to B–C and drawing an arc, using B as 

its center. Draw this new length coincident with the far 

left line such that D is located on the circumference of 

circle A–D.

Step 3. Determine the extreme right position of the link-

age by subtracting link C–B from D–C. Draw a line of this 

length such that one end is located at point B and the 

other lies along the circumference of circle A–D. Label 

this point as D�, which locates the far right position of the 

linkage.

Step 4. Measure the angle of oscillation from angle DBD�.

Figure 22.55

Even in a highly compressed development cycle, being able to 
quickly explore multiple design options greatly extends what 
an engineering team can accomplish in the conceptual design 
phase.

Step 1

Step 3

A

D

B

C

A

D

B
C

D'

C

Step 2

Step 4

A

D

B

C

171°

A

D

B
C

D'

C

Figure 22.56

Graphically solving a four-bar linkage problem
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22.5 Bearings
Bearings are mechanical devices used to reduce 

friction and wear between two parts and to support a 

load while permitting motion between two parts. Bearings 

are used in many different applications, such as automo-

biles, aircraft, appliances, agricultural equipment, electric 

motors, pumps, etc. (Figure 22.57). Refer to the Machin-
ery Handbook for designing and specifying bearings.

22.5.1 Plain Bearings

Plain bearings provide sliding contact between mat-

ing surfaces and are sometimes called journal bear-
ings, sleeves, or bushings. Plain bearings are classed as 

follows:

Radial—bearings that support rotating shafts or journals.

Thrust—bearings that support axial loads on rotating 

mechanisms (Figure 22.58).

Guide—bearings that guide moving parts in a straight 

line; sometimes referred to as slipper bearings.

Normally, plain bearings are pressed into a housing us-

ing an interference fi t. A clearance fi t is used between the 

bearing and the part, such as a shaft. Many plain bearings 

are made of either bronze or phosphor bronze. Bronze 

Figure 22.57

A gearbox using bearings to support the shafts. Bearings 
are shown in purple.
(© Parker Hannifi n Corp.)

Radial ball bearing Thrust ball bearing

Figure 22.58

Radial and thrust ball bearings

bearings use some form of lubrication; phosphor bronze 

bearings are impregnated with oil for lubrication.

22.5.2 Rolling Contact Bearings

Rolling contact bearings (or rolling bearings) use a roll-

ing element, such as a ball or roller, to reduce friction and 

wear between mating surfaces. These bearings consist of 

an inner ring, an outer ring, and the rolling elements (Fig-

ure 22.59 on the next page). Rolling elements are of two 

general shapes: balls and rollers. Rollers come in four ba-

sic types: cylindrical, needle, tapered, and spherical.

Figure 22.60 on the next page shows the design char-

acteristics for the many types of rolling bearings and their 

graphical representations. Figure 22.61 on page 1139 shows 

the various classifi cations of rolling bearings and can be 

used as a guide for selecting the appropriate rolling bear-

ing. As a guide, radial bearings are used to carry radial 

loads, and thrust bearings are used to carry axial loads. 

When specifying bearings, refer to vendors’ catalogs for 

specifi cations and part numbers. Most bearing manufac-

turers use similar numbering systems, such as that shown 

in Figure 22.62 on page 1140, for specifying bearings.

22.5.3 Graphical Representations

Normally, bearings are not shown on technical draw-

ings because they are a standard part. However, 

bearings are shown on assembly drawings and are listed in 

a parts list. Also, the bearing is usually shown in section. 

For a plain bearing, the outline of the bearing is shown 

with section lines, or it is shown in solid black if there is 

not enough room for section lines (Figure 22.63 on page 

1140). For rolling bearings in an assembly section, the in-

ner and outer rings are shown in section, and the ball or 

roller is unsectioned. A leader line and balloon are used to 

identify the part number, and the parts list contains the 

manufacturer and part number of the bearing.
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22.6 Summary
Gears, cams, bearings, and linkages are represented on 

technical drawings using standard practices. There are 

many types of gears that are represented on drawings for 

the machinist through details and a cutting data table. 

Cams are represented on technical drawings by creating a 

displacement diagram, which is a graph representing the 

travel of the follower along the face of the cam. Cam pro-

fi le drawings are used to detail the contour of the cam. 

Linkages are represented on drawings using a standard 

symbol system. Graphical analysis can be used to de-

termine the extreme positions of the links. Bearings are 

not shown on detail drawings because they are standard 

parts, but they must be represented on assembly drawings 

and listed in the parts list.

Questions for Review
 1. Defi ne mechanics, machine, and mechanisms.

 2. List the main branches of mechanics.

 3. Sketch a gear and pinion, and label the sketch.

 4. List the classifi cation of gears.

 5. Find the ratio for a gear with 500 RPM and a pinion 

of 1000 RPM.

 6. List the three types of cams and cam followers.

 7. List the different types of cam motions.

 8. Defi ne link and linkages.

 9. Sketch a simple four-bar linkage using schematic 

symbols.

 10. List the major types of bearings.

Figure 22.62

Bearing numbering system
(Courtesy of NTN Corporation.)

Plain BearingRoller Bearing

Figure 22.63

Graphic representation of a plain and roller bearing in an assembly drawing
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P r o b l e m s

Gearing
Using the techniques shown in this chapter and gear 

tables from manufacturers’ gearing handbooks, create 

detail drawings of the following gears, including dimen-

sions and cutting data for those problems assigned.

 22.1–22.5 Using the following table, calculate the 

dimensions for the spur gears, and create detail 

drawings and cutting data tables.

 Number  Diametral  
Problem of Teeth Pitch Involute

22.1 12 4 14½ degrees

22.2 16 3 20 degrees

22.3 20 5 20 degrees

22.4 30 6 14½ degrees

22.5 40 6 14½ degrees

 22.6–22.10 Using the following table, calculate the gear 

sizes and number of teeth. Make detail drawings 

and cutting data tables of the gears.

 RPM  RPM  Center  Diametral 
Problem Gear Pinion to Center Pitch

22.6 45 100 5.0� 6

22.7 60 100 6.0� 5

22.8 80 100 7.0� 8

22.9 30 100 10.0� 10

22.10 40 100 12.0� 4

 22.11 From the following information, use ANSI stan-

dards to create a detail drawing of a spur gear:

Diametral pitch � 6

Pressure angle � 20 degrees

Teeth � 30

Face width � 2�

Shaft diameter � 1�

Keyway for #404 Woodruff key

 22.12 Use ANSI standards to create a detail drawing of a 

16� rack that mates with the spur gear in Problem 

22.11.

 22.13 From the following information, use ANSI stan-

dards to create a detail drawing of a bevel gear:

Diametral pitch � 4

Pressure angle � 20 degrees

Teeth � 36

Face width � 2�

Shaft diameter � 1�

Keyway for #406 Woodruff key

 22.14 Design a gear drive for a 100-hp motor driving 

a blower with a motor speed of 1800 RPM and 

a blower speed of 600 RPM. Use a 20-degree 

pressure angle for the gears. Use a face width of 

2�. Create detail drawings of the gears needed to 

reduce the RPMs of the motor from 1800 to 600 

RPM.

 22.15 Design and create a detail drawing, with cutting 

data, of a spur gear speed reducer, using the fol-

lowing information:

Center distance � 5.5�

Gear A � 300 RPM

Gear B � 500 RPM

Diametral pitch � 4

Pressure angle � 20 degrees

Teeth � 30

Face width � 1�

Shaft diameters � 1�

Keyway for #404 Woodruff key

 22.16 Design the steel housing gear box for the gear re-

ducer in Problem 22.15. Include the bearings used 

to support the shafts.

 22.17 Design and create a detail drawing, with cutting 

data, of a spur gear speed reducer, using the fol-

lowing information:

Center distance � 4�

Gear A � 900 RPM

Gear B � 1500 RPM

Diametral pitch � 4

Pressure angle � 14½ degrees

Teeth � 30

Face width � 1�

Shaft diameters � 1�

Keyway for #404 Woodruff key

 22.18 Design and create a detail drawing, with cutting 

data, of a spur gear speed reducer, using the fol-

lowing information:

Center distance � 4�

Gear A � 500 RPM

Gear B � 850 RPM

Diametral pitch � 4

Pressure angle � 20 degrees

Teeth � 30
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Face width � 1�

Shaft diameters � 1�

Keyway for #505 Woodruff key

 22.19 Create detail drawings, with cutting data, of a spur 

gear and rack, using the following data:

Pitch diameter � 6

Teeth � 24

Face width � 1.5�

Pressure angle � 14½ degrees

Rack length � 18�

 22.20 Create detail drawings, with cutting data, of a spur 

gear and rack, using the following data:

Pitch diameter � 4

Teeth � 16

Face width � 1.5�

Pressure angle � 20 degrees

Rack length � 24�

 22.21 Create detail drawings, with cutting data, of a spur 

gear and rack, using the following data:

Pitch diameter � 8

Teeth � 36

Face width � 1.5�

Pressure angle � 14½ degrees

Rack length � 16�

 22.22 Design and create a detail drawing, with cutting 

data, of a 90-degree bevel gear speed reducer, us-

ing the following information:

Gear A � 400 RPM

Gear B � 600 RPM

Diametral pitch � 4

Pressure angle � 14½ degrees

Shaft diameters � 1�

Face width � 1�

Keyway for #404 Woodruff key

 22.23 Design and create a detail drawing, with cutting 

data, of a 90-degree bevel gear speed reducer, us-

ing the following information:

Gear A � 600 RPM

Gear B � 1000 RPM

Diametral pitch � 6

Pressure angle � 14½ degrees

Shaft diameters � 1�

Face width � 1�

Keyway for #404 Woodruff key

 22.24 Design the steel housing gear box for the bevel 

gear reducer in Problem 22.23. Include the bear-

ings used to support the shafts.

 22.25 Design the steel housing gear box and the gears for 

a spur and bevel gear train. Figure 22.64 is a rough 

design sketch showing the location and some di-

mensions for the gear train. Create an assembly 

drawing in section of the gear box and gears, with 

cutting data. Use the following gear information:

   Spur gears A and B have a diametral pitch of 8 

and a 1� face width. Bevel gears C and D have a di-

ametral pitch of 5 and a face width of 1.25�. Gear D 

has a pitch diameter of 4, with an input of 160 RPM 

from a motor. Gear C has an RPM of 100. Gear A 

engages gear B, which has an output of 35 RPM. 

All shafts are 1� and use a #404 Woodruff key.

 22.26 through 22.30 Using the following table, calcu-

late the dimensions for the 90-degree intersecting 

bevel gears and create detail drawings, with cut-

ting data:

  Pinion  Gear  Diametral
Problem Teeth Teeth Pitch

22.26 40 20 4

22.27 60 40 6

22.28 70 50 7

22.29 80 50 8

22.30 100 60 10

Cams
For Problems 22.31 through 22.40, create the displace-

ment diagram and cam profi le with follower, using the 

information listed.

C

D

A

B

OUTPUT

INPUT
6"

4"

Figure 22.64

Schematic sketch of a gear train
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22.31
Cam type Face

Base circle 3�

Roller type Knife

Roller diameter 0.5�

Shaft diameter 0.625�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.375�

Rise 1�

Motion description Straight line rise for 180 degrees, 
then straight line fall for 
180 degrees.

22.32

Cam type Face

Base circle 4�

Roller type Knife

Roller diameter 0.625�

Shaft diameter 0.75�

Hub diameter 1�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.5�

Rise 1.25�

Motion description Rises with uniform acceleration 
for 180 degrees, then drops 
with uniform acceleration for 
180 degrees.

22.33
Cam type Face

Base circle 3�

Roller type Flat

Roller diameter 0.75�

Shaft diameter 0.625�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.5�

Rise 1.5�

Motion description Straight line rise of 0.75� for 
60 degrees, dwell for 45 degrees, 
harmonic rise of 0.75� for 90 de-
grees, dwell for 30 degrees, para-
bolic fall of 1.5� for 120 degrees, 
then dwell for last 30 degrees.

22.34
Cam type Face

Base circle 3�

Roller type Roller

Roller diameter 0.5�

Shaft diameter 0.5�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.5�

Rise 2�

Motion description Uniform accelerated rise of 1� for 
90 degrees, dwell for 45 degrees, 
harmonic rise of 1� for 90 degrees, 
dwell for 30 degrees, parabolic fall 
of 2� for 105 degrees, then dwell 
for last 30 degrees.

22.35
Cam type Face

Base circle 3.75�

Roller type Roller

Roller diameter 0.75�

Shaft diameter 0.625�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.5�

Rise 2�

Motion description Dwell for 30 degrees, uniformly 
accelerated rise of 1� for 90 de-
grees, dwell for 30 degrees, 
harmonic rise of 1� for 100 de-
grees, dwell for 30 degrees, 
then parabolic fall of 2� for last 
80 degrees.

22.36
Cam type Face

Base circle 4.25�

Roller type Roller

Roller diameter 0.625�

Shaft diameter 0.5�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.75�

Rise 1.75�

Motion description Uniformly accelerated rise of 
1.75� for 180 degrees, dwell for 
30 degrees, harmonic fall of 1.75� 
for 130 degrees, then dwell for last 
50 degrees.

22.37
Cam type Face

Base circle 3�

Roller type Roller

Roller diameter 0.5�

ber28376_ch22.indd   1143ber28376_ch22.indd   1143 1/2/08   3:28:28 PM1/2/08   3:28:28 PM



1144 PART 4  Standard Technical Graphics Practices

Shaft diameter 0.5�

Hub diameter 0.875�

Rotation direction Counterclockwise

Follower position Horizontal in line with center line of 
base circle.

Plate thickness 1�

Rise 2�

Motion description Dwell for 30 degrees, uniform rise 
of 20 for 180 degrees, dwell for 
25 degrees, harmonic fall of 1� for 
90 degrees, dwell for 30 degrees, 
then parabolic fall of 1� for last 
105 degrees.

22.38
Cam type Face

Base circle 3.375�

Roller type Flat

Roller diameter 0.5�

Shaft diameter 0.5�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Horizontal in line with center of the 
base circle.

Plate thickness 0.5�

Rise 1.625�

Motion description Uniformly accelerated rise of 
1.625� for 160 degrees, dwell for 
70 degrees, parabolic fall of 1.625� 
for 105 degrees, then dwell for last 
25 degrees.

22.39
Cam type Face

Base circle 3.5�

Roller type Roller

Roller diameter 0.625�

Shaft diameter 0.5�

Hub diameter 0.875�

Rotation direction Clockwise

Follower position Vertical over center of the base 
circle.

Plate thickness 0.5�

Rise 1.625�

Motion description Harmonic rise of 1� for 90 degrees, 
dwell for 45 degrees, harmonic 
rise of 0.625� for 90 degrees, dwell 
for 45 degrees, parabolic fall of 
1.625� for 75 degrees, then dwell 
for last 15 degrees.

22.40

Cam type Cylindrical

Base circle 3�

Roller type Rod

Roller diameter 0.5�

Shaft diameter 0.5�

Rotation direction Clockwise

Cylinder diameter 4�

Cylinder height 6�

Displacement 2�

Motion description Uniformly accelerated rise for 
180 degrees, then uniformly 
accelerated drop for 180 degrees.

Linkages
 22.41 Figure 22.65. Create a schematic of the crankshaft, 

which rotates clockwise, and use a phantom line 

to show its path of motion. Use phantom lines to 

show the piston in its extreme right and left posi-

tions, and dimension the stroke.

 22.42 Figure 22.66. Create a schematic of the link, which 

has two blocks that move in the slots. Block B has 

a range of motion of 3 meters. Use phantom lines 

to show the extreme positions of the linkage.

ωOA = 2500 rpmθ = 90°

100 mm

O

A200 mm

B

Figure 22.65

Piston and crankshaft
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with permission.)

vC = 3 m /s

θ = 60°

B

A

1 m

5 m

2 m

C

D

Figure 22.66

Two-block link
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with 

permission.)
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 22.43 Create a schematic of the crank arm in Figure 22.67. 

Use phantom lines to show the range of motion.

 22.44 Create a schematic of the crank arm in Figure 22.68. 

Use phantom lines to show the range of motion.

 22.45 Create a schematic diagram of the four-bar link-

age in Figure 22.69. Use phantom lines to show the 

extreme left and right positions, and dimension the 

angle of oscillation.

 22.46 Create a schematic diagram of the four-bar link-

age in Figure 22.70. Use phantom lines to show the 

extreme left and right positions, and dimension the 

angle of oscillation.

A

P

5 in.

B

25 in.

O'

O

ωOA = 25 rad/s
αOA = 10 rad/s2

30°

60°

ωO'B
αO'B

Figure 22.67

Crank arm
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with 

permission.)

B

60°

30°
ωOA = 5 rad/s

αOA = 5 rad/s2 O

A

5 m

5 m

O'

Figure 22.68

Angled crank arm
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with 

permission.)

3 m 3 m3 m

4 m

B C

DA

ωAB = 5 rad/s

Figure 22.69

Four-bar linkage
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with 

permission.)

2 ft 2 ft2 ft

3 ft

B C

DA

5 rad/s

G

Figure 22.70

Swing four-bar linkage
(From Engineering Mechanics: Dynamics, B. M. Das, A. Kassimali, and 

S. Sami, © 1994 by The McGraw-Hill Companies, Inc. Reprinted with 

permission.)
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Chapter Twenty-Three

Electronic 
Drawings*

Objectives
After completing this chapter, you will be 
able to:

 1. Defi ne the types of electronic 

drawings used in industry.

 2. Draw and identify the schematic 

symbols for electronic devices.

 3. Lay out and draw block diagrams, 

logic diagrams, wiring diagrams, and 

schematics.

 4. Identify the different types of circuit 

board drawings.

 5. Lay out simple circuit board artwork.

 6. Create a complete set of circuit board 

drawings.

Introduction
The electronics industry is a major employer 

of drafting technicians. Almost all products 

use some form of electronic device, or they 

are made on machines that are controlled by 

such devices. These devices (circuit boards, 

computers, televisions, etc.) have led to 

the creation of a highly specialized area of 

drafting, which has its own drafting rules, 

symbols, and techniques.

Is it a fact or have I dreamt it that, by 

means of electricity, the world of matter 

has become a great nerve, vibrating 

thousands of miles in a breathless point 

of time?

—Nathaniel Hawthorne

*By Thomas Sweeney, Hutchinson Technical College, 

Hutchinson, Minnesota.

C
hapter Tw

enty-T
hree
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  CHAPTER 23  Electronic Drawings 1147

Several types of drawings are used only in the electron-

ics industry. These include block diagrams, wiring dia-

grams, schematic diagrams, logic diagrams, and printed 

circuit board (PCB) drawings. Printed circuit boards 

have a subgroup of drawings that are unique to their 

manufacture.

The main difference between electronic and mechani-

cal drawings is that electronic drawings are not drawn to 

any scale. Schematic, block, and wiring drawings defi ne 

how electronic devices work together, not what size they 

are. In PCB drawings, the drawing becomes the “pattern” 

for the fi nal parts, thus affecting their size.

The electronics industry also uses mechanical drawings 

for such items as sheet metal parts, cabinets, and molded 

plastic connectors. These drawings are subject to the same 

rules and techniques as other mechanical drawing work.

23.1 Block Diagrams
Block diagrams are relatively simple drawings that iden-

tify the relationships between systems, groups, people, or 

things. A block diagram is used to display how entities 

are related, often in a simplifi ed manner.

One type of a block diagram is an organization chart. 
This chart uses graphics to show the setup of a depart-

ment, project, or company.

A fl ow chart shows the relationships between differ-

ent events in a process (Figure 23.1). For example, in the 

project illustrated by the fi gure, there must be a design 

review of the CAD model before the prototype can be 

built.

A functional block diagram shows how different parts 

of a system function together, as shown in Figure 23.2. 

MARKET ANALYSIS

DESIGN TEAM FORMED

INITIAL DESIGN

CAD MODEL

TEST & ANALYSIS

PROTOTYPE

TEST MARKET

PRODUCTION

DESIGN REVIEW

DESIGN REVIEW

DESIGN REVIEW

COST STUDY

PRODUCTION STUDY

Figure 23.1

Project fl ow chart
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In this fi gure, the radar control panel is not directly con-

nected to the AC voltage regulators.

The drawing process for block diagrams is typical for 

all types of electronic drawings and is demonstrated as 

follows.

Drawing a Block Diagram
Step 1. Sketch the basic components of the diagram in 

their proper sequence. Events or operations should be 

arranged from top to bottom, left to right, input to output, 

cause to effect.

Step 2. Sketch connecting lines with arrowheads to defi ne 

the relationships and show the direction of information or 

process fl ow.

Step 3. Rearrange components to reduce connecting line 

crossovers and “doglegs” as much as possible. This may 

take several iterations. Crossovers occur where two lines 

cross each other but do not connect (Figure 23.3 on the 

next page).

Step 4. Use the resulting layout to create a fi nished draw-

ing. Use consistent sizes for symbols (such as boxes) 

where practical.

23.2 Schematic Drawings
Schematic drawings are the most common type of elec-

tronic drawing. A schematic drawing (or simply a schematic) 

shows the functional relationship of the parts of an electronic 

assembly or device. In other words, they show graphically 

how a device operates. Schematics, then, do not show what a 

device looks like, nor are they drawn to any scale.

Figure 23.4 on the next page is a typical schematic 

drawing of a power supply, showing the connections be-

tween components and using symbols to represent those 

components. The drawing does not specify how large the 

power supply is, or what it looks like.

Schematic drawing symbols represent the many 

components of electronic devices. There are symbols for 

virtually any component made, and most of them can be 

found in the ANSI Standard Y14.15, “Electrical and Elec-

tronics Diagrams.”

The reference designation letter identifi es the type of 

component the symbol represents, and the accompanying 

number creates a unique identifi er for each component on 

the schematic. For example, “resistor R5” is more concise 

than “the resistor that is third from the bottom.” Basic 

electronic components and their symbols are described in 

the following paragraphs.

Resistors are components that resist the fl ow of current 

in a circuit (Figure 23.5 on page 1150). The reference des-

ignation is an R. Usually the resistance value is included, 

expressed in ohms, or in some cases, in wattage. Variable 
resistors allow for adjustment of their resistance. The vol-

ume control on a radio is a typical example.

Capacitors store electrical energy in a circuit, per-

mit alternating current to fl ow, and block direct current 

AC VOLTAGE REGULATOR
PHASE A

AC VOLTAGE REGULATOR
PHASE B

AC VOLTAGE REGULATOR
PHASE C

AC POWER
DISTRIBUTION

3 PHASE AC REGULATOR
CONTROL UNIT

TRANSMITTER
JUNCTION BOX

RADAR
JUNCTION BOX

RADAR CONTROL
PANEL

Figure 23.2

Functional block diagram

ber28376_ch23.indd   1148ber28376_ch23.indd   1148 1/2/08   3:29:13 PM1/2/08   3:29:13 PM



CROSSOVER

A

CB

A

CB

UNNECESSARY
DOGLEG

A

B C

A

B C

NOT CORRECT

CORRECT

Figure 23.3

Diagram components

T1
31

52
D2

D1 D3

D4

C1

R1

D5

C2
R3

Q1 Q2

R2 Q4

Q3

Q5

R4

R7

R8

R9

R10

C3

R6R5

Figure 23.4

Schematic drawing of a simple electronic circuit

 1149
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(Figure 23.6). The reference designation is a C. The value 

of the capacitance is usually included, expressed in mi-

crofarads or picofarads.

Diodes allow current to fl ow more easily in one direc-

tion than in another (Figure 23.7). Zener diodes act like 

standard diodes until the voltage reaches a certain level; 

then their reverse current increases quickly. The reference 

designation for diodes is usually CR; for a zener diode, it 

may be VR.
Light emitting diodes (LEDs) are often used as indica-

tors on control panels, etc.

Transistors have many functions, most commonly as 

high-speed controllable switches (Figure 23.8). The ref-

erence designation is Q. The transistor usually has three 

terminals, called the base (B), the emitter (E), and the col-
lector (C).

Transformers convert incoming voltage to a higher or 

lower voltage (Figure 23.9). Transformers may step the 

Fixed Resistance

R12
22K

R33
10K

R16

Variable Resistance

Figure 23.5

Schematic representation of resistors

C23

Fixed Capacitance

C4

C15
10 PF

Variable Capacitors

Figure 23.6

Schematic representation of capacitors

CR5
IN916

Diode

Light
emitting
diode (LED)

Zener
diode

VR7 or CR7
IN198

Figure 23.7

Schematic representation of diodes

Q13
2N2222

NPN type 

Q15
2N2193

PNP type 

B

Terminal 
identifiers
shownEC

Figure 23.8

Schematic representation of transistors

31

52

4

Figure 23.9

Schematic representation of transformers
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voltage up; however, in electronic devices they usually 

step the voltage down. The reference designation is T. 
A transformer is usually used to convert household cur-

rent (120 volts) to the low-level voltage (12 volts, 15 volts, 

5 volts, etc.) on which most electronic devices operate.

Fuses and circuit breakers protect circuits by opening 

them when current levels exceed the rated value of the 

device (Figure 23.10). The reference designator is an F. 
Values are usually included, rated in amps.

Relays are used to open and close circuits in response 

to the variations of another circuit (Figure 23.11). They 

are usually used as remote switches. A relay is made up 

of a coil that powers one or more switches, in any com-

bination of “normally open” or “normally closed.” Nor-

mally open means that when no power is applied to the 

coil, the switch is open and no current will fl ow. The ref-

erence designation is a K.
Connectors are used to join circuits or parts of circuits 

(Figure 23.12). Connectors come in many sizes and types 

and are usually made up of plugs (external components) 

and jacks or receptacles (internal components). Reference 

designations are P for plugs and J for jacks.

Switches are used to open and close circuits (Fig-

ure 23.13). There are a large variety of sizes, types, and 

ratings of switches. Also, switches are often combined to 

form units that open and close numerous circuits with a 

single lever. The reference designation is S.
Integrated circuits (ICs) are made up of large numbers 

of small components and are packaged into a single unit, 

usually called a chip (Figure 23.14). There are several ways 

of showing ICs on a schematic. They may either be shown 

as a unit, or they may be broken down into their functional 

parts, with the individual parts shown separately on the 

drawing. The reference designation is U, and the identi-

fi er number is usually included with the symbol. When 

the IC is separated on the schematic, each component of 

the IC will have its U number attached. This is why there 

may be several “logic gate” symbols on the schematic with 

the same U number. Pin number identifi cation is essential, 

whether the components are separated or not.

Logic diagrams are schematic drawings of circuits 

that include logic gates and components. Often, the terms 

F1
1 AMP

Figure 23.10

Schematic representation of a fuse

5

4

3

2

1

K14

Figure 23.11

Schematic representation of a relay

P3 J3

1 1

2 2

3 3

Figure 23.12

Schematic representation of a connector

S11

S5

S23

Double throw

Push-button

General switch

Figure 23.13

Schematic representation of switches

ber28376_ch23.indd   1151ber28376_ch23.indd   1151 1/2/08   3:29:14 PM1/2/08   3:29:14 PM



1152 PART 4  Standard Technical Graphics Practices

“logic diagram” and “schematic drawing” are used inter-

changeably. Logic gates are electronic components that 

take input signals and create logical output signals, based 

on the inputs states. Figure 23.15 identifi es some of the 

logic gates and their symbols.

In all of the logic symbols, the inputs (controls) are 

shown on the left, and the outputs (controlled signal) are 

shown on the right. Different outputs can be obtained by 

changing input signals. The basic gates are as follows:

AND gates turn the output on if both inputs are on.

OR gates turn the output on if either input is on.

NAND gates are the exact opposite of AND gates.

NOR gates are the exact opposite of OR gates.

Inverters reverse the logic of a signal.

Many combinations of these can be made to obtain the 

desired logic.

To create a schematic drawing, the circuit must fi rst 

be designed. The types of components must be selected, 

and the relationships between components must be de-

termined. This work is usually done by an electrical en-

gineer or a highly experienced electronic technician and 

is beyond the scope of this book. Once the circuit is de-

signed, the drawing can be produced.

The fi rst step is to obtain detailed information about 

the specifi ed components. Vendor catalogs are the most 

common source of this information.

The next step is to select the medium on which the 

drawing will be made. For hand-drawn schematics, it is 

helpful to use grid paper and logic and schematic tem-

plates. Only relatively simple schematics should be done 

in this manner. Complex schematics should be done on a 

Integrated circuit
shown as a unit

U16
SN7402

141

132

123

114

105

96

87

4

5

6

12

13

11
U16

U16

1

2

3

10

9

8
U16

U16

Integrated circuit
shown as separate
logic components

Figure 23.14

Schematic representation of an integrated circuit

9

10

12

13

11
U16

AND

1

2

3
U16

U8
8

4

5
U4

6

U3
1213

OR

NAND

NOR

Inverter

Figure 23.15

Schematic representation of logic symbols
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CAD system. The following describes the steps for actu-

ally drawing the schematic.

Drawing a Schematic Circuit
Step 1. Place the input connections on the left side of the 

paper and the output connections on the right side. In 

many cases, these input and outputs will be in the form 

of connectors. (The circuit designer identifi es which con-

nections are input and which are output.)

Step 2. Examine the overall design to determine if there 

are groups of components that form one or more recur-

ring patterns in the schematic. Most circuits are made up 

of such groups. Once a pattern is identifi ed, arrange its 

components in the simplest form possible.

Step 3. Arrange the groups and other components so that 

the routes between them are as short as possible. For ex-

ample, the components with the most connections should 

be in the center of the arrangement. Support groups, such 

as power supply circuits, should be at the bottom.

Step 4. Connect the pins to each other, starting from one 

side of the schematic and moving to the other. Ignore 

power and ground connections for the time being. Con-

nections should be as short as possible, should be hori-

zontal and vertical (i.e., not angled), and should have as 

few bends and crossovers as possible.

Step 5. If, as connections are made, it becomes apparent 

that some components need to be repositioned to sim-

plify the connections, do so. It usually takes several itera-

tions to fi nd the simplest arrangement possible.

Step 6. Use voltages and ground symbols to identify power 

and ground on the pins of the components. Do not use 

line connections as for other circuitry. However, be aware 

that some circuits use more than one voltage, and some 

of the voltages may be negative.

Step 7. With CAD, insert a “block” or “library part” symbol 

(i.e., a component or part in the CAD library of parts) in 

the place for each component in the drawing area. Use 

ATTRIBUTES to add text to the symbols automatically as 

they are inserted.

23.3 Wiring and Cabling Diagrams
Wiring diagrams are used to show how components in 

an electrical assembly are connected. Wiring diagrams 

can be done in several ways, one of which is shown in 

Figure 23.16. This type of wiring diagram is called a ca-
bling diagram since it is for a single cable wiring har-

ness. In this type of drawing, how the assembly is con-

nected and what it looks like are more important than the 

functions of the components.

Another type of cabling diagram shows how a group 

of components are connected with a cable (Figure 23.17). 

Called an interconnection diagram or a point-to-point di-
agram, this type of diagram works better than when there 

are a large number of connections.

P1

P2

TO J2

TO J1
WHT/BLU

BLU/YEL

TO
POWER
SUPPLY

GRN

BLK

ORGWHT
PS-1

SENSE

PS-2

PS-3

WHT/BLU
BLU/YEL

ORG

TB1-1

TB1-2

TB1-3

110 VAC

Figure 23.16

Diagram of a wiring harness
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When there are numerous cables connecting numerous 

components, a wiring diagram called a highway diagram 

may be used (Figure 23.18 on the next page). The actual wires 

are not continued; rather, they are bundled together. This 

technique reduces the numbers of lines drawn and simplifi es 

the drawing. In this type of diagram, the identifi cations are 

placed at each end of the wire. Care must be taken to do this 

correctly, or there will be no way to trace a connection.

23.4 Printed Circuit Boards
Almost all electronic devices use circuit boards, also 

called printed circuit boards (PCBs), printed wiring 

boards (PWBs), circuit cards, PC boards, etc. PCBs are 

made of fi berglass, usually about 0.060 inch thick. The 

wiring patterns are etched on them. The etching process 

creates traces of copper that are about 0.020 inch wide 

and about 0.003 inch thick. These traces act as wires and 

are used to carry power and electrical signals.

The board starts out with a solid copper coating, 0.003 

inch thick. A circuit artwork master is placed over the 

board, masking the wiring pattern, and the board is then 

exposed to the etching process. Any copper not masked is 

dissolved from the board, leaving the circuit traces.

Because circuit traces can never cross on the same side 

of the board, other means have been developed to allow 

for more circuits paths between connections. One of these 

is the pad or feed-through, which is a large, round cop-

per donut with a hole through the center. The hole extends 

through the board and through a matching donut on the 

other side. The inside of the hole is plated with copper, 

which makes an electrical connection between the two 

pads on opposite sides of the board.

J1 P1

RED
BLUE/YELLOW

YELLOW
ORN/WHT

RED/WHT
YEL/WHT

GRN/YEL
BLUE/WHT

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7
8
9
10
11
12
13

1
2
3
4
5
6
7
8

J2 P2

J3 P3

21

CIRCUIT
CARD #3

CIRCUIT
CARD #2

CIRCUIT
CARD #1

I/O
CIRCUIT
CARD #4

1
2
3
4
5
6
7
8

22
23
24
25
26
27
28
29
30
31
32
33
34

16
17
18
19
20
21

12V
12V
5V
5V

24V

+
–
+
–

+
GRD

Figure 23.17

Cabling diagram showing how a group of components are connected with a cable
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These feed-throughs are also where components 

are placed. Once the board is made, the resistors, inte-

grated circuits, diodes, etc., are inserted into the proper 

feed-throughs and soldered into place. The pad makes a 

solid mounting for the component and provides a secure 

connection.

Some boards are single layer, where all circuitry is on 

one side of the board. These are used for simple circuits. 

Other boards are double-sided, where both sides are used 

for circuitry. Still others are multilayer, where many 

boards are sandwiched together to create a single circuit.

Before PC boards were developed, electrical devices 

were wired by hand. The wires were hand-soldered to the 

connections, and excess wire was bundled and stuffed in-

side the cabinet. This led to a number of problems. First, 

the wires could be connected incorrectly, which would not 

be known until the device was tested. Second, the con-

nections could be weak. Third, the wires could be pushed 

up against a sharp edge, and the insulation could be cut, 

resulting in a short. These are just a few of the problems 

experienced with hand-wired electronic devices.

The PC board virtually eliminates the need for hand 

wiring, thus increasing accuracy and improving quality. 

A company can manufacture millions of circuit boards 

and be assured that the last one is wired in the same way 

as the fi rst one.

23.4.1 Circuit Board Drawings

There are several steps to the creation of a circuit board 

and each step requires a specifi c drawing with its own set 

of guidelines and techniques. Each type of drawing is ex-

plained in the following paragraphs.

Schematic Drawing  Figure 23.4 shows an example of a 

schematic drawing (without the drawing borders and title 

blocks). The schematic can provide the basis of a circuit 

J1 P1

PCB4 – 1 RED
PCB4 – 2 BL/YEL
PCB4 – 3 YEL
PCB4 – 4 ORN/WHT
PCB4 – 5 RED/WHT
PCB4 – 6 YEL/WHT
PCB4 – 7 GRN/YEL
PCB4 – 8 BLUE/WHT

1
2
3
4
5
6
7
8

1
2
3
4
5
6
7
8
9
10
11
12
13

1
2
3
4
5
6
7
8

J2 P2

J3 P3

CIRCUIT
CARD #3

CIRCUIT
CARD #2

CIRCUIT
CARD #1

I/O
CIRCUIT
CARD #4

1
2
3
4
5
6
7
8

25
26
27
28
29
30
31
32
33
34
35
36
37

16
17
18
19
20
21

12V
12V
5V
5V

24V

+
–
+
–

+
GRD

PCB4 – 1 RED
PCB4 – 2 BL/YEL
PCB4 – 3 YEL
PCB4 – 4 ORN/WHT
PCB4 – 5 RED/WHT
PCB4 – 6 YEL/WHT
PCB4 – 7 GRN/YEL
PCB4 – 8 BLUE/WHT

PCB4 – 25 RED
PCB4 – 26 BLU
PCB4 – 27 GRY
PCB4 – 28 BLK
PCB4 – 29 ORN
PCB4 – 30 VIO
PCB4 – 31 BLU/RED
PCB4 – 32 BLU/GRY

PCB4 – 37 YEL/ORG
PCB4 – 36 YEL/GRY
PCB4 – 35 RED/VIO
PCB4 – 34 RED/YEL
PCB4 – 33 BLU/GRN

P4 J4

PCB1 & 2 – 1
PCB1 & 2 – 2
PCB1 & 2 – 3
PCB1 & 2 – 4
PCB1 & 2 – 5
PCB1 & 2 – 6
PCB1 & 2 – 7
PCB1 & 2 – 8

PCB3 – 1
PCB3 – 2
PCB3 – 3
PCB3 – 4
PCB3 – 5
PCB3 – 6
PCB3 – 7
PCB3 – 8

PCB3 – 13
PCB3 – 12
PCB3 – 11
PCB3 – 10
PCB3 – 9

Figure 23.18

A highway diagram used when there are numerous cable connections
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board. A logic diagram, as shown in Figure 23.19, may be 

used in place of a schematic drawing if integrated circuits 

(logic chips) are used instead of individual components.

Artwork Drawing, Component Side  Artwork drawings are 

used to create the mask that will actually create the etched 

circuit. Separate artwork is prepared for each side of a 

double-sided board. The component side artwork shows 

the circuitry that will be etched on the same side as the cir-

cuit components. Figure 23.20 on the next page is a typical 

example. Notice the alignment targets and the dimension. 

These targets are included with the artwork and silkscreen 

drawings in order to register, or align, the artwork pieces. 

Such registration will ensure that the pad holes are accu-

rate on both sides of the board. Also, if the PC board is 

double-sided, artwork drawings will be needed for both 

sides. If the board is multilayered, artwork drawings will 

be needed for each layer.

Artwork Drawing, Circuit Side  The circuit side is generally 

the side where most of the circuit connections are made 

(Figure 23.21 on the next page). Notice that the alignment 

targets are included on this artwork drawing.

Fabrication Drawing  The fabrication drawing, or drill 

drawing, is used to cut the board edges and to locate 

the feed-through holes for drilling (Figure 23.22 on 

page 1158). Most fabrication drawings will include 

specifi cations for the board material and for the circuit 

material.

Silkscreen Drawing  The silkscreen or screen printing 
drawing is used to make a silkscreen master with which 

lettering and component outlines are printed on the board 

(Figure 23.23 on page 1158). Notice that the alignment 

targets are also shown.
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Figure 23.19

A logic diagram
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Figure 23.20

Component side artwork drawing

4.500 + / – .005

Figure 23.21

Circuit side artwork drawing
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Assembly Drawing  The assembly drawing shows how 

the components are mounted before being soldered, and it 

is used by manufacturing to ensure the proper assembly of 

the components. Figure 23.24 on the next page is a simpli-

fi ed assembly drawing. For most circuit boards, the assem-

bly drawing is considerably more complex.

23.4.2 Circuit Board Layout and Design

The steps for developing the design and layout of a PC 

board are described in the following. The use of a CAD 

system is assumed, as is the availability of the completed 

schematic.

5.50

1.00

3.75

.38

3.75

Notes:
1. Material: fiberglass epoxy, .06 thick.
2. Plating thickness: .001
3. Holes to be plated through,

dimensions apply after plating
4. Hole size: .031 +/– .003 (61)

Figure 23.22

Fabrication drawing showing the location of drilled holes and material

1

17

1

U3

1

U1

1

U4

1

U2

4.500 + / – .005

Figure 23.23

Silkscreen drawing to make a silkscreen master for a PCB

ber28376_ch23.indd   1158ber28376_ch23.indd   1158 1/2/08   3:29:17 PM1/2/08   3:29:17 PM



  CHAPTER 23  Electronic Drawings 1159

Design and Layout of a Circuit Board
Step 1. Look up all the components in vendor catalogs. 

Identify each pin, the pin arrangement, the wire sizes 

of the pins, and the location of the power and ground 

connections.

Step 2. Find the physical size of each component. Iden-

tify any components that may generate heat or may be 

sensitive to heat. Also, identify any components that may 

give off electronic “noise,” as well as those that are sen-

sitive to such noise. Usually, the designer will make these 

investigations and supply the required information.

Step 3. To begin laying out the circuit, create a CAD library 

of pad patterns. Use the DONUT command, and place 

two donuts 0.500� apart, using 0.010� centers. This pair 

of pads forms a pattern for a ¼-watt resistor. Save this 

as a block, to be inserted wherever a resistor is needed 

on the circuit board.

Step 4. Create another block with three pads in a triangle, 

which is the pattern for a transistor. Refer to the vendor 

catalogs for pattern dimensions, numbers of pads, pad 

and hole sizes, and other information. These patterns 

will be used repeatedly as the circuit board layout is 

developed.

Step 5. Look for repeated groupings of components, such 

as resistors, diodes, etc. Start by inserting the compo-

nents of the group into the drawing area, and then ar-

range them into the simplest confi guration possible.

Step 6. Arrange the groups of components into a logical 

order, with those groups that are most interconnected 

close to each other.

Step 7. Set up two layers for traces, one for those on the 

circuit side of the board and one for those on the compo-

nent side. Set the polyline width to the proper size for the 

current being carried (as calculated and provided by the 

circuit designer). Use the polyline command to begin con-

necting pins together, starting with the power and ground 

connections. The power and ground traces are laid out 

fi rst; they are usually much wider than the others in order 

to carry the current needed. To keep the traces either ver-

tical or horizontal, be sure the orthographic mode is on.

Step 8. After the power and ground traces are fi nished, 

begin making connections between the other pins, start-

ing with the densest areas of the board fi rst.

Step 9. If necessary, rearrange some components in order 

to simplify the trace routes. This is easier to do early in 

the layout process. As more connections are made, it 

may become diffi cult to route traces properly, and it may 

1

U3

1

U1

1

U4

1

U2

17

1

Figure 23.24

Assembly drawing of a circuit board
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be necessary to use feed-throughs (also known as vias) 

to switch sides of the board to avoid trace crossovers.

Step 10. After all connections are made, generate the art-

work drawings by turning on and off the appropriate lay-

ers of the drawing.

Step 11. Finally, create layers for the other drawings that will 

be needed, that is, fabrication, silkscreen, and assembly 

drawings.

23.4.3 CAD Layout and Design Software

For more complex boards, it is recommended that special-

ized CAD software programs be used, which will greatly 

simplify the task. The biggest advantage to such software 

is its autorouting of the connections. Most programs al-

low the operator to generate a connection list, detailing 

all the connections that must be made between the ICs. 

This list is then compiled by the software, and a graphic 

of the connections is generated. The resulting rats nest 
will display the tangle of connections. At this point, the 

operator rearranges the ICs manually to reduce the tan-

gling and crossovers, and the results are shown dynami-

cally on the screen.

Once the bulk of the tangling is reduced, the operator 

can concentrate on the fi nalized paths of the remaining 

connections.

23.5 Summary
Electronics drafting is a specialized area of engineering 

drawing, using its own set of rules, standards, and sym-

bols. There are also several types of electronic drawings, 

such as block diagrams, schematics, printed circuit board 

drawings, etc. In all cases, it is necessary to understand 

the order or pattern of the components and their functions 

before the drawing can be done. Minimizing or eliminat-

ing connecting-line crossovers and doglegs helps make 

the fi nal drawings easier to understand and use.

Virtually all circuit boards made today are designed 

with CAD software. For relatively simple boards, a stan-

dard software package is suffi cient. For more complex 

boards, a specialized electronics drafting software pack-

age should be used. Hand layout is only recommended for 

very simple boards.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. List the major types of drawings used in electronics 

drafting.

 2. Identify the symbols for the major components used 

in electronic assemblies.

 3. Differentiate between block diagrams and schematic 

diagrams.

 4. What scale is used for a schematic drawing? Why?

 5. What reference designation is used for a transistor? 

For a diode?

 6. A relay is designated with a K. Why not use an R?

 7. Several logic gate symbols on a drawing may have 

the same U designation (e.g., U16 in Figure 23.14). 

Why would this happen?

 8. On schematic drawings, where are the inputs? the 

outputs?

 9. List the advantages of a circuit board over a hand-

wired assembly.

 10. List fi ve drawings commonly used in the manufac-

ture of circuit boards.

Further Reading
Kirkpatrick, James M. Electronic Drafting and Printed Circuit 

Board Design. Albany, NY: Delmar.
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P r o b l e m s

 23.1 On a separate sheet, sketch the electronic symbol 

for the following terms:

  ■ Transistor

  ■ Transformer

  ■ Double pole, double throw (DPDT) switch

  ■ NOR gate

  ■ Logic inverter

 23.2 Locate and submit a copy of a schematic diagram 

from a household electronic device (VCR, televi-

sion, radio, etc.).

 23.3 (Figure 23.25) Redraw the block diagram sketch as 

a complete production drawing.

 23.4 (Figure 23.26) Redraw the cabling sketch as a com-

plete production drawing.

Figure 23.25

Block diagram sketch Figure 23.26

Cabling sketch
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Figure 23.27

Electronic circuit

 23.5 Use a CAD software program to make a complete 

set of production drawings for the electronic circuit 

shown in Figure 23.27. Design a double-sided board 

and use vendor catalogs to research the components. 

You will need to know the actual sizes of the com-

ponents and the sizes of the holes for the pads for 

each component. Make the board as small as practi-

cal and use 0.100 OD by 0.030 ID pads for exter-

nal connections. Be sure to include the following: 

a schematic drawing, a fabrication drawing, circuit 

side artwork, component side artwork, a silkscreen, 

and a fi nal assembly drawing.
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Chapter Twenty-Four

Piping 
Drawings

Objectives
After completing this chapter, you will be 
able to:

 1. Identify and graphically represent pip-

ing components.

 2. Create orthographic piping drawings.

 3. Create isometric piping drawings.

 4. Explain how CAD is used for model-

ing and drawing process plants.

Introduction
Piping is a specialized engineering fi eld 

concerned with the design of piping systems 

used to transport liquids and gases in struc-

tures and process plants, such as oil refi ner-

ies. Piping drawings specify the pipe fi tting 

types and locations and use standard sym-

bols to represent pipes, joints, and fi xtures. 

Piping drawings can be very complicated 

and hard to visualize, which makes the use 

of real models, such as plastic engineering 

models or computer models, very impor-

tant. The use of CAD to build 3-D computer 

models has revolutionized the design and 

representation of process plants. This chap-

ter is an introduction to piping components, 

drawings, symbols, and system modeling.

A society that scorns excellence in 

plumbing because it is a humble activity 

and tolerates shoddiness in philosophy 

because it is an exalted activity will 

have neither good plumbing nor good 

philosophy. Neither its pipes nor its 

theories will hold water.

—John Gardener

C
hapter Tw

enty-F
our
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24.1 Overview
Piping drawings are used in the design and construction 

of oil refi neries, chemical plants, tank farms, and other 

applications (Figure 24.1). Piping drafting is a specialized 

fi eld that uses graphic symbols and standards to represent 

process structures that contain pipes, tanks, pumps, boil-

ers, exchangers, valves, and other components. Piping 

drawings represent a process plant by using symbols for 

components and single or double lines for the pipes (Fig-

ure 24.2). Standard graphic symbols are very commonly 

used to represent pipe components to save time.

Some process plants are so complicated that a model 

must be made of the design to determine interferences and 

to visualize the plant. Before CAD, physical models were 

made for this purpose (Figure 24.3). With CAD, it is pos-

sible to create a virtual model of the process plant in the 

computer (Figure 24.4). The virtual model can be used to 

“walk through” the plant to check interferences and clear-

ances, headroom, and other environmental constraints.

The pipes used in homes to carry water, waste, and gas 

are called plumbing. The pipes used in cities to transport 

water and waste are called civil piping. Process piping is 

used to transport water, air, steam, and raw materials in 

industrial plants that process the raw materials and con-

vert them into fi nished products. Pipelines carry materi-

als over long distances. An example is the Alaskan oil 

pipeline, which carries crude oil from the north shore of 

Alaska to the south shore. Piping for power plants, gas 

and oil refi neries, transportation systems, refrigeration 

plants, chemical plants, and gas and air piping systems 

is controlled through the ANSI Code for Pressure Piping 

(ANSI/ASME B31.1–1989).

24.2 Pipe Types
Pipes used in process plants commonly range from 1 inch 

to 24 inches in diameter and larger. Pipe sizes smaller than 

1 inch are available for instrument and service lines. The 

nominal pipe size (NPS) is the specifi cation standard for 

piping and it uses the outside diameter (OD) of the piping. 

The inside diameter varies according to the wall thickness. 

Pipe wall thicknesses are specifi ed by ANSI Standard 

B36.10–1970, using schedule numbers ranging from 10 

(thin) to 160 (thick). Pipes are calculated to handle a  certain 

fl ow of liquid or gas at a certain temperature and pressure. 

The higher the pressure, the thicker the pipe wall.

Pipes are made of many materials, such as steel, stain-

less steel, cast iron, vitrifi ed clay, copper, plastic, and oth-

ers. Also, the pressures and temperatures of the  materials 

carried by pipes can be very high, so some pipes are 

welded at the joints.

24.2.1 Steel

Cast iron and steel are the most common materials used in 

piping. Carbon steel piping is used for many above-ground 

applications. Steel pipe is made by forging and then bor-

ing; welded pipe is formed from steel plate and then 

welded along its seam. Seamless pipe is made by piercing 

a billet (i.e., a bar) of steel and then rolling it to a specifi ed 

Figure 24.1

An oil refi nery depends on piping drawings and models for 
design and construction.

(© Ellis Herwig: MGA/Photri.)

Figure 24.2

Piping drawing plan view
(Courtesy of Rebis.)
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 diameter. Steel pipe is strong, weldable, and durable (Fig-

ure 24.5 on the next page). If the pipe is to be used in high 

temperature and pressure or highly corrosive environ-

ments, then alloyed steel, such as stainless steel, is used.

24.2.2 Cast Iron

Cast iron pipes are corrosion resistant and are used for 

water, gas, and waste. They are used for underground ap-

plications in cities because of the material’s long life. Un-

derground cast iron pipe is specifi ed using the American 

Water Works Association (AWWA) standards and is avail-

able in a wide range of diameters and wall thicknesses.

24.2.3 Copper

Copper and copper alloy piping, such as brass, is used 

in residential construction and instrument lines.  Copper 

Figure 24.3

Physical model of a process plant

Figure 24.4

Virtual computer model
(Courtesy of Dassault Systemes.)
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lines are used when scale and oxidation would form if 

steel pipes were to be used. Copper pipe is expensive, 

with a low melting point, but it is corrosion resistant and 

has high heat transfer properties.

24.2.4 Plastic

Plastic piping is used in residential construction for waste 

and water. The plastic pipe is made from polyvinyl chlo-

ride (PVC). Steel pipe with PVC, Tefl on®, or other liners 

is used to transport corrosive materials, oil, alcohol, ac-

ids, and many other materials.

24.2.5 Other Pipe Materials

Other types of pipes are vitrifi ed clay, glass, and steel 

tubing. Clay pipes are corrosion resistant and are used in 

sewer lines. Glass pipe is used in chemical, food process-

ing, and pharmaceutical industries. Flexible copper, steel, 

and stainless steel tubing is used for various applications 

with low fl ow and sometimes high pressure, such as in 

hydraulic lines.

24.3 Pipe Connections
Pipes are connected by welding, screwing, gluing, or the 

use of fl anges. The piping material and size determine the 

joining method. Flared pipe ends require backup fl anges 

for connection. Plastic pipes are fastened by gluing with 

a solvent.

24.3.1 Weld Connections

Welding is the most common type of connection method 

used in industry. The two common types of welds are butt 

and socket. Butt welding is used for pipe 2 inches in di-

ameter or greater, and the joint to be welded is prepared 

with a beveled edge to accommodate the weld. The socket 

weld is used on pipe 2 inches in diameter or smaller. Both 

the socket and butt welds create a leak-proof connection 

(Figure 24.6).

24.3.2 Screw Connections

Threads are used to connect piping in applications where 

temperatures and pressures are low to prevent leakage. 

Pipe threads are commonly found in gas lines in homes. 

Screwed connections are usually used on steel and brass 

pipes of 2-inch diameter and smaller. Pipe sealing com-

pound or Tefl on® tape is used to create a tighter fi t.

24.3.3 Flange Connections

Flanged joints are devices used to fasten steel and iron 

piping. The fl ange is made of steel, is greater in diameter 

than the pipe, and is held together with bolts. A gasket is 

used to seal the joint when the bolts are tightened (Fig-

ure 24.7).

24.4 Pipe Fittings
Pipe fi ttings are used to connect lengths of pipe, change 

direction, create branching, and change pipe size. The 

90- and 45-degree elbows and bends are used to change 

directions. Tees and crosses are used for branching. The 

return bend is used to make a 180-degree turn.

Figure 24.5

Steel pipe can be welded when joining.

(© Daryl Benson/Masterfi le.)

Figure 24.6

Socket weld pipe connection
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Screwed fi ttings are used for screwed connections (Fig-

ure 24.8). Welded fi ttings are used on welded joints (Fig-

ure 24.9), and fl anged fi ttings are used on fl anged joints 

(Figure 24.10).

24.5 Valves
Valves are used in piping systems to stop, start, and regu-

late the fl ow of fl uids. Common types of valves are globe, 

gate, check, and safety. Globe valves are used for close reg-

ulation of fl ow, which causes some loss of pressure (Fig-

ure 24.11 on the next page). Check valves are used to con-

trol fl uid fl ow in one direction (Figure 24.12 on the next 

page). Gate valves have straight-through openings to con-

trol fl uid fl ow with little loss of pressure, and they are usu-

ally used for on/off  service (Figure 24.13 on the next page). 

Other valve types include bypass,  governor-operated, re-

ducing, diaphragm, fl oat, quick opening, and others.

24.6 Pipe Drawings
Pipe drawings are 2-D representations of piping sys-

tems. Such drawings use graphic symbols for the design, 

construction, and maintenance of process systems. Pipe 

Gasket

Pipe

Slip-on flange

Figure 24.7

Flanged joint

Coupling
Pipe

Figure 24.8

Screwed fi ttings

Figure 24.9

Welded fi ttings

90°
Elbow

Tee Cross 45°
Lateral

90° Long-
Rad. Elbow

45°
Elbow

90° Base
Elbow

Taper
Reducer

Return
Bend

Figure 24.10

Flanged fi ttings
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Wheel Nut

Wheel
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Packing Nut

Gland
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Disc
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Figure 24.11

Globe type of valve

Hinge
Pin

Hinge

Disc

Body

Disc
Hinge

Nut

Stop
Plug

Cap

Figure 24.12

Check type of valve

drawings represent pipes in orthographic plan or eleva-

tion views, section views, and pictorial views, especially 

isometric views. Normally, pipe drawings use symbols 

to represent pipes, joints, valves, and other piping com-

ponents. ANSI standard schematic symbols are shown 

in Appendix 58. Other examples are shown in this chap-

ter. For CAD, schematic piping symbols are available in 

predrawn symbol libraries to make the creation of pipe 

drawings much easier and faster than with hand tools and 

templates (Figure 24.14). Process and instrument fl ow 

diagrams are also represented in schematic form.

24.6.1 Plan Drawings

A plan drawing shows the piping layout orthographically 

from above, as a top view (see Figure 24.2). A side view is 

called an elevation drawing. The plan or elevation view 

is the most common type of piping drawing. An elevation 

drawing includes the building outline and a schematic 

representation of piping, supports, and equipment. Two 

types of elevation and plan drawings are used for piping: 

single-line and double-line.

Single-Line Drawings  Single-line drawings simplify the 

creation of piping drawings by representing the center 

lines of pipes as thick solid lines. Also, the symbols used 

to represent various components are drawn as thick lines 

(Figure 24.15). For example, a compressed-air line with 

a screwed 45-degree elbow, connected to a gate valve, is 

shown in Figure 24.16. The air line is drawn as a solid 

line, with the letter A near the center to designate that the 

pipe is to carry compressed air. The screwed 45-degree 

elbows are shown as short lines perpendicular to the pipe 

line. The intersecting circle and triangle on one end is the 

graphic symbol used to represent a gate valve in the plan 

view.

Wheel Nut

Wheel

Stem

Packing Nut

Gland

Packing

Stuffing Box

Bonnet

Disc

Body

Figure 24.13

Gate type of valve
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Figure 24.14

CAD piping symbol library

(Reprinted with permission from CAD Technology Corporation. www.CADtechcorp.com.)
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VECO used a 3-D design approach to reduce the 

lead time for design and construction of a new 

pharmaceutical production plant by 2 months, meeting 

the tight project schedule. The key to an early construc-

tion start and reduced construction duration was the ac-

curate development of the plant in the form of a 3-D 

computer model. This approach saved time by automat-

ing the creation of complex engineering drawings such 

as isometrics, and speeded construction by making it 

possible to minimize clashes during the design phase. 

Also, the completed design resulted in quantitative pro-

duction performance improvements, and increased uti-

lization of equipment such as reactors and centrifuges. 

Modular design and construction techniques aided in 

meeting the demanding project schedule. Signifi cant 

cost savings were realized by shop fabricating the 

modules.

VECO is a global organization delivering total pro-

gram management and innovative engineering, con-

struction, operations, and maintenance services to 

resource and process industries. Formed to support off-

shore oil production in Alaska, the company has grown, 

through strategic acquisitions, to more than 4,000 em-

ployees worldwide.

Pharmaceutical plants have a number of unique char-

acteristics. First, owners want to maximize the produc-

tion capacity per unit of building volume. This results in 

a congested plant. The congestion makes design accu-

racy critical. Second, most of the pipe is between 1� and 

3� nominal size with some pipes up to 14�. Third, the 

operator work areas must be clear with all valves and 

controls easily accessible. Fourth, there must be path-

ways to bring in feed stock on pallets and remove prod-

uct from the production area. Finally, the design must 

support rapid confi guration changes for new products. 

The use of confi gurable piping systems greatly reduces 

Use of 3-D Modeling Reduces New Pharmaceutical 

Plant Lead Time by 2 Months

downtime during product changes. Wyckoff challenged 

the project team to design, construct, and commission 

the Plant 2 Production Area in nine months. This led to 

a fast track design with a parallel design and construc-

tion effort.

With large quantities of small piping and the tight 

spacing, a 2-D CAD approach would not work. It would 

take large amounts of time to generate the section and 

elevation drawings with an associated high risk for in-

terferences and errors. Instead, it was decided to model 

the entire plant in 3-D and use the 3-D model to address 

spacing issues during the design process, rather than 

during construction.

The 3-D approach enabled the generation and anno-

tation of sections in hours versus days with a 2-D ap-

proach. At the same time, 3-D modeling made it pos-

sible to create isometric drawings automatically based 

on the information contained in the model rather than 

by hand. A high level of accuracy was achieved because 

the isometrics and sections came directly from the 3-D 

model.

VECO designed all of the plant piping, structures, 

the layout of IE&C conduit and devices in a 3-D envi-

ronment. The drawings resulting from the 3-D model 

Double-Line Drawings  Double-line drawings represent 

pipes as two parallel, solid black lines. Double-line draw-

ings take more time but are much more realistic looking 

than single-line drawings (Figure 24.17 on page 1172). 

Double-line drawings are used for

Piping system illustrations.

Presentation drawings.

Visualizations.

Clearance and interference checks for large-diameter 

pipes.

Begin a double-line drawing by laying out the building 

and structural members and then locating the coordinates 

for the major equipment from the layout plan. Then add the 

large equipment, such as tanks, fi lters, and so forth, to the 

drawing. Equipment vendors will provide the equipment 

dimensions, which are used to create a scaled drawing. The 
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of the Production Area included 70 piping drawings 

(plans, sections, and elevations); 720 piping isometrics; 

10 structural drawings; and 15 IE&C layout drawings.

In order to meet the tight schedule, it was absolutely 

essential that the construction team had the informa-

tion to order material early and have it available on site 

when needed. The software contributed to this process 

by automatically tracking the materials used in the proj-

ect by maintaining a database linked to the 3-D model. 

Then, as soon as a section of the model was completed, 

a bill of materials (BOM) could be generated simply by 

querying the database. In this fast track job, we gener-

ated BOMs prior to the formal issue of drawings. The 

BOMs were generated as reports from the project da-

tabase. The BOMs could be based on any equipment 

item, material, or size. An example of this was the order 

of the piping header material (CS piping above 4�) very 

early in the project.

Design Visualization

In the recent past, when faced with a plant that was very 

congested, plastic models were developed to review 

operating and maintenance clearances, interferences, 

process design (slope, drainage, cleanability, etc.), and 

locations of all components. Today VECO uses Rebis’ 

AutoPLANT Explorer/ID to review the project’s 3-D 

model. When we hold these reviews, we are typically 

looking for the same items we did in the past, but it is 

done in real time. With this approach, we have mini-

mized the potential fi eld confl icts and we have con-

trolled fi eld changes to less than 1% of the project 

budget.

VECO successfully met the milestones required to 

achieve a two-month reduction in the overall project 

schedule. Designing the plant in a 3-D environment. As 

a result of this and other successful projects, most of 

VECO’s designs are now developed using 3-D model-

ing software. The only time the fi rm now uses 2-D de-

sign tools is in response to client requests.

All photos by Brian Y. Stewart, P.E., Project Manager, VECO Rocky Moun-

tain, Inc., Englewood, Colorado.

center lines of the pipes are drawn using construction lines 

or by employing a construction layer when using CAD. Fit-

tings are then added to the outside diameter of the pipes.

24.6.2 Isometric Drawings

Isometric drawings are pictorial representations of a pip-

ing system and can be single- or double-line representa-

tions, complete with pipes, fi ttings, valves, equipment, and 

dimensions (Figure 24.18 on page 1173). Isometric draw-

ings are an aid in visualizing the piping system. A bill of 

materials may be included. When using traditional tools, 

isometric drawings are created after the plan and elevation 

views are completed. Sometimes, isometric piping draw-

ings are not drawn to scale if dimensions are not critical. 

Some CAD piping programs allow the user to create the 

piping system in 3-D from which isometric views are cre-

ated automatically.
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Figure 24.15

Single-line elevation piping drawing

A

Figure 24.16

Simple single-line plan drawing

Figure 24.17

Double-line drawing of a process plant
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24.6.3 Spool Drawings

Spool drawings are subassembly piping drawings that 

give the assembly instructions and specifi cations  necessary 

to construct small parts of the piping system. Pipe fi tters 

and welders work from spool drawings to create pipe sub-

assemblies that are then taken to the project site for as-

sembly. Figure 24.5 shows a welder making a fi ve-piece 

mitered reducing fl anged elbow, which is part of a larger 

assembly. The specifi cations for the subassembly are on a 

spool drawing.

24.6.4 Dimensions and Notes

Plan, elevation, and isometric piping drawings are dimen-

sioned in feet and inches, using an architectural style. 

Architectural dimensioning uses an unbroken dimension 

line, with the dimension fi gure shown above the line (Fig-

ure 24.19). A mechanical dimensioning style can be used 

for piping drawings, but this is not common practice.

Piping dimensions are given from center to center, 

end to center, and end to end for the locations of fi t-

tings, fl ange faces, and valves. The lengths of all pipes 

are dimensioned, and the specifi cations are written near 

the pipes using a leader line, if necessary, or a line bal-

loon. A line balloon is a graphic symbol with square or 

round ends, used to specify the types of pipe and the pipe 

lengths (Figure 24.20). Dimension lines are unbroken, 

even if they pass through other lines. Notes are placed 

after the dimensions and close to where they apply. Fig-

ure 24.20 reads as a 1-inch-diameter condenser water fl ow 

pipe with an identifi cation number of 106. At a minimum, 

a dimensioned piping drawing should contain the follow-

ing information:

Diameters, lengths, and identifi cation numbers of all 

pipes.

Location dimensions of all fi ttings and valves.

Specifi cations for all valves and fi ttings.

Pipe fl ow arrows.

Names and numbers of all equipment.

Piping elevations are usually dimensioned by specify-

ing the elevation from the fl oor to the center lines of the 

pipes and to the tops of structures (Figure 24.21).

The following steps describe how to create a simple, scaled, 

elevation single-line piping drawing (Figure 24.22 on page 

1176).

Step 1. Lay out the building lines, such as walls, ceiling, and 

fl oor, as well as the structural columns and equipment.

Step 2. Add the center line of all pipes that connect the 

equipment within the layout.

Step 3. Add fi ttings and valves to the center lines, using 

standard elevation symbols. All fi ttings are fl anged for 

two 90-degree elbows and two t-joints.

Step 4. Add labels to the components, such as the tanks. 

Use line balloons or labels for the pipe lines. Measure and 

note the elevations for all components in the system.

24.7 CAD-Based Process Plant Design 
Programs
One of the major problems with orthographic represen-

tations of piping drawings is the determination of in-

terferences between piping components. Many large 

process plants are diffi cult to design, analyze, and con-

struct; therefore, complicated drawings are required (Fig-

ure 24.23 on page 1177). Some CAD software products 

combine piping, structural, electronic, and basic 2-D and 

3-D programs that permit a complete plant to be devel-

oped. These systems reduce drawing time, increase the 

accuracy in the design and purchase of piping compon-

ents, improve design quality, and standardize company 

and subcontractor drafting.

A typical CAD piping program allows the user to cre-

ate orthographic plan and section views, isometric views, 

and 3-D models. Many systems will create the drawings 

and models by developing an orthographic plan view 

6' – 10"

Figure 24.19

Architectural dimensioning style

1" - 1C - 106

1" - 1C - 106

Pipe Flow Direction

Figure 24.20

A line balloon symbol used to specify the type of pipe and 
the length
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Step 1 Step 2

Step 3 Step 4

2"-A-14

TANK
110
∅

6'-0"

TANK
110
∅6'-0"

2"-A-15

2"
-A

-1
7

2"
-A

-1
7

ELEV 16'-0"
ELEV 16'-6"

ELEV 18'-0"

ELEV 32'-0"

ELEV 40'-0"

Figure 24.22

Steps in drawing a piping elevation plan

showing the placement of components in 3-D space. 

Some systems automatically insert elbows into the draw-

ing and into the bill of materials. Section views (Fig-

ure 24.24 on page 1178) and isometric views can be pro-

duced automatically from the 3-D plan view database, 

which is created from the plan view as it is being drawn. 

The 3-D model is viewed from any orientation to check 

for interferences and clearances.

Many systems include access to online metric 

and  English catalogs of more than 35,000 ANSI and 

 manufacturer-specifi c components (Figure 24.25 on page 

1178). Dimensional information and descriptive data are 

built in to parametrically draw and annotate the compo-

nents. New components can be added to the parts library 

by the user. An automatic specifi cation generator creates 

the computerized specifi cation table (Figure 24.26 on 

page 1178). Such specifi cations can be extracted from the 

specifi cation table and then added to the drawing by sim-

ply picking the component on screen. Subassemblies can 

be grouped and saved for repeated insertions into a design, 

using any size, orientation, or specifi cation. Bills of mate-

rial (BOM), which can include bolts, gaskets, cut length, 

and total pipe lengths, are automatically generated and 

placed on the drawing (Figure 24.27 on page 1178).

Three-dimensional wireframe and surface models 

can be produced automatically from the plan view layout 

(Figure 24.28). Shading, rendering, and walk-throughs 

can be used on the 3-D model for visualization and 

analysis (Figures 24.29 on page 1178 and 24.30 on page 

1179).

1176 PART 4  Standard Technical Graphics Practices
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Figure 24.24

Automatic generation of section views from the plan view
(Courtesy of Bentley Systems Inc.)

Figure 24.25

Sample online catalog data fi le
(Courtesy of Bentley Systems Inc.)

Figure 24.26

Database of standard parts
A database of the standard components can be generated from 
the drawing.

(Courtesy of Bentley Systems Inc.)

Figure 24.27

Bill of materials
Bills of material are automatically generated and placed on an 
isometric view of the piping system.

(Courtesy of Bentley Systems Inc.)

Figure 24.28

3-D surface model of a piping system
(Courtesy of Bentley Systems Inc.)

Figure 24.29

Rendered and shaded 3-D model of a piping system used in 
a refi nery
(Courtesy of Bentley Systems Inc.)
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  CHAPTER 24  Piping Drawings 1179

Figure 24.30

Stress plot of a fl anged pipe

24.8 Summary
The piping industry requires specialized drawing conven-

tions and standards to represent the layout of piping sys-

tems used in the chemical, petroleum, HVAC, and other 

industries. Graphic symbols are used to represent valves, 

pipes, and joints. Pipe drawings are used to represent 

pipes in orthographic plan or elevation views and for sec-

tion and pictorial views using single- or double-line draw-

ings. Spool drawings are subassembly piping drawings 

used to assemble a small portion of a piping system.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions

■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. Name the type of piping drawing used to show the 

piping layout orthographically from above, as a top 

view.

 2. List the two types of elevation and plan drawings.

 3. Defi ne a spool drawing.

 4. Name the dimensioning style commonly used on 

piping drawings.

 5. What is a line balloon used to specify?

Further Reading
Shumaker, T. M. Process Pipe Drafting, Goodheart-Willcox, 

1999.

Weaver, R. Process Piping Drafting. 3d ed. Houston, TX: Gulf, 

1986.

24-M4391.indd   117924-M4391.indd   1179 1/10/08   11:51:22 AM1/10/08   11:51:22 AM
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 24.1 Refer to Appendix 58 to make a double-line draw-

ing of the following valves: globe valve, quick 

opening valve, check valve, and gate valve. Use 1� 
steel pipe.

 24.2 Refer to Appendix 58 to make a double-line draw-

ing of the following: cap, 90-degree elbow, double 

branch, 45-degree elbow, expansion joint, and side 

outlet.

 24.3 Create a single-line drawing of the process fl ow 

diagram shown in Figure 24.31.

 24.4 Create a single-line drawing of the mechanical 

fl ow diagram shown in Figure 24.32.

 24.5 Create a double-line drawing of the process fl ow 

diagram shown in Figure 24.31.

 24.6 Create a double-line drawing of the mechanical 

fl ow diagram shown in Figure 24.32.

T-1
DEPROPANIZER

FEED

255 PSIG
210°F.

125° F.

245° F.

36

20

250 #

230° F.

1

HOT OIL

E-2

TO STORAGE

E-1

P-1

LC

PC

LC

280 #

FRC

V-1
240#@ 118° F.

PROPANE TO
PRODUCT COOLER
AND STORAGE

TO
FLARECW

Figure 24.31

Process fl ow diagram
(This material was published in Process Piping Drafting, by Rip Weaver. © 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)

P r o b l e m s
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 24.7 Create a spool drawing of the bridle hookup shown 

in Figure 24.33.

 24.8 Create double-line drawings of the control stations 

shown in Figure 24.34.

 24.9 Create the section of the storage system shown in 

Figure 24.35.

 24.10 Create the elevations of the storage tank shown in 

Figure 24.36.

 24.11 Create the views of the boiler foundation shown in 

Figure 24.37.

 24.12 Create an isometric drawing of the piping system 

shown in Figure 24.38.

C-106

2"

3/4"

3/4"

2"

LG
411

LG
407

1/2"

1 1/2"

1 1/2"

1/2"

2'
-6

"
2'

-6
" 1'

-4
"

1'
-4

"

3"

Figure 24.33

Bridle hookup
(This material was published in Process Piping Drafting, by Rip Weaver. 

© 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)

MIN.

2'
-0

"
4'

-6
"

1/2" 1/2" 1/2"

TYPE CS-1
FLG'D.

TYPE CS-5
SOCKETWELD

TYPE CS-6
MAY FLOW EITHER DIRECTION

CHECK INST. ENGINEER

Figure 24.34

Control stations
(This material was published in Process Piping Drafting, by Rip Weaver. © 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)
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Figure 24.36

Storage tank
(This material was published in Process Piping Drafting, by Rip Weaver. © 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)

ber28376_ch24.indd   1184ber28376_ch24.indd   1184 1/2/08   3:30:23 PM1/2/08   3:30:23 PM



1185

2'-10 1/2" 2'-10 1/2"

2'-7 1/2" 2'-7 1/2"

2'-1" 2'-1"

COORD.
LINE

1" DIA. ANCHOR BOLTS

TOP OF GROUT
OR SLIDE PLATE
ELEV. 106'-4"

PAVING OR
GRADE

PIER ELEVATION

TYPICAL BOTH PIERS

SLIDE PLATE-SEE DETAIL

PLANSLIDE PLATE DETAIL

1 1/16" DIA. HOLES

6" X 3/8" X 5'-0" PL

5" 5"4'-2"

15
'-0

"

C
O

O
R

D
.

LI
N

E
C L

6"
6"

2'
-1

0 
1/

2"
2'

-1
0 

1/
2"

D
IM

E
N

S
IO

N
S

 S
A

M
E

F
O

R
 B

O
T

H
 P

IE
R

S

8'
-3

 1
/2

"
1'

-9
"

1"
 G

R
O

U
T

3"

(NOTE: REINFORCING BAR OMITTED FOR CLARITY)

N

Figure 24.37

Boiler foundation
(This material was published in Process Piping Drafting, by Rip Weaver. © 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)
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Figure 24.38

Piping system
(This material was published in Process Piping Drafting, by Rip Weaver. © 1986 by Gulf Publishing Co. Reprinted with permission from Elsevier.)
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Chapter Twenty-Five

Welding 
Drawings

Objectives
After completing this chapter, you will be 
able to:

 1. Describe the different welding 

processes.

 2. Identify and draw different welding 

joints.

 3. Identify and draw the different ANSI/

AWS weld symbols.

 4. Identify and draw ANSI/AWS supple-

mentary weld symbols.

 5. Create a welding drawing.

 6. Identify welding joints.

Introduction
Many engineered products use welding 

as one of the fabrication methods to fas-

ten parts permanently. Structures such as 

bridges and buildings have welded steel 

components. Parts for mechanical devices, 

such as automobiles and aircraft, are also 

fabricated using welding. In technical 

drawings, the welding of parts must be 

specifi ed by standard ANSI and Ameri-

can Welding Society (AWS) symbols. 

This chapter describes the different weld-

ing processes, the various types of welded 

“Begin at the beginning,” the king said 

gravely, “and go on till you come to the 

end; then stop.”

—Lewis Carroll, 
Alice in Wonderland

C
hapter Tw

enty-F
ive
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1188 PART 4  Standard Technical Graphics Practices

joints, and the symbols used to specify welded joints on 

technical drawings.

25.1 Overview
A welding drawing is a detailed multiview drawing of all 

the parts assembled, with accompanying welding symbols. 

A welding drawing is actually a type of assembly drawing 

showing all the parts fastened together (Figure 25.1). The 

graphic representation of welded joints is through welding 

symbols. The weldment (i.se., the item formed by welding 

together the various pieces) is not shown, but the joint lines 

are shown, even though the joint itself may not be visible 

after the parts are welded. Also, if material is added dur-

ing the welding process, it is not shown on the drawing. 

For example, arc welding normally deposits some type of 

metal onto the parts to be fabricated. This arc welding ma-

terial is not shown on the drawing.

Welding symbols conform to the American Weld-

ing Society (AWS) symbols, which have been adopted 

by ANSI as ANSI/AWS A2.4–1986. Figures 25.29 and 

25.30, found at the end of this chapter, are a summary 

of the ANSI standard symbols. The symbols give all the 

information necessary for the welder to fasten the parts 

together using one of the welding techniques.

25.2 Welding Processes
Welding is the process of fastening metal together by 

bringing abutting surfaces to a molten state, with or with-

out the use of fi ller material. Welding is used to fabricate 

metals together permanently in structures and products. 

Figure 25.2 shows the classifi cation of the welding pro-

cess into two major categories: liquid state and solid state. 

Gas or thermal, arc, and resistance welding are the most 

common processes and are the ones covered in this chap-

ter (Figures 25.3 through 25.6). Welding can be done by 

people or machines, such as robots. Robot welders are 

popular in manufacturing but still require technical draw-

ings to specify the types and locations of the welds so that 

Figure 25.1

A technical drawing with weld symbols
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Resistance
• Spot
• Seam
• Projection

Thermal
• Gas
• Thermit
• Laser

Flash Butt
• Stud
• Percussion

Nonconsumable
electrode
• Gas-W arc (TIG)
• Atomic
  hydrogen
• Plasma arc

Consumable
electrode
 • Shielded
   metal arc
• Flux cored
• Submerged arc

Diffusion
bonding Friction

Liquid state

Electric arc Cold
• Pressure
• Roll
• Explosive
• Ultrasonic

Forge

Solid state

WELDING
PROCESSES

Figure 25.2

Classifi cation of welding processes

Figure 25.3

A welder fabricating two pieces of material on the job site is 
doing fi eld welding.

(© Frank Siteman/Photri, Inc.)

Figure 25.4

Welding is commonly used in the fabrication of steel 
structures.

(© Frank Siteman/Photri, Inc.)

Figure 25.5

Welding is used to fabricate large products, such as 
automobiles.

(© Tom Freda/Photri, Inc.)

Figure 25.6

Robots are commonly used in assembly line operations, such 
as welding car body components.

(© PhotoEdit, Inc.)
1189
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1190 PART 4  Standard Technical Graphics Practices

the technician can program the robots. If the welding is 

done away from a manufacturing site, such as on a pipe-

line, it is called fi eld welding.

25.2.1 Gas and Arc Welding

Gas welding is a thermal fastening process that uses a 

mixture of fl ammable gas and oxygen, along with a fi ller 

material, to melt and fuse abutting surfaces. Brazing and 

soldering are related thermal processes that use a mix-

ture of fl ammable gas and oxygen to deposit a material on 

abutting surfaces to fasten them. These processes heat the 

parts to be fastened so that the fi ller material will melt but 

the parts will not. When the fi ller material hardens after 

cooling, the parts are permanently fastened.

Arc welding is a fastening process that uses a fi ller ma-

terial and an electric arc to melt and fuse abutting sur-

faces. Figures 25.3 through 25.6 show either gas or arc 

welding processes. Arc welding includes the following:

■ Shielded metal arc
■ Gas tungsten arc—TIG (tungsten inert gas)
■ Gas metal arc—MIG (metal inert gas)

The gas and arc welding processes commonly use the 

back, fi llet, groove, or slot types of welds, which are de-

scribed in more detail later in this chapter.

25.2.2 Resistance Welding

Resistance welding is a fastening process that uses heat 

and pressure to melt and fuse abutting surfaces. Nor-

mally, no fi ller material is used to fasten the parts. Spot, 

seam, and fl ash welding processes are common types of 

resistance welding techniques.

25.3 Welded Joint Types
There are fi ve basic types of welded joints: butt, lap, tee, 

corner, and edge (Figure 25.7). Various types of welds 

are used for each type of joint, depending on the type 

and thickness of the material and the desired strength. 

Also, each joint can be fabricated by a number of differ-

ent welding processes. For example, a butt joint could be 

joined using a gas or arc welding process.

25.4 Weld Symbols
AWS and ANSI have standardized the weld symbols used 

to describe welds on technical drawings (ANSI/AWS 

A2.4–1979). The weld symbol completely describes the 

specifi cations for welding a joint and a bent line with an 

arrow at the end points at the joint to be welded. The weld 

Lap Tee

Corner Edge

Butt

Figure 25.7

Common types of welded joints
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  CHAPTER 25  Welding Drawings 1191

symbol is made of the leader, reference line, and tail (Fig-

ure 25.8). A large amount of information can be attached 

to the leader line (Figure 25.9). The eight basic parts to a 

complete weld symbol are as follows:

 1. Reference line

 2. Leader line and arrow

 3. Basic weld symbol (location/depth of weld)

 4. Finish symbol

 5. Weld symbol (type of weld)

 6. Dimensions

 7. Supplementary symbols

 8. Tail and specifi cations

Most weld symbols are much simpler than the one 

shown in Figure 25.9. The weld symbol is attached to 

the horizontal portion of the leader line, called the refer-

ence line. The text height is 1/8 inch or 3 mm. The arrow 

points at the joint to be welded. The tail is used when a 

specifi cation, process, or other reference is made in the 

weld symbol; otherwise, it may be omitted. Normally, ab-

breviations are used to add the specifi cation or process to 

the tail (Figure 25.10 on page 1192).

Supplementary weld symbols are shown in Fig-

ure 25.11 on page 1192 and are summarized as follows:

 a. A weld symbol is centered and placed below the 

reference line if the weld will be on the same side 

as the arrow.

 b. A weld symbol is centered and placed above the 

reference line if the weld will be on the opposite 

side of the arrow.

 c. If the weld is to be on both sides of the joint, then 

the weld symbol is centered and placed above and 

below the reference line.

 d. If the weld is to be all around the joint, then the 

weld-all-around symbol is placed at the intersec-

tion of the leader and reference lines.

Leader
Reference line

Tail

Figure 25.8

The parts of a weld symbol

Figure 25.9

AWS standard weld symbol
(AWS A2.4–2007, Figure 3–Weld Symbols, Reproduced with permission from the American Welding Society (AWS), Miami, FL USA.)
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1192 PART 4  Standard Technical Graphics Practices

 e. When the welding process is to take place in the 

fi eld or on the site of assembly, a special symbol, 

in the form of a fi lled-in fl ag, is used.

 f. The melt-through symbol is used when there is to 

be 100 percent penetration of the weld from one 

side all the way through the joint.

 g. The backing or spacer material symbol is used 

when a small extra piece is to be added between 

the two parts to be joined.

 h. Contour symbols are used to represent welds that 

are machined to be fl ush, convex, or concave. Con-

tours are represented graphically by a horizontal 

line for fl ush contours and by arcs for convex or 

concave contours. Methods of fi nishing are repre-

sented by the following letter designations, placed 

above or below the contour symbol: G—grinding, 

C—chipping, M—machining, R—rolling, and 

H—hammering.

 i. If a joint is to be prepared prior to welding, such as 

being machined to a bevel, then the leader line is bent.

Various weld symbols have also been developed for 

the different types of welds (i.e., weld shapes or grooves). 

Figure 25.12 shows some of the more common weld sym-

bols. Weld symbols are drawn with hand tools, using the 

dimensions shown in Figure 25.13, with weld symbol tem-

plates (see Figure 25.27 on page 1201) or with CAD, using 

a symbol library.

25.5 Weld Types
Weld types are categorized by the weld shape or the type 

of groove that is fi lled with welding material. The more 

common types of welds are groove, fi llet, plug and slot, 

and backing welds. Other types of welds are fl ange, fl are, 

and seam welds. Each type of weld and its specifi c weld 

symbol is described in the following paragraphs (Fig-

ure 25.14 on page 1194).

25.5.1 Fillet Welds

A fi llet weld is located at the internal corner of two parts. 

The fi llet weld symbol is a triangle, with the vertical side 

always to the left (Figure 25.15 on page 1194). Specifi ca-

tion for the size of the fi llet weld is located on the same 

CAW Carbon arc welding
CW Cold welding
DB Dip brazing
DFW Diffusion welding
EBW Electron beam welding
ESW Electroslag welding
EXW Explosion welding
FB Furnace brazing
FOW Forge welding

FRW Friction welding
FW Flash welding
GMAW Gas metal arc welding
GTAW Gas tungsten welding
IB Induction brazing
IRB Infrared brazing
OAW Oxyacetylene welding
OHW Oxyhydrogen welding

PGW Pressure gas welding
RB Resistance brazing
RPW Projection welding
RSEW Resistance seam welding
RSW Resistance spot welding
RW Resistance welding
TB Torch brazing
UW Upset welding

Figure 25.10

Welding specifi cation abbreviations

(a)  Arrow side (b)  Opposite
       arrow side

(c) Weld both
sides

(d)  Weld
all-around

(e) Field weld

(f) Melt through (g) Backing
or spacer

(h) Flush (i) MachinedConvex Concave

Figure 25.11

Weld symbol variations

ber28376_ch25.indd   1192ber28376_ch25.indd   1192 1/2/08   3:30:55 PM1/2/08   3:30:55 PM



NOTE: The reference line is shown as a dashed line for illustrative purposes.

Figure 25.12

ANSI standard weld symbols used on technical drawings
(AWS A2.4–2007, Figure 1–Weld Symbols, Reproduced with permission from the American Welding Society (AWS), Miami, FL USA.)

Ideograph

Size of
weld

Length of
weld

Pitch

90°
ANGLE

Fillet Square
groove

Slot
or plug

Bevel
groove

V–groove

Resistance
spot

Resistance
seam

Melt-thru

U–groove J–groove Melt-thru
seam

Figure 25.13

Size of weld symbols, using 1/8-inch or 3-mm grid
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side of the reference line as the fi llet symbol and to the 

left. If the fi llet weld has different lengths, the verti-

cal dimension is shown fi rst, followed by the horizontal 

dimension.

25.5.2 Groove Welds

Groove welds are grouped by their characteristic appear-

ance. The basic groove weld symbols are shown in Fig-

ure 25.16. All groove weld symbols use the following con-

ventions when not covered by a company standard:

 1. The size or depth (D) of the weld is given to the 

left of the symbol.

 2. The angle of the groove is shown just to the out-
side of the symbol.

 3. The root opening (A), which is the space be-

tween the parts, is shown in the inside of the weld 

symbol.

Square groove weld—the weld used on a butt joint (Fig-

ure 25.17 on page 1196). Before being welded, the two 

pieces are spaced apart at a distance called the root 

opening. The square groove weld symbol is two verti-

cal lines attached to the reference line. The depth (D) 

and root (A) openings are placed on the symbol at the 

positions indicated by the letters.

V-groove weld—the weld used on a butt joint with beveled 

ends that form a groove in the shape of a V (Figure 25.18 

on page 1196). The weld symbol is a V attached to the 

reference line. Angles and root (A) openings are shown 

as indicated on the fi gure.

Flare VEdge Corner Flare-bevel

FLANGE FLARE SEAM

Figure 25.14

Flange, fl are, and seam weld symbols

Fillet, This Side

Fillet, Both Sides

S

S
S

S
S

Figure 25.15

Standard fi llet weld symbol
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Square V Bevel U JScarf

GROOVE WELD SYMBOLS

Flare V Flare-bevel

Weld Symbol

45°

3
32

1
4

3
32
45°

1
4

ScarfSquare Groove V–Groove Bevel Groove

U–Groove J–Groove

Flare–V

Flare–Bevel
Edge Flange Corner Flange

Weld

A (Angle)

D
R

R (Root opening)
A

D (Depth)

Figure 25.16

Standard groove weld symbols
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Bevel groove weld—the weld used on a joint between one 

piece that has a square end and a second piece that has 

a beveled angle. The symbol is a vertical line and an 

angled line drawn to the right (Figure 25.19). Depth 

(D), angles, and root (A) openings are shown as indi-

cated in the fi gure.

U-groove weld—the weld used on a joint where the 

groove between the two parts forms a U. The sym-

bol is a short vertical line with a semicircle resting on 

top (Figure 25.20). The depth (D), angle, and root (A) 

opening are placed on the symbol as indicated in the 

fi gure.

J-groove weld—the weld used on a joint between one 

piece that has a square end and the other that has a J 

shape. The symbol is a vertical line with an arc drawn 

to the right (Figure 25.21).

Other types of groove welds are the V-fl are, bevel-

fl are, and scarf, which is only used for brazing.

25.5.3 Plug Welds

A plug or slot weld is made on a joint in which one piece 

of metal is overlapped on another and the weld is used to 

fi ll a hole or slot. The graphic symbol is a long rectangle 

Square

Open, Square

R

R

R

Open, Square, Both Sides

R

RR

(D)

(D)

D

Figure 25.17

Square groove weld

V-Groove, Both Sides

 V-Groove

R

A R
A

R

R

A
R

A
A

Figure 25.18

V-groove weld
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 Bevel

 Bevel, Both Sides

R

A R
A

A

D

R

A
R

R
A

D
D

Figure 25.19

Bevel groove weld

Single–U

A
A

A

A

R

D

RD

Figure 25.20

U-groove weld

J, Both Sides

J

A
A

A

A

A

A

Figure 25.21

J-groove weld
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and is used to represent the weld for both the hole and the 

slot (Figure 25.22). The diameter of the hole, or the width 

of the slot, is shown to the left of the symbol. If the hole is 

countersunk, then the angle is shown outside the symbol, 

and the smallest diameter is given to the left of the sym-

bol. If the hole is not completely fi lled by the weld, then 

the depth of the weld is shown by a number inside the weld 

symbol.

25.5.4 Spot Welds

A spot weld is generally used on sheet metal and is graph-

ically represented as a circle (Figure 25.23). If the spot 

weld is on both sides, then the circle straddles the refer-

ence line. The diameter of the spot weld is shown to the 

left of the symbol. The strength of the weld is indicated 

by shear strength and is also shown to the left of the sym-

bol. The pitch or center-to-center distance between the 

spot welds is given to the right of the weld symbol. The 

spot welding process is specifi ed in the tail, such as RSW 

for resistance spot welding.

A projection weld is one for which one part is em-

bossed prior to welding. The projection weld symbol and 

conventions are the same as for the spot weld.

25.5.5 Seam Welds

A seam weld is a weld made between overlapping parts 

(Figure 25.24). A seam weld is represented as a circle 

with two horizontal lines drawn through it. The width of 

the seam weld is shown to the left of the symbol as is 

the shear strength. The length of the seam weld is located 

to the right of the symbol. The center-to-center spacing, 

or pitch, of an intermittent seam weld is located to the 

A

Desired
Weld

A

(Omit hole)

A

Plug

Slot

As shown

ø

ø ø

Figure 25.22

Plug or slot weld
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Figure 25.23

Spot weld

.25 

2
(Length)
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2 - 2

Length

Pitch distance

2 2

Center-to-center distance

(width)

width

Figure 25.24

Seam weld
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right of the length indicator. A spot welding process may 

be used on a seam and may be designated in the tail as 

RSEW for resistance seam welding.

25.5.6 Surface Welds

A surface weld is the built-up portion of a part created by 

welding a single bead or multiple beads onto the surface 

(Figure 25.25 on the next page). The symbol is always 

placed below the reference line because there is no arrow-

side signifi cance when welding a surface. The surface area 

to be covered by the surface weld is dimensioned on the 

drawing. The minimum height of the weld is located to the 

left of the symbol.

25.6 Weld Length and Increments
If the weld is not continuous, the weld length is given as 

part of the weld symbol. The distance from one point on a 

weld to the corresponding point on the next weld is called 
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3
16

3
16

Figure 25.25

Surface weld

(A) (B) (C)

75
125

Length

75

125

60-124
60-124

Pitch

124

60

60-120
60-120

(2)

(3)

60

120

Figure 25.26

Weld increments

the pitch distance. The pitch distance and number of welds 

is given to the right of the weld symbol (Figure 25.26).

25.7 Welding Templates
Welding templates can be used to draw weld symbols, as 

shown in Figure 25.27, and using such templates is the 

recommended practice when creating welding drawings 

using traditional tools. A typical welding template will 

contain the weld symbols, as well as openings to draw the 

reference line, with the arrow and tail.

25.8 Weld Symbols and CAD
CAD is a very effi cient method of creating welding 

 drawings. Most CAD systems can automatically cre-

ate leaders lines for the weld symbol. The weld symbols 

can be drawn once and then added to a symbol library 

for  repeated use on a drawing. Also, third-party software 

that already has weld symbols in a symbol library is 

available for immediate use (Figure 25.28). A  parametric 

 program can be created that prompts the user to  

specify the type of weld symbol, dimensions, root open-

ing, and other information. The user then specifi es the 
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STANDARD GAS ARC &
RESISTANCE WELDING SYMBOLS

BEAD PLUG &
SLOT

BEVEL J SQUARE FILLET

DASH NO REV LTR EFF FLAG

COM PART

CHECK PT FINISH

JLM - 0032-0095

Figure 25.27

Weld symbol template

Figure 25.28

CAD weld symbol library
(Reprinted with permission from CAD Technology Corporation. www.CADtechcorp.com.)
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 location of the arrow, and the weld symbol is automati-

cally created.

25.9 Summary
Welding drawings are a special type of technical draw-

ing that describes how parts are fabricated. A welding 

drawing uses standard graphic symbols to describe to the 

welder how to join two materials. Weld symbols conform 

to ANSI standards and are summarized in Figures 25.29 

and 25.30 (on pages 1203 and 1204). Weld symbols are 

drawn with hand tools, a template, or CAD. If CAD is 

used, a symbol library is created, or one is purchased 

through a third-party software company.

Online Learning Center (OLC) Features
There are a number of Online Learning Center features 

listed below that you can use to supplement your text 

reading to improve your understanding and retention 

of the material presented in this chapter at www.mhhe

.com/bertoline.

■ Learning Objectives
■ Chapter Outline

■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Flashcards
■ Website Links
■ Animations
■ Related Readings
■ Stapler Design Problem

Questions for Review
 1. List the different types of welding processes.

 2. Name the professional society that controls weld 

symbol standards.

 3. Sketch the fi ve basic types of welded joints, and 

name them.

 4. There are eight basic parts to a welding symbol. 

Sketch and name the eight parts.

 5. Sketch and identify the supplementary weld 

symbols.

 6. Sketch a fi llet, groove, plug, spot, seam, and surface 

weld symbol.
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American Welding Society Welding Symbol Chart

Figure 25.29

Standard weld symbols and basic joints
(AWS A2.4–2007, Figure 1—Weld Symbols, Reproduced with permission from the American Welding Society (AWS), Miami, FL USA.)
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American Welding Society Welding Symbol Chart

Figure 25.30

Standard weld symbol with supplementary information
(AWS A2.4–2007, Figure 1—Weld Symbols, Reproduced with permission from the American Welding Society (AWS), Miami, FL USA.)
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  CHAPTER 25  Welding Drawings 1205

P r o b l e m s

Problems may be completed by sketching, with instru-

ments, or CAD, as assigned by your instructor. Transfer 

the drawings from the grid problems onto A-size or A4 

drawing sheets. Each grid is .25� or 6 mm.

 25.1 (Figure 25.31) Complete the requested welding 

symbol, using the arrow side only to position the 

symbol on the given line.

 25.2 Change Figure 10.106 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.3 Change Figure 10.107 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.4 Change Figure 10.109 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.5 Change Figure 10.117 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.6 Change Figure 10.118 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.7 Change Figure 10.122 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.8 Change Figure 10.123 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.9 Change Figure 10.124 in Chapter 10 to a welded 

assembly working drawing, using appropriate weld 

symbols.

 25.10 Create a working drawing of the part shown in 

Figure 25.32, including weld symbols.

 25.11 Create a working drawing of the part shown in 

Figure 25.33, including weld symbols.

FILLET

PLUG

SPOT

SEAM

FLARE V-GROOVE U-GROOVE

V-GROOVE

J-GROOVE

SQUARE GROOVE

FLARE GROOVE

Figure 25.31

Problem 25.1
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Figure 25.32

Problem 25.10
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Figure 25.33

Problem 25.11
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A
absolute coordinates (n) Coordinates associ-
ated with an origin that never changes location 
and thus gives a stable method of locating 
geometry in space. The absolute coordinate 
system is also called the world or global coor-
dinate system.

absolute scale (n) A data scale that has both 
a defi ned zero point and units. The Kelvin 
temperature scale is an example of an absolute 
scale.

actual size (n) A tolerancing measure used 
to describe the size of a fi nished part after 
machining.

additive (adj. or v) A process or state whereby 
elements combine together, such as two primi-
tive shapes combining to form a larger, more 
complex one. Additive is the opposite of sub-
tractive.

additive primaries (n) The three primary 
colors: red, green, and blue. Color systems 
use these primaries in differing amounts, 
working on the principle of adding spectral 
wavelengths to the light energy to create new 
colors. This system is used in lighting and 
computer display graphics. The complemen-
tary colors are the subtractive primaries: cyan, 
magenta, and yellow.

adjacent areas (n) Surfaces that are separated 
on a multiview drawing by lines that represent 
a change of planes. No two adjacent areas can 
lie in the same plane.

adjacent view (n) Orthographic views that are 
aligned to each other, allowing dimensional 
information to be shared. Examples are the 
front and top views or the front and right side 
views.

aerial perspective (n) A perceptual cue where 
objects farther away appear bluer and hazier. 
The cue is based on the effect of particles in 
the atmosphere blocking the passage of light.

aerospace engineering (n) A fi eld of engi-
neering concerned with the design and opera-
tion of aircraft, missiles, and space vehicles.

aesthetics (n) The artistic qualities or aspects 
that elicit an emotional response to an object.

Glossary

agricultural engineering (n) A fi eld of engi-
neering concerned with production agriculture 
and its natural resource base and the process-
ing and chemistry of biological materials for 
food and industrial products.

aligned dimensions (n) A style of dimen-
sioning in which text is placed parallel to 
the dimension line, with vertical dimensions 
read from the right of the drawing sheet. 
The aligned method of dimensioning is not 
approved by the current ANSI standards but 
may be seen on older drawings.

aligned section (n) A section view created by 
bending the cutting plane line to pass through 
an angled feature. The resulting section does 
not show the section in true projection, yet it 
gives the clearest possible representation of the 
features.

allowance (n) A tolerancing measure used to 
describe the minimum clearance or maximum 
interference between parts. Allowance is the 
tightest fi t between two mating parts.

alphabet of lines (n) The standard linestyles 
established by ANSI to be used for technical 
drawing. The standards specify both the thick-
ness and the design (i.e., dashed, solid, etc.) of 
the lines.

alternate four-center ellipse method (n) A 
method of creating an approximate ellipse. 
The method is used for cavalier oblique 
drawings.

ambient light source (n) A light source 
defi ned by its lack of orientation or location. 
Fluorescent lighting in an offi ce is an example 
of ambient lighting. In renderings, an ambient 
light source is sometimes used as a default 
light source to give a baseline level of lighting 
to the model.

analogous (adj.) A concept meaning similar or 
comparable in some respects. The concept is 
used to describe the extent to which a graphic 
representation compares with a real object.

analytic geometry (n) The analysis of geomet-
ric structures and properties, principally using 
algebraic operations and position coordinates. 
The term also refers to a particular geometric 
method for describing 3-D solid models.

angle (n) The relative orientation of two linear 
elements with respect to each other. The angle 
is usually measured relative to the point of 
intersection or termination of the two lines.

angularity (n) An orientation control for geo-
metric dimensioning and tolerancing. Angu-
larity is a condition of a surface, center plane, 
or axis at an angle other than a right angle to a 
datum plane or datum axis.

animation (n) A technique or technology used 
to represent change over time through strobo-
scopic motion. A sequence of images are gen-
erated where change between any two images 
are small, but the rapid display of numerous 
images in sequence creates the appearance of 
motion and change.

apparent motion (n) The sense of motion 
induced by rapidly displaying a series of images 
of an object to make the object appear to change 
location or shape. Animation techniques take 
advantage of this perceptual effect.

archiving (v) A term used to describe the 
storing and retrieval process for engineering 
documentation. Although originally involving 
paper documents, the term increasingly refers 
to the storage of computer-generated informa-
tion on magnetic or optical media.

area rendering (n) A data visualization tech-
nique in which the pixels in a 2-D area are 
each assigned a value. A color lookup table 
maps a specifi c color to each data value to cre-
ate a rendered region. 

array (n, v) Either the process of or resulting 
geometry of a single feature being duplicated 
in a regular fashion in a model. An array is 
procedural, in that instructions are given as 
to how a feature(s) is to be duplicated rather 
than having the user defi ne the fi nal loca-
tion of each duplicate. Arrays are defi ned as 
being either linear or radial, depending on 
how the duplication is defi ned. Typically, the 
operator will indicate the direction (in one or 
two dimensions) of the duplication, spacing 
between each duplicate feature, and how many 
duplicates to create.

arrow plot (n) A visualization technique 
in which the dependent variable is a vector 

G-1
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G-2 Glossary

rather than a scalar and is represented by line 
or arrow marks. Because there are typically a 
large number of arrow marks in a small region, 
pattern (texture) perception can be used to 
evaluate trends in the data.

artistic drawing (n) A type of drawing 
used to express aesthetic, philosophical, and 
abstract ideas. These types of drawings are not 
intended to communicate clear, concise infor-
mation pertaining to a design.

artwork drawing (n) See fabrication drawing.

assembly drawing (n) A drawing showing 
how each part of a design is put together. An 
assembly drawing normally consists of all the 
parts drawn in their operating positions and a 
parts list or bill of materials.

assembly section (n) A section view of multi-
ple parts in an assembly. Differing section line 
designs differentiate between different materi-
als, or between similar materials belonging to 
different parts.

associativity (n) Describing the relationship 
between software components which share 
data. For example, bi-directional associativ-
ity between a modeler and a drawing module 
means that changes to the geometry in the 
modeler will be refl ected in the drawing and 
vice versa.

asymptote (n) Convergence of two curves (or 
a curve and a straight line) whose distance 
tends to zero, but may or may not eventually 
intersect.

authoring (v) The process of using computer 
programming tools to assemble different 
media into an interactive presentation.

automation (n) The use of machinery in place 
of human labor.

autorouting (v) A specialized software pro-
cess that suggests routing connections between 
components on a circuit board. Autorouting 
is usually part of a suite of CAD electronics 
software functions that also include automated 
component placement, programming of CNC 
board drilling, and component insertion equip-
ment.

auxiliary section (n) A section view derived 
from an auxiliary view. The term distinguishes 
from section views derived from standard 
orthographic views.

auxiliary view (n) A view derived from any 
image plane other than the frontal, horizontal, 
or profi le planes. Auxiliary views are usually 
termed primary or secondary, depending on 
whether or not they are perpendicular to one 
of the above-mentioned primary projection 
planes. Primary auxiliary views are termed 
depth, height, or width auxiliaries, depending 
on the dimension transferred from the measur-
ing view.

average (n) See mean.

axis (n) The line or vector representing a center 
of rotation, such as the longitudinal center line 
that passes through a screw thread cylinder. 
Also, a vector indicating a dimension in model 
space or in a visualization such as a graph.

axonometric axes (n) The axes used to defi ne 
the orientation of the primary dimensions in 
an axonometric pictorial projection. The rela-
tive angle of the axes to each other determines 
the type of axonometric projection.

axonometric projection (n) A parallel projec-
tion technique used to create pictorial draw-
ings of objects by rotating the object on an axis 
relative to a projection plane.

B
B-spline curve (n) A parametrically defi ned 
freeform curve that approximates a curve to 
a set of control points and provides for local 
control. Multiple 2-D curves are often com-
bined to create 3-D surface patches.

backface culling (n) In rendering, a pre-
processing step that removes all faces of the 
model that will be completely hidden from 
view.

balloon (n) A symbol, usually a circle, which 
contains the part number or other identifying 
code for a part or feature in a technical draw-
ing. The balloon usually refers to the feature or 
part with a leader.

bar graph (n) A graph (usually 2-D) in which 
one dimension represents the independent 
variable and the other represents the depen-
dent variable. The magnitude of the dependent 
variable is represented by a line or area of uni-
form width (a bar).

base feature (n) The fi rst feature created when 
defi ning a solid model. The base feature cre-
ates the initial geometry of the model from 
which additional geometry can be added or 
subtracted.

basic dimension (n) A tolerancing measure 
used to describe the theoretically exact size of 
a feature.

basic size (n) A tolerancing measure used to 
describe the theoretical size used as a starting 
point for the application of tolerances.

bearing (n) A mechanical device designed 
to transfer radial or axial loads from a shaft 
while minimizing energy loss due to friction 
from the rotating shaft. Bearings are usually 
divided into two general categories: plain and 
rolling contact.

Bezier curve (n) A special case of the B-spline 
curve. Unlike a standard B-spline curve, the 
Bezier does not provide for local control, 
meaning that changing one control point 
affects the entire curve.

bicubic surface patch (n) A 3-D freeform 
surface bounded by a set of curves described 

by third degree (cubic) functions. The bound-
ing curves, often B-spline or Bezier curves, 
and their associated control points are used to 
manipulate the shape of the surface.

bilateral (adj) Relating to, or affecting both 
sides. A bilateral tolerance varies in both 
directions from the basic size of a part (e.g., 
both larger and smaller).

bilateral tolerance (n) The dimensional varia-
tion of a part that varies in both directions 
from the basic size.

bill of materials (n) A listing of parts or mate-
rials used in an assembled object. The listing 
is usually included as part of the working 
drawing of the full assembly.

binary tree (n) A hierarchical, logical struc-
ture used to organize related elements. Each 
node on the tree is linked to exactly two leaves 
on the next level down. Binary trees are used 
to describe the relationship of geometric ele-
ments in a CSG solid modeler.

bird’s eye view (n) In a perspective pictorial, 
a viewpoint looking down from above the 
object. From this viewpoint, the ground line is 
below the horizon line of the object.

blind hole (n) A hole that does not go com-
pletely through the material. Blind holes can 
be created by any cutting device (such as a 
twist drill bit) that is capable of plunging into 
the material.

block diagram (n) A relatively simple dia-
gram that quickly identifi es the relationships 
between systems, groups, people, or other 
physical or abstract entities. (See also fl ow 
diagrams.)

blueprint (n or v) The photographic process 
used to duplicate documents. It also refers 
to the document produced by this process. 
Though blueprint originally referred to a 
particular reproduction technology (which 
produced white lines on a blue background), it 
is now commonly used to refer to any type of 
copying process for large engineering docu-
ments or the document resulting from this 
process.

boldface (adj.) A style of text in which the 
lines that make up the letters are thicker than 
normal. This technique is used to make words 
or letters stand out visually from the rest of 
the text.

bolt (n) A mechanical fastening device with 
a head on one end of an externally threaded 
shaft. A nut is placed on the threaded shaft and 
rotated to clamp the material between the head 
and nut.

bonding (v) A process in which a material (usu-
ally, a hardening liquid) is added to an assem-
bly to hold parts together. Bonding is a perma-
nent fastening method, using processes such as 
welding, soldering, brazing, and gluing.

ber28376_ch26_glo.indd   G-2ber28376_ch26_glo.indd   G-2 1/2/08   3:32:01 PM1/2/08   3:32:01 PM



  Glossary G-3

Boolean operations (v) Local operations used 
to defi ne the relationship between two geomet-
ric objects. Boolean operations between new 
and existing geometry are used extensively 
to modify solid models in 3-D modeling soft-
ware.

bottom view (n) A principal view of an object, 
created by rotating the object 90 degrees about 
the horizontal axis below the front view. This 
view is not typically included in a standard 
multiview drawing.

boundary representation (B-rep) (n) A 
popular method of representing solid models. 
This database structure describes the geomet-
ric and topological elements of the surface 
of the model. Unlike wireframe modeling, 
a B-rep explicitly defi nes the surface of the 
model. Unlike CSG modeling, a B-rep does 
not explicitly defi ne the interior volume of the 
object.

bounding box (n) An imaginary box rep-
resenting the maximum dimensions of the 
object being drawn. Sketches of objects often 
begin with this box, and it is used to defi ne the 
boundaries and guide the placement of indi-
vidual features.

brainstorming (v) A process used to identify 
as many solutions to a design problem as pos-
sible by freely suggesting ideas without criti-
cism or discussion of feasibility. A brainstorm-
ing session will normally have a moderator 
and a recorder.

brazing (v) To join (solder) two metal parts 
with a non-ferrous alloy that has a lower melt-
ing point than the two parts being joined. The 
brazing material and parts are heated until the 
brazing material fl ows across the parts to be 
joined, and then cooled, joining the two parts.

break lines (n) Freehand lines used to show 
where an object is broken to reveal interior 
features of a part. Such lines can also be used 
to show where a portion of a line or object has 
been left out for clarity or because of space 
limitations.

broken-out section (n) A section view used 
to reveal interior features of a part by break-
ing away a portion of the object. A broken-out 
section is often used instead of a half or full 
section view when the feature of interest is 
not symmetrical with the overall object. The 
result is a more effi cient drawing. Unlike most 
other section views, a cutting plane line is not 
defi ned in an adjacent view.

bump mapping (n) A rendering technique 
used to add surface detail to a model. Bump 
mapping perturbs the normals used in shad-
ing the surface polygons in such a way as to 
give the impression of a regularly undulating 
surface (i.e., texture). A golf ball could be rep-
resented as a shaded sphere, with the dimples 
created through bump mapping.

C
cabinet oblique (n) A type of oblique picto-
rial drawing in which the two dimensions of 
the frontal surface are drawn parallel to the 
frontal plane, and the third (receding) axis is 
drawn obliquely at half the scale of the frontal 
plane. The receding axis is typically drawn at 
an angle of between 45 and 60 degrees.

cabling diagram (n) See wiring diagram.

CAD (v or n) Acronym for computer-aided 
drafting, computer-aided design, or computer-
aided design/drafting. The usage depends 
on the context in the design process and on 
whether the acronym refers to the physical 
computer system or the activity of using such 
a system to support technical and engineering 
graphics.

callouts (n) See line balloon.

cam (n) A mechanical device used to trans-
form rotary motion into reciprocating motion, 
using a rolling or sliding contact with another 
part called a cam follower. Radial cams move 
the follower perpendicular to the shaft; cylin-
drical cams move the follower parallel to the 
shaft. The shape of the contact surface deter-
mines the motion of the follower.

CAM (n) Acronym for computer-aided 
manufacturing, which is the use of computers 
to control the production process. Examples 
are robots for assembly and numerically con-
trolled machine tools. CAM is often combined 
with CAD to describe the integration of design 
and manufacturing through the use of a com-
mon computer database.

cam follower (n) A mechanical device in 
which one end follows a linear, reciprocat-
ing path as the other end traces the surface 
of a rotating cam. Followers are often spring 
loaded to guarantee a good contact with the 
surface of the cam.

cap screw (n) A mechanical threaded fastener 
with a head on one end, used to screw into a 
mating part. Differing from a bolt, a cap screw 
has a longer thread length and does not use a 
nut.

CAPP (n) Acronym for computer-aided pro-
cess planning, a technique that uses computers 
to assist in the planning process. CAPP is an 
expert computer system that can be used to 
determine the optimal sequence of operations 
for a part and can then generate the optimal 
process and routing sheets necessary to make 
the part.

Cartesian coordinate system (n) Common 
coordinate system used in mathematics and 
graphics to locate the position of geometry 
in space. First introduced in 1637 by Rene 
Descartes (1596–1650), the system is typi-
cally used to locate points in 2-D (X,Y) or 3-D 
(X,Y,Z) space by assigning values to the points 

based on the mutually perpendicular (orthogo-
nal) axes.

cavalier oblique (n) A type of pictorial draw-
ing in which the two dimensions of the frontal 
surface are drawn parallel to the frontal 
plane, and the third (receding) axis is drawn 
obliquely to the frontal plane and at the same 
scale. The receding axis is typically drawn at 
an angle of between 45 and 60 degrees.

CD-ROM (n) Acronym for compact disk-read 
only memory, a mass storage device that uses 
optical technology to store large amounts 
of information on a small refl ective platter. 
Information is written to the disk only once, 
at which point the disk is unchangeable. CD-
ROMs are used for archiving audio, graphic, 
and textual information, and for publishing 
and distributing software, graphic images, 
multimedia materials, etc.

center lines (n) A type of linestyle used to 
represent symmetry and paths of motion and 
to mark the centers of circles and the axes of 
symmetrical parts, such as cylinders and bolts. 
Unlike visible and hidden lines, center lines do 
not represent geometry directly.

central view (n) The view from which related 
views are aligned in an orthographic draw-
ing. Distances and features are projected or 
measured from the central view to create the 
adjacent views.

ceramics (n) Materials, usually with crystal 
structures, created from compounds of metal-
lic and nonmetallic elements. Ceramics can 
withstand high temperatures and resist wear. 
Some ceramics, such as glass, are not crystal-
line in structure.

chamfer (n or v) A beveled corner used on the 
opening of a hole and the end of a cylindrical 
part to eliminate sharp corners. Chamfers 
facilitate the assembly of parts and are speci-
fi ed by giving a linear and angular dimension. 
When used as a verb, the term refers to the 
process of creating a chamfer on an object.

check print (n) A type of hard-copy output 
used to check the accuracy and format of a 
technical drawing. The check print is a low-
quality, high-speed method of troubleshooting 
the fi nal print or plot.

chemical engineering (n) A fi eld of engineer-
ing that includes all phases of technical activi-
ties in which a knowledge of chemistry, along 
with other basic sciences, is used to solve 
problems related to energy, health, the envi-
ronment, food, clothing, shelter, and materials. 

CIM (n) Acronym for computer-integrated 
manufacturing, a system for linking manu-
facturing operations into a single integrated 
computer system. CIM differs from CAD/
CAM primarily in its integration of business 
functions, such as accounting, marketing, and 
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personnel, into a common computer database 
shared by all components of the business.

circle (n) A closed, planar curve that, at all 
points, is an equal distance (the radius) from 
a point designated as the center. A circular 
arc is an open, planar curve equidistant from 
a center. The arc will subtend an angle of 
less than 360 degrees. A circle is sometimes 
described as a 360-degree arc.

circuit side (n) The side of a printed circuit 
board on which a majority of the circuit con-
nections for components are made. The oppo-
site side of the board is called the component 
side.

circularity (roundness) (n) A form control for 
geometric dimensioning and tolerancing. For 
a cylinder or cone, circularity means that all 
points on a surface intersected by a plane pass-
ing perpendicular to a common axis are equi-
distant to that axis. For a sphere, all points on a 
surface intersected by a plane passing through 
the center are equidistant to that center.

civil engineering (n) A fi eld of engineering 
involved with planning, design, construction, 
operation, and maintenance of transportation, 
environmental, and construction systems. 
Along with military engineering, this fi eld 
is often considered the fi rst true engineering 
fi eld.

civil piping (n) The piping used to transport 
water and waste at the municipal level.

clash (v) A condition in which two parts of a 
mechanism partially overlap in space, caus-
ing interference. Kinematic analysis using the 
Boolean intersection operation is often used 
to evaluate clashes in computer models of the 
mechanism.

clearance fi t (n) A tolerancing measure used 
to describe a fi t in which two mating parts 
always leave a space when assembled. The 
resulting space is called an allowance or 
a clearance and is usually specifi ed in the 
assembly drawings.

clip (v) The rendering process of removing 
portions of lines or surfaces that reside outside 
the view volume. Clipping refers to removing 
the portion of the model that resides outside 
the horizontal and vertical bounds of the view-
ing area and outside the specifi ed near and far 
depth (Z) bounds.

clock speed (n) The rate at which the central 
processing unit (CPU) of the computer per-
forms functions. The clock speed is measured 
in megahertz (MHz). The higher the clock 
speed, the more powerful the CPU.

closed loop (n) The condition required for a 
group of edges to form a face (surface) on an 
object. The edges must be connected end to 
end, forming a continuous path around the 
perimeter of the face.

CNC (n) Acronym for computer numeric con-
trol, which describes a form of programmable 
automation of a machine tool using a computer 
in the controller unit. In a computer controlled 
manufacturing center, the individual machines 
would use CNC programs, either sent from a 
main computer or programmed locally.

color (n) The perceptual quality of a surface 
that results from the combined response to 
lightness, hue, and value. Hue is often con-
fused with color since the names of hues (e.g., 
red, purple, yellow, etc.) are used as the pri-
mary classifi cation terms for color.

color lookup table (n) A modular database 
that allows colors to be mapped to specifi c 
data values in a visualization. The color 
lookup table can be associated with a single 
rendered image or be used as a standard table 
in a library. Color lookup tables are often 
referred to as palettes.

command history (n) A listing of commands 
entered into the CAD system by the user, along 
with the values of the specifi ed parameters. 
Command histories can be used as a “script” 
to replay sequences of commands or track 
down input errors.

composites (n) The combination of two or 
more materials, one a reinforcing element 
and the other a resin binder or matrix. A com-
mon composite is fi berglass, which is made of 
glass fi bers and a resin. The more advanced 
reinforcing elements include carbon/graphite, 
boron, and Kevlar (aramid), which are stiff, 
strong, and lightweight.

computer animation and simulation (n) 
Simulation is the precise modeling of complex 
situations that involve a time element; anima-
tion is the imprecise modeling of complex 
situations over time. An animation will rep-
licate a real situation by approximate means; 
a simulation will replicate a real situation by 
accurate means.

computer numeric control (CNC) (n) See 
CNC.

computer-aided drafting/design (CAD) (n) 
See CAD.

computer-aided manufacturing (CAM) (n) 
See CAM.

computer-integrated manufacturing 
(CIM) (n) See CIM.

concentricity (n) In geometric dimension-
ing and tolerancing a condition in which all 
cross-sectional elements of a cylinder, cone, or 
sphere are common to a datum axis.

conciseness (adj.) A term used to describe one 
attribute of a CAD database. The more concise 
the database, the less space each record takes 
in the hard drive of the computer.

concurrent (adj.) The technique of organizing 
numerous steps so that they happen in paral-

lel rather than one after another (serially). 
Concurrent engineering, for example, involves 
all members of the design process working 
simultaneously in close coordination with each 
other rather than each member waiting for 
other members to fi nish with their components 
of the design.

cone (n) A geometric solid described by a 
straight line (the generatrix), one end of which 
is attached to a fi xed point (the vertex) and 
the other end of which traces a closed, curved 
path. The most common cone is a right circu-
lar cone, for which the curved path is a circle 
and the vertex lies on an axis that is perpen-
dicular to the circle and through its center.

cone of vision (n) A term used to describe 
the amount of space visible by the human 
eye looking in a fi xed direction. The visible 
volume is approximately described by a right-
angled cone for which the vertex is at the eye 
and the axis is aligned with the view direction.

conics (n) Special case single-curved lines that 
can be described in many different ways: sec-
tions of a cone, an algebraic equation, and the 
locus of points. For our purposes, conics are 
sections of a right circular cone and include 
the ellipse, parabola, and hyperbola. The circle 
is a special-case conic.

connection list (n) The list of all connections 
that need to be made between components on 
an electronic circuit board. This list is usually 
managed by the electronic CAD program.

connectors (n) Devices used to join electronic 
components together to allow the transmission 
of signals. Connectors include plugs (external 
components) and jacks or receptacles (internal 
components) and can provide either temporary 
or permanent connections. Devices used for 
mechanical connection are typically called 
fasteners.

constraint (n) A mathematical requirement 
placed on geometric elements in a 3-D model. 
Dimensional constraints defi ne the distance 
between two geometric elements while geo-
metric constraints defi ne a relationship such 
as parallelism or perpendicularity between 
elements. The operator establishes an explicit 
constraint while the software automati-
cally places an implicit constraint. A fully 
constrained feature has all of its geometry 
unequivocally defi ned while an undercon-
strained feature does not. An overconstrained 
feature has confl icting geometric require-
ments.

construction geometry (n) Geometric ele-
ments that are used in the creation of a 2D 
drawing or 3D model but do not represent 
actual geometry of the virtual object being 
created.

construction lines (n) Light, thin lines drawn 
to lay out the framework or structure of a 
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drawing or sketch. Portions of these lines are 
often overdrawn with the fi nal linework.

constructive solid geometry (CSG) (n) A 
method of 3-D solid modeling in which geo-
metric primitives are related to each other in a 
binary tree structure via Boolean operations. 
Each primitive is defi ned as a solid by a group 
of analytic surfaces (half-spaces), and the 
fi nal object is defi ned by the calculation of the 
Boolean operations between primitives.

continuity (adj.) A term used to describe the 
transition between two elements. Elements are 
continuous if there is no gap or break between 
them and there is a single mathematical func-
tion used to describe the two combined ele-
ments. Continuity is often used to describe the 
connection of two curved lines or surfaces.

contour line (n) A line that represents the 
independent variable (X,Y) combinations that 
result in a constant dependent variable value 
(also called an isoline). A contour line can also 
represent the juncture between two surfaces 
of differing orientations or depths. In this 
defi nition, a contour line is an alternate term 
for edge.

contour plot (n) A visualization in which the 
horizontal and vertical scales both represent 
independent variable values, and the contour 
lines show the mapping of constant, dependent 
variable values. Multiple contour lines are typ-
ically drawn on a plot, representing a uniform 
sampling of dependent variable values.

control points (n) Points used in conjunction 
with spline curves. These points are not part of 
the curve proper, but the relationship between 
the control points and the points on the curve 
is used to defi ne the shape of the curve.

controlling (v) The procedures used to control 
materials, machines, and processes in the 
manufacturing and production cycle through 
automation, measuring, inspection, and 
testing .

conventional break (n) A drawing symbol 
used to indicate that the object material con-
tinues past where the symbol is, but is not 
drawn. Conventional breaks are often used to 
reduce an overall dimension so that the object 
can be shown at a larger scale on paper or 
computer screen.

conventions (n) Commonly accepted prac-
tices, rules, or methods. In technical draw-
ing, a convention is the use of dashed lines to 
designate a feature hidden from the current 
viewpoint.

convolute (n) A single-curved surface gener-
ated by a straight line moving such that it is 
always tangent to a double-curved line.

Coons’ surface (n) A 3-D surface defi ned by 
input curves. This surface was named after 
Steven A. Coons, who developed the math-

ematical method for defi ning complex shapes 
used in the design of aircraft, automobiles, and 
ships’ hulls.

coordinate dimensioning (n) A technique in 
which all dimensions are calculated as Carte-
sian X and Y distances from an origin point, 
usually located at the lower left-hand corner of 
the part. Also known as datum dimensioning 
or baseline dimensioning, coordinate dimen-
sioning should be used cautiously because of 
the tolerance stackup that takes place.

coordinates (n) A set of real numbers defi n-
ing the location of a point in space. One value 
is given for each dimension of the space (i.e., 
2-D, 3-D), and each value is determined by the 
point’s distance from the defi ned origin.

corner (n) The nontangential intersection of 
two or more surfaces of an object. The intersec-
tion of two surfaces is usually referred to as an 
edge. Corners are represented on a drawing by 
either a single line or multiple co-terminating 
lines.

CPU (n) Acronym for central processing unit. 
The CPU is the heart of the computer, coordi-
nating all primary activities of the computer 
and processing a majority of operations or 
“calls” from the software. Computers are often 
classifi ed by their CPUs. Examples are Intel’s 
Pentium™ and Motorola’s PowerPC™ 601.

crest (n) A threading term describing the peak 
or top surface of a screw thread.

cross-hatch lines (n) An alternate term for 
section lines. Cross-hatch often refers to sec-
tion line symbols in which the lines cross each 
other rather than simply running parallel to 
each other.

curved line (n) A line which does not follow a 
straight path. Curved lines are often classifi ed 
by their underlying mathematical functions. 
Examples are circular and elliptical curves.

cutting plane (n) An imaginary plane in space 
used to defi ne the division between two parts 
of an object. A cutting plane is often used to 
defi ne a portion of an object to be removed in 
order to reveal the interior detail.

cutting plane lines (n) A line showing the 
location of a cutting plane in section drawings. 
The cutting plane line is drawn in the view for 
which the line of sight is parallel to the cutting 
plane. Arrows on the ends of the section line 
point toward the material to be retained in the 
corresponding section view.

cycle time (n) The total time required for a 
process to take place.

cycloid (n) A curve generated by the motion of 
a point on the circumference of a circle that is 
rolled in a plane along a straight line.

cylinder (n) A planar geometric solid 
described by a straight line (the generatrix) 
that traces a closed, curved path and always 

stays parallel to itself. The most common 
cylinder is a right circular cylinder for which 
the curved path is a circle and the generatrix is 
perpendicular to the path.

cylindrical coordinates (n) A system for 
locating points in space with one angle and 
two lengths. Cylindrical coordinates describe 
a point as a distance from the origin, its angle 
in the X–Y plane, and its Z value. Cylindrical 
coordinates are useful when designing circular 
shapes and geographic applications.

cylindricity (n) A form control for geometric 
dimensioning and tolerancing. Cylindricity 
indicates that all points on the surface should 
be equidistant from a common axis. Unlike 
circularity, cylindricity refers to both the cir-
cular and the linear (longitudinal) elements on 
the surface.

D
data region (n) The region in a visualization 
where the actual data is represented. In a graph 
or plot, the region would be bounded by the 
scales (axes) where the point or line markers 
representing the data are drawn.

data visualization (n or v) The method or end 
result of transforming numeric and textual 
information into a graphic format. Visualiza-
tions are used to explore large quantities of 
data holistically in order to understand trends 
or principles.

database (n) A large collection of information 
organized for rapid search and retrieval. These 
collections are almost always digitally based 
on networked computer systems. A relational 
database is a popular type of database system 
allowing for easy use of multiple criteria to 
organize, fi lter, and sort the information.

datum (n) A theoretically exact point, axis, or 
plane used as a reference for tabular dimen-
sioning. A datum marks the origin from which 
the location and orientation of geometric fea-
tures are established.

datum feature (n) A term used in geometric 
dimensioning and tolerancing to describe a 
real or theoretical feature selected to ensure 
the proper orientation or location of other fea-
tures on a part. Controls defi ne features on the 
part relative to the datum features.

datum reference frame (n) A term used in 
geometric dimensioning and tolerancing to 
describe the theoretical reference frame used 
to evaluate the location and orientation of 
features of a part. The frame consists of three 
mutually perpendicular (orthogonal) planes, 
which typically correspond to the principal 
planes of projection in a multiview drawing or 
the global coordinate system in a 3-D model-
ing system. In inspections, a physical surface 
may be established to simulate one of the ref-
erence planes.
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declarative information (n) A term used to 
describe the current state of an object. This 
type of information can be thought of as 
descriptive nouns. The location of a point in 
a coordinate system (8,3,5) is an example of 
declarative information.

density slicing (n) A visualization technique, 
used with area and volume renderings, in 
which a particular data value or small range of 
values is highlighted in contrasting color. This 
technique can be used either for a single static 
image or for sequential images highlighting 
different data values in the image.

dependent variable (n) A variable dependent 
on the response of the model and not con-
trolled by the experimenter. Every dependent 
variable value is paired with one or more inde-
pendent variables and represents the model’s 
response to the independent variable values.

depth (n) One of the three principal dimen-
sions of an object. The depth dimension is 
described in the right side and top views of 
a multiview drawing. The depth dimension 
is often associated with the Z axis in a 3-D 
modeling system. Depth can also refer to the 
distance cut into an object using a machining 
process (e.g., the distance measured between 
the crest and root of a thread normal to the 
axis or the depth of a drilled hole).

descriptive geometry (n) The fundamental 
basis of the science of projection drawing, 
attributed to the work of Gaspard Monge 
(1746–1818). It is the basis of all types of 3-D 
representations on 2-D media used today.

design analysis (n) The evaluation of a pro-
posed design during the refi nement process, 
using the criteria established in the ideation 
phase. The refi nement stage is normally the 
second of three major phases in the design 
process.

design for manufacturability (DFM) (n) A 
technique in which ways are found to simplify 
a design and reduce manufacturing costs. 
Using CAD/CAM technology, DFM deter-
mines the manufacturability of a design before 
it is produced.

design intent (n) A phrase describing the 
integration into the model of how feature 
dimensions and geometry relate to each other 
in order to satisfy the design constraints of the 
fi nal product. Design intent is usually embod-
ied in the model through the defi nition of fea-
tures and their constraints.

design process (n) The method used to create 
a solution to an engineering or technical prob-
lem. The result is often a product, either one of 
a kind or mass produced. The design process, 
though unique to each problem, typically 
includes standard stages and uses graphics to 
communicate information between and within 
these stages.

design visualization (n) A process using the 
fundamental capabilities of a human visual 
system; the ability to perceive 3-D form, 
color, and pattern. Visualization is an analysis 
method used in the second stage of the design 
process, the refi nement phase.

detail drawing (n) A dimensioned multiview 
drawing of a single part, using ANSI standard 
conventions to describe the part’s shape, size, 
material, and fi nish. Detail drawings are 
suffi ciently descriptive that the part can be 
manufactured using the drawing as the only 
communications device. Detail drawings are 
produced from design sketches or extracted 
from a 3-D computer model.

developable surface (n) A surface that can be 
unfolded or unrolled onto a plane without dis-
tortion, such as a cylinder and cone.

development (n) An alternative description of 
the surfaces of a 3-D object as a 2-D pattern. 
The creation of a development is often thought 
of as an unfolding of the surfaces of an object. 
A developable surface, then, can be unfolded 
or unrolled onto a plane without distortion. 
Single-curved surfaces, such as cylinders and 
cones, are also developable.

deviation (n) A tolerancing measure used to 
describe the difference between the size of a 
produced part and the basic size.

DFM (n) See design for manufacturability.

diameter symbol (n) A symbol used in ANSI 
dimensioning that precedes a numerical value, 
indicating that the value shows the diameter 
of a circle. The symbol used is the Greek letter 
phi (ø).

difference (–) (n) The Boolean operation that 
subtracts, or removes, the intersecting geom-
etry from the specifi ed solid. For example, in 
the Boolean operation A – B, the intersection 
of solids A and B is removed from A.

diffuse (adj.) A term describing a refl ection 
of light that strikes a surface and refl ects uni-
formly in all directions, creating no highlights 
or hot spots.

digital terrain model (DTM) (n) A 3-D 
computer model of a land form generated from 
survey data. Such models are often used by 
civil engineers and land planners to explore 
possible placements of structures or changes to 
the terrain before actual construction begins.

dihedral angle (n) The angle between two 
planes. Finding the true measurement of a 
dihedral angle requires an edge view of the 
two planes and is a common application for the 
use of auxiliary views.

dimension (n or v) The physical size of an 
object, or the process of documenting physi-
cal sizes. The number of dimensions used to 
describe the object depends on whether length 
(1-D), area (2-D), or volume (3-D) is being 

measured. Dimensioning can also refer to the 
measurement of size, location, and orientation 
of particular features on an object.

dimension line (n) A thin, solid line that 
shows the extent and direction of a dimension. 
Dimension lines are paired with the number 
representing the physical size of the feature, 
and extension lines are used to associate the 
dimension to the corresponding feature on the 
drawing.

dimetric projection (n) A three-dimensional 
axonometric representation in which two of 
the axes are equal angles to the plan of projec-
tion and two of the three angles between the 
axes are equal and total more than 90 degrees.

direct data exchange (n) A method of data 
exchange between CAD systems. Data is 
directly translated from the format native to 
one system to the format native to another 
system.

direct view (n) A descriptive geometry tech-
nique (sometimes referred to as the natural 
method) that places the observer at an infi nite 
distance from the object, with the observer’s 
line of sight perpendicular to the geometry in 
question. In third-angle projection, a projec-
tion plane is placed between the observer and 
the object, and the geometry is projected onto 
the projection plane.

directrix (n) A line (typically curved) that 
describes the path of a straight line (the gen-
eratrix). The path of the generatrix along the 
directrix describes ruled surfaces or solids.

discretization (v) The method of dividing 
more complex geometry into simpler geom-
etry. A discretized model can be manipulated 
using techniques such as fi nite element analy-
sis, in which all the simple geometric compo-
nents of a model are evaluated simultaneously.

displacement (n) The linear or angular dis-
tance moved by a part or mechanism. In cam 
design, a displacement diagram is used to 
chart the linear location of the follower rela-
tive to the angular position of the cam.

display devices (n) The hardware used to dis-
play output text and graphics of computer soft-
ware, such as CAD. The most common display 
device is the cathode ray tube, or CRT, used in 
computer monitors.

dither pattern (n) A method of simulating 
varying value (gray) levels within an image 
when only one color of ink (usually black) is 
available. The patterns are achieved by group-
ing square matrices of pixels in an image (e.g., 
3 � 3) and coloring a pattern of pixels in the 
matrix, based on the average value level in 
the matrix region. Because of the small size 
of the pixels relative to the size of the image, 
the pixel patterns give the impression of value 
changes when viewed at a distance.
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document sketches (n) A more formal type 
of freehand sketch used during the refi nement 
stage of the design process. These sketches 
often contain many of the conventions found 
in more formal drawings.

documentation (n) The artifacts that contain 
information about a product. The artifact may 
be a piece of paper or digital information. The 
information may, for example, be the working 
drawings of a part. A document is a single arti-
fact. Documenting is the process of creating 
documents.

domain (n) A term that describes the types of 
objects that can or cannot be represented by a 
computer modeler. The larger the domain, the 
greater the number of objects the CAD system 
can describe.

donut (n) See feed-through.

double-curved surface/line (n) A surface or 
line that curves in two orthogonal dimensions 
at the same time. A sphere is an example of a 
double-curved surface.

double-line drawing (n) See piping drawing.

drawing exchange format (n) See DXF.

drill drawing (n) See fabrication drawing.

drilling (v) A process that uses a rotating 
cutting tool to produce holes. It can also refer 
more specifi cally to a process that produces 
holes using twist drill bits.

DTM (n) See digital terrain model.

DXF (n) Acronym for drawing exchange for-
mat, a nonproprietary CAD data format devel-
oped by Autodesk to facilitate the exchange 
of CAD-based graphic information. It has 
become a de facto neutral data exchange for-
mat for the microcomputer CAD industry.

dynamic analysis (n) The evaluation of a 
design as it changes over time. Unlike kine-
matic analysis, dynamic analysis assumes that 
forces (e.g., gravity, angular momentum) are 
both acting on and created by the mechanism 
being analyzed.

dynamics (n) A branch of physics concerned 
with bodies in motion and with the effects of 
forces in motion, including kinematics.

E
ECO (n) See engineering change order.

edge (n) The intersection or boundary of two 
nontangential surfaces (faces). An edge is 
represented on a technical drawing as a line 
or a change in shading gradients in a rendered 
image.

edge view (n) The view of a surface such that it 
is seen as a line. For a planar surface, the edge 
view is an orthographic view parallel to the 
plane in which the surface resides.

effi ciency (adj.) With respect to CAD, the 
speed with which software can execute a 

command. This is refl ected in the amount of 
computer processing time required to execute 
a command.

elastomers (n) A special class of polymers 
that can withstand elastic deformation, then 
return to their original shape and size. Natural 
rubber, polyacrylate, ethylene propylene, neo-
prene, polysulfi de, silicone, and urethane are 
types of elastomers.

electrical engineering (n) A fi eld of engineer-
ing that includes the research, development, 
design, and operation of electrical and elec-
tronic systems and their components.

elevation drawing (n) A type of drawing 
 commonly used in civil, architectural, or 
engineering projects involving large structural 
layouts. An elevation drawing (sometimes 
called an elevation view) is an orthographic 
view perpendicular to the line of gravity (i.e., 
parallel to the terrain). These drawings are 
useful in planning the vertical arrangement 
of components within a structure, or of the 
structure relative to the terrain, and are also 
used to make aesthetic judgments since this 
view closely matches how the structure would 
be seen.

ellipse (n) A single-curved line primitive. An 
ellipse is a conic section produced when a 
plane is passed through a right circular cone 
oblique to the axis and at a greater angle with 
the axis than the elements. An ellipse also 
describes a circle or circular arc viewed at any 
angle other than normal (perpendicular).

engineer (n) A professional concerned with 
applying scientifi c knowledge to practical 
problems. The discipline is divided into a 
number of specialties, such as civil, mechani-
cal, chemical, electronic, aerospace, electrical, 
and industrial engineering.

engineering change order (ECO) (n) A 
document that begins the process for making 
changes in a design. Normally, the ECO will 
be documented in an engineering change note 
(ECN). A copy of the engineering drawing 
is attached to the order, with sketches and a 
written description of the change. A reference 
number is given to the change order so that it 
can be traced within the organization.

engineering graphics (n) A communications 
method used by engineers and other technical 
professionals during the process of fi nding 
solutions to technical problems. Engineering 
graphics are produced according to certain 
standards and conventions so that they can be 
read and accurately interpreted by anyone who 
has learned those standards and conventions.

enterprise document management (EDM) 
(n) See product data management.

envelope principle (n) A term used in geomet-
ric dimensioning and tolerancing to describe 
how much a feature can deviate from ideal 

form, orientation, or position as it departs from 
maximum material condition.

ergonomics (n) A technical fi eld concerned 
with optimizing the interface between humans 
and technology. The fi eld has numerous 
specialties, including industrial safety and 
hygiene, human–computer interface design, 
and the design of control panels in manufac-
turing plants, cars, airplanes, etc.

error bar (n) A mark added to data points in 
graphs and plots to indicate the range of prob-
able values. Since perfect accuracy is 
not possible in any kind of experimental 
method, the error bar represents the degree of 
certainty in the data value. The length of the 
bar usually represents the statistic of standard 
deviation.

error checking (v) The process of evaluating 
actions requested by the operator to determine 
if such actions resulted in invalid geometry. 
Depending on the system, error checking may 
be done automatically (such as when a fi le is 
saved to disk) or manually at the request of 
the user.

etching (n) The method of creating patterns, 
typically in metal, using chemical processes. 
In the electronics industry, etching is used to 
remove conductive material, usually copper, 
from printed circuit boards to create wiring 
patterns. The wiring pattern is printed on the 
board in a chemically resistant ink, and the 
rest of the conductive material is then dis-
solved away in a chemical bath.

Euler operations (v) Low-level operations 
used to construct models from geometric 
primitives, such as vertices, edges, and faces. 
The validity of the model is guaranteed by a 
simple mathematical formula, credited to both 
Leonhard Euler (1707–1783) and Jules Henri 
Poincaré (1854–1912).

evaluated (adj.) A description of a model for 
which the fi nal form is explicitly represented 
in the database. An evaluated model is not 
concise (it may take up large amounts of 
memory), but it is effi cient (calculations on the 
model are processed quickly).

exploded assembly (n) An assembly drawing, 
usually a pictorial, in which the parts of the 
assembly are spread apart (exploded) from 
their functional location in order to provide a 
larger, clearer view of the features of the indi-
vidual parts. Flow lines are used to relate the 
parts to each other and to demonstrate assem-
bly. This type of assembly drawing is used 
extensively for technical illustrations in such 
applications as parts catalogs and assembly 
instructions.

exposure (n) The orientation of a principal 
surface of an object relative to the image 
plane. The greater the exposure, the closer 
the surface(s) is to being parallel to the image 
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plane and, therefore, the lower the distortion 
caused by foreshortening.

extension line (n) A thin, solid line perpen-
dicular to a dimension line, indicating which 
feature is associated with the dimension.

F
fabrication drawing (n) An electronics draw-
ing that presents the complete engineering for 
the manufacture of a printed circuit board. 
The fabrication drawing contains an accurate 
to-scale layout of the board shape, drill hole 
locations, material and manufacturing speci-
fi cations, and conductor pattern. The conduc-
tor pattern is broken out to make an artwork 
drawing, a screen print drawing, and the mask 
used in board etching. The drill hole informa-
tion is sometimes broken out into a separate 
drill drawing for use in programming the drill 
patterns.

face (n) A distinct planar or curved surface or 
region on an object. One or more faces joined 
together at edges defi ne the boundary between 
object and nonobject. A face is a topological 
element in a 3-D model.

face-edge-vertex graph (n) The data structure 
used by boundary representation (B-rep) 3-D 
solid modelers. The graph contains both geo-
metric information on the location and size of 
geometric elements and topological informa-
tion on how they are linked together.

facets (n) Repeating groups of polygons of 
similar topology, forming an approximate 
representation of a curved surface. Curved 
surfaces such as cylinders and spheres are sub-
divided into a series of faceted planar surfaces, 
which approximate the original surface. This 
transformation is often used so that curved 
surfaces can be rendered using algorithms that 
only support planar surfaces.

faithful (adj.) A measure of whether a com-
puter model contains or imparts suffi cient 
information to fulfi ll its task. In order to defi ne 
the faithfulness of a model, the exact use of the 
model must be known.

familiar size (n) A perceptual cue in which 
the known (familiar) size of an object is used 
to judge its distance from the observer. Often, 
the comparison of the perceived size of two 
objects is used to judge their relative locations 
in depth.

family of parts (n) Similar parts that can be 
grouped together. A family of parts might be a 
series of air cylinders that have many common 
topologies but have variations in the geometry 
of certain features, such as the diameter or 
length of the head. Parametric techniques can 
be used to represent a family of parts on the 
computer or in drawings.

fastener (n) A mechanical device that con-
strains two or more parts. Fasteners can rigidly 

join parts or can allow certain degrees of 
freedom. Some fasteners are meant to be dis-
assembled for maintenance (e.g., screws and 
bolts), while others are considered permanent 
(e.g., rivets).

feature (n) A general term applied to physical 
portions of a part. Features typically serve a 
function, either in the fi nal application of the 
part or in the specifi cation or manufacture of 
it. Examples are a hole, slot, stud, or surface.

feature control frame (n) A rectangular 
outline containing geometric dimensioning 
and tolerancing information used in the engi-
neering, production, and inspection of a part. 
The left-hand compartment inside the frame 
contains the symbol of the geometric control 
being applied. The middle compartment 
contains the size of the tolerance zone. The 
right-hand compartment contains the datum 
identifi cation symbol(s).

feature of size (n) A feature that is measur-
able; specifi cally, a spherical or cylindrical 
surface, or a pair of parallel plane surfaces, 
associated with a feature.

feature tree (n) A computer interface element 
common to most constraint-based solid model-
ers. The feature tree lists the geometric fea-
tures contained in the model in order in which 
they are interpreted by the modeler. New fea-
tures will typically be placed at the bottom of 
the tree. A feature in the tree can be construc-
tion geometry, part features, or components in 
an assembly.

feed-through (n) A through-hole in a printed 
circuit board which has a conductive surround 
on at least one side of the board and sometimes 
in the hole. The conductive pads or donuts 
on either side of the hole are used to make 
electrical connections through the board and 
with component wires that are soldered into 
the holes.

FEM/FEA (n) See fi nite element modeling 
and analysis.

fi llet (n) A rounded interior corner normally 
found on cast, forged, or molded parts. Like a 
round, a fi llet can indicate that a surface is not 
machine fi nished. A fi llet is indicated on engi-
neering drawings as a small arc.

fi nite element modeling and analysis (FEM/
FEA) (n) An analysis technique used exten-
sively to model and analyze forces within a 
computer model or a proposed design. In the 
modeling phase, the continuous surface or 
volume is discretized into a fi nite number of 
linked primitive geometries. In the analysis 
phase, the model is subjected to theoretical 
forces applied at certain locations, and the 
resulting forces are calculated across the rest 
of the model.

fi rst-angle projection (n) The arrangement of 
the six principal orthographic projected views 

as commonly practiced in many countries 
other than the United States, including Europe. 
The name derives from the quadrant of three 
mutually perpendicular planes that defi ne the 
relationship between the object, viewer, and 
projection plane(s).

fi ttings (n) A term used to describe compo-
nents that connect pipes, valves, and other 
fl uid and gas-handling equipment. Fittings are 
often classifi ed by the method used to join the 
components together. Some of the most com-
mon types are welded, threaded, and fl anged 
(bolted).

fi xture (n) A rigidly held production tool 
that securely holds, supports, and locates the 
workpiece. Unlike a jig, a fi xture is not used to 
guide a cutting tool.

fl at shading (v) A rendering method that 
uniformly adjusts the value of a surface color 
based on its orientation to the light. This 
method is considered the simplest shading 
method since it only requires the calculation of 
a single surface normal.

fl atness (n) A form control for geometric 
dimensioning and tolerancing. Flatness indi-
cates that all points on the surface must lie in a 
plane. Flatness for a planar surface is compa-
rable to straightness for a line.

fl exible manufacturing system (FMS) (n) A 
group of machines that can be programmed 
to produce a variety of similar products. For 
example, an automobile parts supplier might 
specialize in the production of gears for trans-
missions. An FMS cell might be used to pro-
duce the gears for more than one automobile 
manufacturer because the parts are similar.

fl ow charts (n) A visualization technique for 
displaying relationships in time, particularly 
for data that doesn’t conform well to scalar 
mapping. PERT charts and other types of fl ow 
charts are project management tools used to 
map the relationship of specifi ed project tasks, 
personnel, and other resources on a single 
timeline.

fl ow diagram (chart) (n) A diagram used 
in electronic and piping systems to describe 
the system’s process and the fl ow of material 
(or electronic signals) through the proposed 
design. Since these diagrams only depict the 
functional nature of the system, they do not 
show the true spatial layout or geometry of the 
components.

fl ow lines (n) Lines used primarily in technical 
illustrations to indicate the assembly of parts 
in an exploded assembly. Flow lines are thin 
phantom lines drawn parallel to the line of 
assembly between two parts. Right-angle jogs 
are placed in the fl ow line when the drawing of 
the part has been moved away from the direct 
line of assembly for reasons of clarity.

FMS (n) See fl exible manufacturing system.
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focus point (n) A location where refl ecting 
rays from a (parabolic or hyperbolic) surface 
converge. Focus point describes both the phys-
ical phenomenon of light rays refl ecting from 
a mirrored surface and the abstract geometric 
calculations of line paths.

fold line (n) A basic concept in descriptive 
geometry used to defi ne a line that is per-
pendicular to projection lines and is shared 
between views of a drawing. A fold line can 
also describe the “hinge” line between the 
image planes of the glass box used to defi ne 
orthographic multiviews.

font (n) The size and style of text characters.

foreshortened (adj.) The reduction in size of 
one or more dimensions of a planar face due to 
the face not being perpendicular (normal) to 
the line of sight. The dimension foreshortened 
is defi ned by the axis of rotation of the face out 
of a plane normal to the line of sight. When the 
face is rotated in its edge view, the foreshort-
ening is applied to a line.

form controls (n) Geometric dimensioning 
and tolerancing methods involving the com-
parison of the part to perfect geometry such as 
straightness, roundness, cylindricity, etc.

forming (v) A process in which components 
are held together by virtue of their shape. This 
is the least expensive fastening method, and 
it may or may not be permanent. Heating and 
air conditioning ductwork is held together by 
forming the sheet metal.

four-color printing (n) A color printing 
 process in which a full-color image is divided 
into four separate images, each representing 
the amount of one of the three subtractive 
primary colors (cyan, magenta, and yellow) or 
black contained in the image. Printing plates 
are made from the new images, and each is 
printed in a single ink color as an overlay. This 
process is also called the CMYK system, an 
acronym for the four ink colors, where K is 
for black.

fractal (adj.) The term, short for fractional 
dimensional, used to describe graphics with 
randomly generated curves and surfaces that 
exhibit a degree of self-similarity. Fractal 
design tools provide new opportunities for 
designers to produce complex patterns with 
more visual realism than can be output from 
conventional geometry programs.

frame (n) A single image of a longer sequence 
of images in an animation. Frame rate indi-
cates the number of images shown in sequence 
over a unit of time, usually a second.

free-form surface (n) Three-dimensional sur-
faces that do not have a constant geometrical 
shape. Free-form surfaces follow no set pat-
tern, are classifi ed by their use as constrained 
or unconstrained, and are typically produced 
using sophisticated CAD programs.

front view (n) A principal view of an object, 
typically the fi rst one defi ned, orienting the 
object such that the majority of its features 
will be located in the front, right side, and top 
views.

frontal line (n) A line that is seen in its true 
size in the frontal plane.

frontal plane (n) A principal orthographic 
plane of projection. This plane is used to 
defi ne both the front and back orthographic 
views.

full section (n) A sectional view generated 
by passing a single cutting plane completely 
through the object.

functional analysis and design (n) A design 
driven by the intended use of the product. 
Functional analysis determines if the design 
is an answer to the problem statement written 
during the ideation phase. Aesthetic consid-
erations are often considered the foil to func-
tional considerations.

functional gaging (v) A type of part inspec-
tion done when specially made fi xtures and 
devices are used to inspect parts. Also called 
hard gaging.

fundamental deviation (n) A tolerancing 
measure used to describe the deviation closest 
to the basic size.

G
gamut (n) The range of colors possible at a 
single pixel on the computer monitor. The 
gamut is not the full range of colors perceiv-
able by the eye but is typically quite large. The 
hardware and software of the computer system 
determine what that gamut will be.

gauging tolerance (n) The accuracy of an 
inspection instrument relative to the part being 
inspected. An inspection instrument is consid-
ered to be “perfect” relative to the part if it is 
at least 10 times more accurate than the part.

gear (n) A toothed wheel device that acts 
as a mechanical linkage to transmit power 
and motion between machine parts. Most 
gears transfer rotary motion from one shaft 
to another. They change the location and can 
change both the orientation and speed of the 
rotary motion. Certain gear types transform 
rotary motion into linear (reciprocating) 
motion.

gear train (n) A mechanism consisting 
of two or more gears and used to transmit 
power. Normally, gear trains are used to do 
one or more of the following: increase speed, 
decrease speed, or change the direction of 
motion.

general notes (n) Text placed in the drawing 
area, including general information that can-
not be effectively or quickly communicated 
through graphical means.

general oblique (n) A type of oblique pictorial 
drawing in which the two dimensions of the 
frontal surface are drawn parallel to the fron-
tal plane and the third (receding) axis is drawn 
obliquely at any scale between 50 and 100 
percent of the frontal plane dimensions. The 
receding axis is typically drawn at an angle of 
between 45 and 60 degrees.

general tolerance note (n) Specifi cations on a 
working drawing indicating the tolerances that 
should be applied to a dimension if no specifi c 
tolerance is given. Usually given in the form of 
a note in or near the title block.

general-purpose section line (n) A default 
section line symbol used to indicate the cut 
surface of a sectional view. This symbol is 
used to represent cast iron, or an anonymous 
material if none is defi ned.

generatrix (n) A straight line for which the 
path through space describes ruled surfaces 
or solids. The path the generatrix follows is 
called the directrix.

geometric dimension (n) A dimension that 
specifi es the size and location of a feature, as 
well as other geometric qualities such as form 
and orientation. Geometric dimensioning and 
tolerancing, combined with statistical process 
control, provide a robust approach to inspec-
tion and quality control for manufactured 
parts.

geometric transformations (v) Basic opera-
tions used to modify existing geometry con-
tained in the CAD database. Examples of 
transformations include translation and rota-
tion. Most transformations used in CAD sys-
tems are executed as matrix operations based 
on linear algebra theory.

geometry (n) The mathematical method by 
which elements in space are described and 
manipulated. Geometry forms the building 
blocks of engineering and technical graphics. 
The term is also used to mean shape or form.

glyph (n) A compound mark used in a visual-
ization that cannot be classifi ed by other com-
monly used marks. Glyphs are usually custom 
designed to encode multiple elements of data 
into a single mark. The objective for designing 
glyphs or any other marks is to tap into the 
innate perceptual abilities of the viewer.

Gouraud shading (v) A rendering method that 
uniformly adjusts the value of a surface color 
based on the relationship of the light source 
to normals calculated for each vertex of the 
model. Gouraud shading is sometimes called 
smooth shading because the vertex normals 
allow interpolation of shading values across 
multiple polygons representing the facets of a 
curved surface.

graphical analysis (n) Analytic techniques 
employing primarily graphics to evaluate a 
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potential design, such as the fi t of mating parts 
or the movement of parts in a mechanism.

graphics (n) A mode of communication using 
spatial/geometric representations.

grid (n) A regular pattern of points or lines 
used to help locate and orient specifi c marks 
or features or to help guide the development of 
sketches and roughly proportion features.

ground line (n) In a perspective drawing or 
sketch, the point of the object closest to the 
observer.

ground’s eye view (n) In a perspective picto-
rial, a viewpoint looking up at the object. From 
this viewpoint, the horizon line is level with 
the ground line of the object.

group technology (n) The process of identify-
ing items with similar design or manufactur-
ing characteristics. Items with similar charac-
teristics are grouped into part families.

guideline (n) A type of construction line used 
to guide the lettering on the drawing. The term 
can also refer to lines used for the placement of 
other elements in a drawing or sketch.

H
half section (n) A section view generated by 
passing a cutting plane halfway through an 
object. The result depicts half the view sec-
tioned.

half-space (n) A mathematically defi ned 
boundary between two regions. The term is 
used in constructive solid geometry (CSG) 
modelers to defi ne the boundary between the 
solid and the void (nonsolid). Geometric prim-
itives in CSG modelers are defi ned as groups 
of half-spaces.

halftone approximation (n) A method of 
simulating varying value(gray) levels within 
an image when only one color of ink (usu-
ally) black is available. Dots of varying size 
are printed based on the average value level 
in the region. Because of the small size of the 
dots compared with the size of the image, the 
changes of dot size (and therefore ink density) 
give the impression of value changes when 
viewed at a distance. Halftones from full-color 
or gray-scale images can be created both elec-
tronically or photographically.

hardware (n) A term used to defi ne physical 
computer equipment. Examples of hardware 
include the monitor (CRT), keyboard, hard 
disk, and CPU.

height (n) One of the three principal dimen-
sions of an object. The height dimension is 
described in the right side and front views of 
a multiview drawing. The height dimension is 
often associated with the Y axis in a 3-D mod-
eling system.

helix (n) A 3-D curve characterized by a con-
stant rate of curvature about two dimensions 

and a constant linear translation in the third. 
Threads on screws and bolts are helical and 
are classifi ed as being either right- or left-
handed.

hidden line (n) A line used to represent a fea-
ture that cannot be seen in the current view. 
Like a visible line, a hidden line represents 
either the boundary between two surfaces 
(faces) that are not tangent, or the limiting ele-
ment of a curved surface. A specifi c linestyle 
is defi ned by ANSI for hidden lines.

hidden surface removal (v) The rendering 
process of removing the elements of a model 
not visible from a particular viewpoint. The 
removal is accomplished by calculating 
the relationship of edges and surfaces along 
the depth axis.

hierarchy (n) An ordered set of elements in 
which each element belongs to a specifi c level. 
An element at each level can be a parent to 
elements below it on the hierarchy, or a child 
to elements above it, or both. Hierarchies are 
used to describe the organization of fi les in a 
computer system, or geometric primitives in a 
CAD model.

highway diagram (n) See wiring diagram.

histogram (n) A visualization technique used 
to summarize data by reporting the number of 
data points that fall within a certain range of 
values. Histograms are often represented as 
bar graphs. Because histograms provide only a 
summary, they depict the original information 
only indirectly.

hole basis (n) A tolerancing measure used to 
describe a system of fi ts in which the minimum 
hole size is the basic size.

hole loop (n) A close group of edges on the 
interior of an object, defi ning a penetration 
that goes part or all the way through. The 
number of hole loops is one of the variables in 
the Euler–Poincaré formula used to validate 
the topology of a model.

horizon line (n) In a perspective sketch, a 
horizontal line marking the location where all 
projection lines from the observer converge.

horizontal line (n) A line seen in its true size 
in the horizontal plane.

horizontal plane (n) A principal orthographic 
plane of projection, used to defi ne both the top 
and bottom orthographic views.

HSV color model (n) A model based on the 
perceptual components of color, that is, (H)ue, 
(S)aturation, and (V)alue (lightness), modeled 
as a hexacone. Hue is laid out in a radial pattern 
around the hexacone, saturation ranges linearly 
from full saturation at the perimeter to white at 
the center, and value runs from the base of the 
hexacone (white) to the point (black).

hue (n) The dominant spectral wavelength 
of a perceived color. Hue and color are often 

confused because the name given to the hue is 
often synonymous with the name of the color.

human factors analysis (v) A process for 
evaluating a design to determine if the product 
serves the physical, emotional (aesthetic), 
quality, mental, and safety needs of the 
consumer. Specialists in human factors or 
ergonomics are often employed to conduct this 
evaluation.

human’s eye view (n) In a perspective picto-
rial, a viewpoint looking slightly down at the 
object. From this viewpoint, the ground line is 
equivalent to six feet below the horizon line of 
the object.

hybrid modeler (n) A 3-D modeling system 
that combines the operations and database 
structure of more than one of the commonly 
defi ned modeling systems. Used with more 
powerful computing systems, these modelers 
combine the advantages of more than one sys-
tem. An example is the combination of CSG 
and surface modeling technology.

hyperbola (n) A single-curved surface primi-
tive, created when a plane intersects a right 
circular cone at an angle with the axis that is 
smaller than that made by the elements.

hypermedia (n) An interactive, computer-
based information system, created with 
authoring tools, which allows fl exible, nonlin-
ear access. Information is linked both through 
elements selected within the body of the 
information and through sophisticated search 
engines.

I
ideation (n) A structured approach to think-
ing for the purpose of solving a problem, often 
employing graphics. Ideation is the conceptual 
phase of the design process. Feasibility stud-
ies are often performed to defi ne the problem, 
identify important factors that limit the scope 
of the design, evaluate anticipated diffi culties, 
and consider the consequences of the design.

ideation drawings/sketches (n) A type of 
freehand sketch or drawing used early in the 
design process to explore design ideas quickly. 
These sketches are usually rough and incom-
plete, typically not following many of the con-
ventions used for more fi nished drawings.

IGES (n) Acronym for initial graphics 
exchange specifi cation, an indirect data 
exchange standard used largely in the United 
States to exchange CAD information between 
disparate systems. Originally developed 
by the U.S. government and major defense 
contractors, it is used mainly on workstation, 
minicomputer, and mainframe-based CAD 
systems.

illumination (n) The amount of light energy 
striking a surface. Illumination helps deter-
mine how light an object surface will be 
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perceived. The illumination model in a com-
puter rendered scene consists of the location 
and types of lights providing illumination for 
objects being rendered.

image plane (n) An imaginary plane on which 
an object is projected. The graphic represen-
tation of an object on a computer screen or 
paper is an example of a projection as it would 
appear on an image plane.

inclined edge/line (n) An edge of a face that 
is parallel to a plane of projection but inclined 
to the adjacent orthogonal planes. The edge 
appears as an inclined, true-length line in one 
of the principal views and is foreshortened in 
the two adjacent views.

inclined face (n) A planar face (surface) of an 
object that has been rotated about one axis from 
one of the principal image planes. An inclined 
face will appear foreshortened in two of the 
principal views and as an edge in the third.

independent variable (n) A variable for which 
the values are controlled by the experimenter 
to create a response in the model as measured 
by the dependent variable. Every independent 
variable value is paired with one or more 
dependent variables and represents the experi-
mental manipulation of the model.

indirect data exchange (n) A method of trans-
lating data from one CAD system to another 
through an intermediate, neutral data format. 
Examples of intermediate data formats include 
IGES and DXF.

industrial engineering (n) A fi eld of engi-
neering concerned with the analysis and 
design of systems for organizing the basic 
production resources such as personnel, infor-
mation, materials, and equipment. Industrial 
engineers use mathematics, the physical and 
engineering sciences, and the management 
and behavioral sciences.

infi nite light source (n) A light source located 
at a theoretically infi nite point in space. The 
sun is analogous to an infi nite light source. In 
rendering, the user specifi es an orientation for 
the light rays, all of which are parallel to each 
other.

initial graphics exchange specifi cation (n) 
See IGES.

input device (n) Computer hardware used 
by the operator to input information into a 
software program. Examples are keyboard, 
mouse, scanner, etc.

instances (n) Cloned copies of geometry 
already existing in a database. Typically, an 
instance is linked directly to the geometric 
and topological information of its parent but 
contains unique information pertaining to its 
location, orientation, and scale in the model/
drawing. Some systems refer to instances as 
symbols.

integrated circuit (n) An electronic compo-
nent made up of a large number of diodes, 
transistors, and resisters and integrated onto a 
single semiconductor substrate such as silicon. 
An example of an integrated circuit is a central 
processing unit (CPU) in a computer.

intensity depth cueing (n) A rendering tech-
nique which calculates the Z-depths of the 
edges in a model and sets their brightness 
(intensity) relative to their depths. This tech-
nique taps the aerial perceptual depth cue and 
has the effect of making the model fade as it 
goes back in depth.

interconnection diagram (n) See wiring 
diagram.

interference fi t (n) A fi t in which two toler-
anced mating parts will always interfere when 
assembled because the “male” part is larger 
than the “female” part. The resulting differ-
ence in sizes, also called the allowance, means 
that force is required to assemble the part. An 
interference fi t fi xes or anchors the two parts 
as if they were one.

International System of Units (n) See SI.

international tolerance grade (n) A group 
of tolerances that vary depending on basic 
size but have the same level of accuracy with 
a given grade. The smaller the grade number, 
the smaller the tolerance zone.

intersecting lines (n) Lines that share one or 
more common points in space. Lines that share 
all their points in common, or lines for which 
one could be considered a subset of the other, 
are called coincident.

intersection (�) (n) The Boolean operation in 
which only the intersecting geometry of two 
solids remains.

interval scale (n) A data scale that preserves 
the units used but does not have a natural zero 
point. Interval scales often result from the 
difference between two values using the same 
scale.

involute (n) A curve defi ned as the spiral trace 
of a point on a fl exible line unwinding from 
around a line, circle, or polygon. The contact-
ing surfaces between gear teeth are designed 
as involutes.

irregular curve (n) A curve consisting of 
multiple elements of differing degrees of cur-
vature and/or centers. Also a specifi c device 
used in drafting to draw non-circular curved 
elements.

isometric axes (n) Where the 3 axes of an iso-
metric drawing intersect forming equal angles 
of 120 degrees.

isometric drawing (n) A pictorial representa-
tion of an object rotated 45 degrees, tilted 
36 degrees 16 minutes, then drawn full scale. 
An isometric drawing differs from an isomet-
ric projection in that all three dimensions are 

drawn at full scale rather than foreshortening 
to the true projection.

isometric ellipses (n) A special type of ellipse 
used to represent holes and ends of cylinders 
in isometric drawings. In an isometric draw-
ing, circular features are often not viewed nor-
mally, foreshortening them and making them 
appear as ellipses.

isometric grid (n) A network of evenly spaced 
lines drawn at 30, 90, and 120 degrees. Paper 
preprinted with this grid is used to sketch iso-
metric drawings.

isometric line/plane (n) A line or plane that is 
parallel to one of the principal isometric axes 
or to two adjacent isometric axes, respectively. 
Isometric lines and planes are typically the 
simplest elements to represent in an isometric 
drawing.

isometric projection (n) An axonometric pro-
jection in which three of the axes are measured 
on the same scale and are at the same angle 
relative to each other. An isometric drawing 
is less pleasing to the eye than other types of 
axonometric projections, but it is the most 
common since it is the easiest to draw.

isosurfaces (n) A surface in 3-D space that 
defi nes constant values of a dependent vari-
able. Isosurfaces are the logical extension of 
contour lines (isolines), which map constant 
values in 2-D space. Every point on an isosur-
face identifi es the location where three inde-
pendent variable values result in the dependent 
variable value of interest. Like isolines, mul-
tiple isosurfaces can be used to map different 
dependent variable values.

italic (adj.) A style of text in which vertical 
elements of letters are slanted forward. This 
technique is used to make words or letters 
visually stand out from the rest of the text.

J
jig (n) A special device that holds and supports 
the workpiece and guides the cutting tool as 
the workpiece is machined. Jigs may not be 
rigidly held to the machine.

JIT (n) An acronym for just-in-time, a plan-
ning strategy used to reduce cycle time and 
waste in production processes. JIT recognizes 
waste as anything that does not add value, 
including storing parts in warehouses. On 
the other hand, a production process such as 
drilling is a value added procedure because it 
increases the value of the product.

joining (v) The bringing together of two or 
more parts of an assembly in such a way as to 
overcome the natural forces that would sepa-
rate them. Joining can be done with mechani-
cal fasteners, adhesives, etc., and can be either 
temporary or permanent.

joints (n) An element in a kinematic model 
defi ning the constraints between two rigid 
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parts of the assembly (called the links). Joints 
defi ne how the links can move relative to each 
other, in rotation and translation.

just-in-time (n) See JIT.

K
KBE (n) See knowledge-based engineering.

key (n) A fastening device used to attach shafts 
to transmit power to gears, pulleys, and other 
mechanical devices. Common keys are plain, 
gib head, Woodruff, and Pratt & Whitney. The 
key is placed into a groove cut into the shaft 
(the keyseat) and one cut into the hub (the key-
way), aligning and locking the parts together. 
Standard keys are specifi ed using the size of 
the shaft as the determining factor.

keyboard (n) A computer input device 
derived from the typewriter, where keys 
pressed communicate discrete commands 
to the computer. Although most often used 
to input the letters of the alphabet, most 
keyboards contain special character keys 
programmed by the user or the software to 
perform specialized tasks.

kinematic analysis (n) The evaluation of a 
design as it changes over time. Of particular 
interest is multicomponent mechanisms in 
which parts move at varying rates through dif-
ferent volumes of space. The positions of the 
parts relative to each other at various points 
in time are studied through kinematic analysis.

kinetic depth effect (n) A perceptual effect in 
which the changing movement of 2-D patterns 
creates the sense of a third dimension (depth). 
Related to apparent motion, this effect assists 
in the interpretation of 3-D objects in ani-
mated sequences.

kinematics (n) Concerned with the motion of 
mechanism without consideration of loads and 
forces.

kinetics (n) Concerned with the effects of 
forces in the production and modifi cation of 
motion of bodies.

knowledge-based engineering (KBE) (n) 
Software systems that complement CAD by 
adding the engineering knowledge necessary 
for product design. A KBE system stores prod-
uct information in a comprehensive model that 
is composed of design engineering rules, stan-
dard practices, and general rules that describe 
how a product is designed and produced. 

L
layering (v) A scheme by which the various 
graphic elements of a drawing can be grouped 
together in the CAD database. This facility 
is used most often to control what is seen or 
editable on the screen and what is printed or 
plotted. Layering in most systems is nonhier-
archical.

lead (n) A thread term describing the linear 
distance a screw will travel when turned 360 
degrees, or 1 revolution. Lead is closely related 
to the pitch of a thread.

leader line (n) A thin, solid line used to indi-
cate the feature with which a dimension, note, 
or symbol is associated. Leader lines are ter-
minated at one end with an arrow touching the 
part or detail and a short horizontal shoulder 
on the other end. Text is extended from the 
shoulder of the leader.

least material condition (LMC) (n) A toler-
ancing term indicating the condition of a part 
when it contains the least amount of material 
possible. The LMC of an external feature is the 
lower limit of the part. The LMC of an internal 
feature is the upper limit of the part.

left side view (n) A principal view of an 
object, created by rotating the viewpoint 
90 degrees about the vertical axis to the left 
of the front view. This view is not typically 
included in a standard multiview drawing.

legend (n) The region of a visualization where 
an explanation is given regarding how the vari-
ables are coded. This is usually done by equat-
ing a text description to a symbol of the code. 
The legend is also called the key.

lightness (n) A perceptual quality of color 
indicating the absolute quantity of light 
energy. On a gray scale, the lightest color, 
pure white, has the highest quantity of light. In 
rendering, lightness (also called value) is used 
to indicate the orientation of the surface to the 
light source.

limiting element (n) The boundary of the 
projection of an object. The term is usually 
used to describe the edge defi ning the apex of 
a curved surface.

limits (n) The maximum and minimum sizes 
shown by the toleranced dimension. The larger 
value in a toleranced dimension is called the 
upper limit and the smaller value is the lower 
limit.

line (n) A geometric element that connects two 
points in space. Although a line itself is 2-D 
in nature, it may connect points in 3-D space. 
Lines are typically classifi ed as either straight 
(linear) or curved. Lines are the most promi-
nent element in technical drawings, defi ning 
edges of objects, indicating symmetry, relating 
text elements to geometric elements, creating 
borders, etc.

line balloon (callout) (n) A note added to a 
drawing to relate an alphanumeric code with 
a part. A line balloon usually consists of a 
circle or a regular polygon enclosing the code 
and a leader pointing to the part. They are 
used extensively in assembly drawings either 
to directly specify a part or give an index 
value that references a parts list or separate 
catalog.

line drawing (n) A particular type of 2-D 
drawing consisting of line elements, not 
continuous fi lled regions of color or shading. 
A traditional working drawing or blueprint 
would be considered a line drawing.

line graph (n) A visualization technique, 
usually 2-D, in which line marks are used to 
indicate trends in data. In a 2-D line graph, 
the independent variable is represented on the 
horizontal scale, and the dependent variable is 
shown on the vertical scale. The line mark rep-
resents the mapping of the two variables.

line of sight (LOS) (n) Imaginary rays of light 
radiating from an observer’s eye to the object. 
In perspective projection, all lines of sight 
start at a single point; in parallel projection, all 
lines of sight are parallel. LOS is sometimes 
referred to as the viewpoint.

line rendering (n) A technique used in 
technical illustration for adding realism and 
readability to a pictorial drawing by alter-
ing qualities of the linework on the drawing. 
The thickness of the line and the positions of 
line breaks or gaps are altered to differenti-
ate between geometric features of a part or 
assembly. Line rendering is popular because 
it is fast, can be done with standard draw-
ing instruments or CAD tools, and can be 
reproduced by most popular reproduction 
techniques.

link charts (n) A visualization technique used 
extensively in ergonomics to depict the spatial 
arrangement of controls, displays, and person-
nel associated with a work environment. Line 
marks show the connections between a worker 
and a control or display or in communication 
with other personnel. Some of the variables 
typically coded include frequency of usage 
and type of information exchange (i.e., audi-
tory, visual, physical, etc.).

linkages (n) Rigid bodies (parts) that transmit 
linear or rotational force. Linkages are mul-
tiple links that are combined through joints. 
Constraints applied to the joints defi ne the 
movement of the individual links. Common 
types of linkages include rocker arm, crank, 
lever, and four-bar.

links (n) In a kinematic model, the geometric 
form representing a unique part of a mecha-
nism. Links are related to each other through 
joints, which defi ne how they can orient rela-
tive to each other.

LMC (n) See least material condition.

local coordinate system (n) A transient coor-
dinate system that can be positioned anywhere 
in space. The local coordinate system is used 
to assist in the construction of geometry, and 
the origin is usually defi ned relative to the fea-
ture of current interest.

locus (n) A graphic element representing all 
possible allowable locations of a point. The 
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locus of points may be drawn as a line, circle, 
or arc. For example, a circle is a locus of all 
points at a distance from the center, equal to 
the radius of the circle. Loci are used exten-
sively in geometric constructions as a tool for 
fi nding the centers of tangent arcs, the end-
points of lines, etc.

logic drawing (n) See schematic drawing.

logic gates (n) Electronic components that 
take input signals and create output signals 
based on the input states and the logic of the 
circuit. Types of logic gates include AND, OR, 
NAND, NOR, and inverters.

long-axis isometric (n) A variation of the 
regular isometric pictorial view. In a regular 
isometric, it appears as if the viewer is looking 
down on the object from the top; in a long-axis 
isometric, it appears as if the viewer is looking 
from the right or the left of the object, with 
one of the axes drawn at 60 degrees from the 
horizontal.

loop (n) A series of geometric elements, often 
referring to the elements that make up a feature 
profi le in a 3-D model. An open loop does not 
close back on itself, while a closed loop does.

LOS (n) See line of sight.

lower deviation (n) A tolerancing term 
describing the difference between the mini-
mum size limit and the basic size.

M
machine (n) A combination of interrelated 
parts used for applying, storing, or transform-
ing energy to do work. Machines consist of 
one or more assemblies, which are analyzed 
using techniques such as kinematics and 
dynamics.

machine control (n) A process that directs 
the machine tools necessary to transform raw 
materials into a fi nished product. Machine 
control has evolved from human control to 
machine automation using numerical control 
(NC) and then computer numerical control 
(CNC).

machine screw (n) A mechanical fastening 
device with a slotted head on one end and 
threads on the other. The threaded end can 
screw into either a mating part or a nut. A 
machine screw is similar to a slotted head cap 
screw but is normally smaller.

machine tool (n) A production device used to 
change the shape, fi nish, or size of a piece of 
material, typically using some type of cutting 
edge.

major axis (n) The long axis of an ellipse. In 
a pictorial projection, this axis represents the 
true diameter of the circle being projected.

major diameter (n) A threading term refer-
ring to the largest diameter on an internal or 
external thread.

manifold models (n) Models that unambigu-
ously defi ne a boundary between the inside 
and outside of an object. Solid modelers are 
usually restricted to manifold objects, whereas 
surface modelers often defi ne unclosed, 
nonmanifold objects with no clear division 
between inside and outside.

manufacturing automation protocol (n) See 
MAP.

manufacturing processing (v) An activity 
concerned with the scheduling, forming, treat-
ing, shaping, joining, and cutting of raw mate-
rial in the production of goods.

MAP (n) An acronym for manufacturing auto-
mation protocol, a communications standard 
being developed for compatibility between dif-
ferent automated manufacturing systems. The 
goal of MAP is the total integration of islands 
of automation in manufacturing, regardless 
of the type of hardware and software used in 
each system.

marketing (n) The division of a business 
involved with convincing customers to pur-
chase the product or service provided by the 
company. In order to sell the product more 
effectively, marketing will gather informa-
tion on potential customers, both directly and 
indirectly, and will use these data to infl uence 
the design of the product so that it more closely 
matches the customer’s needs.

marks (n) The fundamental graphic elements 
used to encode data in a visualization. Marks 
can be thought of as graphic primitives and 
are typically classifi ed as either simple or 
complex. Simple marks include points, lines, 
areas, and volumes. Complex marks are also 
called glyphs. All marks interrelate closely 
with the dimension of the data type.

mass properties analysis (n) Analytic tech-
niques directly related to the geometric prop-
erties of an object. Typical calculations are the 
mass, centroids (center of gravity), and inertial 
properties of the object. In order to success-
fully use these techniques, the model must be 
able to unambiguously defi ne the volume the 
object occupies and the density of the material 
within the volume.

material control (n) A term describing the 
management of the fl ow of materials through 
the production process. Just-in time (JIT) 
techniques are used to recognize which raw 
materials are needed and when.

material requirement planning (n) See MRP.

materials engineering (n) A fi eld of engineer-
ing that comprises a wide spectrum of activi-
ties directed toward the design, development, 
and production of metals, alloys, ceramics, 
semiconductors, and other materials for engi-
neering applications.

mathematics (n) An abstract symbol-based 
communications system based on formal logic. 

Geometry is one of the oldest fi elds of math-
ematics and underlies most of the principles 
used in technical graphics and CAD.

matrix charts (n) A visualization technique 
that uses grids to show relationships between 
at least two, often qualitative, variables. Each 
variable is represented along a scale, and the 
interior grid cells represent possible combina-
tions of variable values. Marks are placed in 
the grid cells, representing the relationship 
between variable values.

maximum material condition (MMC) A tol-
erancing term defi ning the condition of a part 
when it contains the most amount of material. 
The MMC of an external feature, such as a 
shaft, is the upper limit. The MMC of an inter-
nal feature, such as a hole, is the lower limit.

mean (n) A statistical interpretation of a data 
set. Calculated by dividing the sum of a set of 
terms by the number of terms. Also referred to 
as an arithmetic mean.

mechanical engineering (n) A fi eld of engi-
neering comprising a wide range of activities, 
including research, design, development, 
manufacturing, management, and control for 
engineering systems and their components. 
Mechanical engineers work in such fi elds as 
transportation, power generation, energy con-
version, environmental control, aeronautics, 
marine science, and manufacturing.

mechanical fastening (v) A process that uses 
a manufactured device added to an assembly 
to hold parts together. Mechanical fasteners 
include threaded and nonthreaded fasteners, 
such as rivets, keys, pins, snap rings, and 
clips.

mechanics (n) An area of applied phys-
ics which, at a macro level, deals with the 
response of bodies (parts) to the action of 
forces, and, at the micro level, with the 
response of materials.

mechanism (n) A mechanical system made 
of rigid structures, such as shafts, housings, 
and pillow blocks, and connected by various 
linkages, such as gears, cams, and cranks. A 
mechanism is activated by applying a load or 
force at one or more points in the mechanism.

mechanism analysis (n) An analytic tech-
nique that determines the motions and loads 
associated with mechanical systems made of 
rigid bodies (links) connected by joints. The 
two most common types of mechanism analy-
sis are kinematic and dynamic.

media (n) A means of conveying information, 
both graphic and textual. Traditionally, this 
refers to the types of paper used in drafting; 
more recently, it has also come to refer to the 
types of information storage and playback tech-
nology, such as video, audio, CD-ROM, etc.

memory device (n) Computer hardware 
used to store information, such as CAD data. 
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Transient storage is random access memory 
(RAM); more permanent storage includes 
fl oppy disks, CD-ROMs, magnetic tape, etc.

midpoint (n) A singular location that is equi-
distant between two locations. The midpoint 
of a line divides the line in half.

minor axis (n) The short axis of an ellipse. 
In a pictorial projection, the length of this 
axis varies with the relationship of the view 
direction to the surface of the circle the ellipse 
represents.

minor diameter (n) A threading term refer-
ring to the smallest diameter on an internal or 
external thread.

mirror (v) To duplicate geometric elements 
across a line or plane such that they would be 
duplicated but inverted as they would be seen 
in a mirror.

miter line (n) A special construction line 
used to share the depth dimension between 
the top and right side views of a multiview 
drawing. The line is drawn at a 45-degree 
angle and is used as a point of intersection 
for lines coming to and from the right side 
and top views.

MMC (n) See maximum material condition.

model solid (n) In a modeling system, the 
solid object being manipulated by tool solids 
during the course of creating the fi nal model. 
Whereas the tool solids are transient in nature, 
the model solid defi nes the state of the object 
as it evolves into the fi nal model.

modeling (v and n) Often referred to as geo-
metric modeling, which is both a process 
and a product. Modeling is used to analyze 
preliminary and fi nal design solutions, as well 
as provide input to the production process in 
the form of a computer database. Modeling is 
a product since it is a result of the design pro-
cess, which uses graphics as a tool to visualize 
possible solutions and to document the design 
for communications purposes.

modem (n) A computer hardware device 
that uses standard telecommunications lines 
(phone lines) to send computer data from one 
computer to another. Modems are used to con-
nect computers at remote sites not connected 
by local area networks. The speed in which 
modems can transfer information is measured 
in bits per second, or baud.

motion (n) The movement of a part, either lin-
early or angularly, over time and space.

mouse (n) A small, hand-held computer input 
device that rests on a work surface and is 
moved in two dimensions to correspond to 
locations on the computer monitor. A cursor 
on the screen indicates the current location of 
the mouse and buttons on the top of the mouse 
are used to indicate the action to be performed 
at that location.

MRP (n) An acronym for material require-
ment planning, a process used to calculate the 
amount of raw materials necessary to manu-
facture a specifi ed number of products. MRP 
uses the bill of materials from the engineering 
drawings or CAD techniques such as attribute 
assignments. MRP has evolved into material 
resource planning, which includes both mate-
rials and fi nancing.

multimedia (n or adj.) A term used to refer to 
the systems or methods that convey informa-
tion in more than one media form and often 
through more than one sense. The integration 
of text and graphics could be thought of as a 
simple multimedia system.

multiple-line graph (n) A visualization tech-
nique similar to a regular line graph, except 
that an additional independent variable is 
mapped. The second independent variable 
typically has only a few discrete values, each 
of which is mapped as a separate line on the 
graph. Color or symbol coding is used to dis-
tinguish between the lines on the graph.

multiview drawing/sketch (n) A type of 
orthographic drawing based on multiview pro-
jection techniques in which two or more views 
of an object are arranged in a single drawing. 
Each view shows only two dimensions of the 
object and is chosen to depict specifi c features 
of the object clearly and distinctly.

multiview projection (n) A special type of 
orthographic projection that places the object 
in a unique position behind a projection plane 
such that a view is produced that shows only 
two dimensions of the object. The outline 
of the features of the part shows where the 
 parallel lines of sight pierce the projection 
plane.

mutually perpendicular (adj.) Two or more 
lines or planes that are at 90 degrees (right 
angles) to each other, that is, orthogonal.

N
NC (n) Acronym for numeric control, a form 
of programmable automation of a machine 
tool, using numbers, letters, and symbols. 
Unlike on an engineering drawing, the part 
geometry must be defi ned using coordinates 
instead of graphics. All NC systems today use 
computers and are called computer numerical 
control (CNC) machine tools.

nesting (v) The process of fi tting multiple 
patterns of material to be cut from a single 
continuous piece. This can be thought of like a 
jigsaw puzzle problem.

networked hierarchy (n) A hierarchical parts 
structure used by modeling systems. In a net-
worked hierarchy, parts can be shared across 
assemblies by means of software links set up 
external to any one fi le. These parts structures 
are often managed by special database soft-

ware networked across workstations within an 
organization.

node (n) A singular location in space. A node 
of a spline curve is used to control the location 
or curvature of the spline.

nominal scale (n) A qualitative data scale that 
has no inherent order to it (e.g., New York, 
Boston, and Houston).

nominal size (n) A dimension used to describe 
the general size of an object, usually expressed 
in common fractions. For example, a bolt 
might have a nominal size of 1/2�.

nonhierarchical (n) A structure in which 
elements may be sorted into separate groups, 
but there is no defi ned linkage or ordering of 
the groups. Layering in CAD systems is often 
defi ned as being nonhierarchical.

nonisometric line/plane (n) A line or plane 
that is not parallel to one of the principal iso-
metric axes or to two adjacent isometric axes, 
respectively. In an isometric drawing, noniso-
metric lines and planes are typically more dif-
fi cult to draw than isometric elements.

nonuniform rational B-spline (n) See 
NURBS.

normal (adj. or n) A term describing a direc-
tion perpendicular to a planar surface, or a 
vector representing a perpendicular direction. 
Normals are used to calculate the orientation 
of a surface with respect to a light source or 
view point.

normal edge/line (n) An edge of a face paral-
lel to a plane of projection and perpendicular 
to the adjacent orthogonal planes. The edge 
appears as an orthogonal, true-length line in 
two of the principal views and as a point in the 
third view.

normal face (n) A planar surface of an object 
that is parallel to one of the principal image 
planes. A normal face is seen in its true size 
and shape in the image plane to which it is 
parallel and is seen as an edge in the other 
two principal image planes. The normal face 
is named for the image plane to which it is 
parallel.

nuclear engineering (n) A fi eld of engineer-
ing that includes all areas of research, develop-
ment, and application of nuclear energy. Areas 
of specialty include reactor engineering, reac-
tor control, nuclear materials, reactor phys-
ics, controlled thermonuclear fusion, reactor 
safety, fuel management, and shielding.

numeric control (n) See NC.

NURBS (n) Acronym for nonuniform rational 
B-spline, a type of free-form curve that uses 
rational B-splines and allows for a weighting 
value at each point on the surface. Because 
NURBS can also precisely describe conic sur-
faces, they are gaining popularity in tasks pre-
viously done with other types of 3-D modelers.
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nut (n) An internally threaded device used on 
the ends of threaded fasteners to join materi-
als. Nuts are an alternative to threading the 
part itself and are often paired with a washer 
to assist in distributing the pressure and/or 
securing the nut.

O
oblique (adj.) A direction that is neither paral-
lel nor perpendicular to a plane.

oblique edge/line (n) An edge of a face that is 
not parallel to any of the three primary orthog-
onal planes. The edge appears foreshortened 
in all three principal views of a multiview 
drawing.

oblique face (n) A planar surface of an object 
that has been rotated about two axes from one 
of the principal image planes. An oblique face 
will appear foreshortened in all three of the 
principal views. Unlike inclined and normal 
faces, an oblique face is not seen as an edge in 
any of the principal image planes.

oblique projection (n) A form of parallel 
projection used to create oblique pictorials. 
Oblique projection results when the projectors 
are parallel to each other but at some angle 
other than perpendicular to the projection 
plane. Typically the most descriptive face of an 
object is placed parallel to the frontal plane.

offset coordinate method (n) A construction 
method used to construct non-normal views 
of cylinders, circles, arcs, and other curved or 
irregular features. The feature is fi rst drawn 
in an orthographic view, and then regularly 
spaced coordinate points are transferred to the 
foreshortened view space, where they are con-
nected using an irregular curve.

offset section (n) A full section view gener-
ated by multiple, connected cutting planes that 
are parallel but not coplanar. This technique 
is used to allow the cutting planes to pass 
through a series of features that do not all lie 
in the same plane.

ogee curve (n) A curve that connects two 
parallel lines with two arcs, forming a smooth 
curve. Such curves are often seen in architec-
tural details.

open gaging (v) The inspection of parts with-
out any dedicated fi xtures, using standard 
inspection devices, such as surface plates, 
calipers, coordinate measuring machines 
(CMMs), etc.

open loop (n) A set of edges in a CAD model 
that does not connect end to end, creating 
a closed loop. Solid modelers differ as to 
whether open loops can be used as profi les for 
feature generation. Open loops cannot be used 
to defi ne faces on a solid model. 

operating system (n) The software controls 
the basic functions of a computer system, such 

as reading and writing fi les to the disk, com-
municating with the printer, etc. Common 
operating systems include UNIX, MS-DOS, 
and Macintosh OS.

ordinal scale A qualitative data scale that 
has an inherent order. Even though ordinal 
data has an order, the order is not quantitative 
because the individual data elements are sym-
bolic and have no inherent magnitude.

origin (n) The intersection point of the X, Y, 
and Z axes.

orthographic projection (n) A parallel pro-
jection technique that creates a 2-D image of 
3-D objects or structures on an image plane 
perpendicular to the lines of sight. The ortho-
graphic projection technique can produce pic-
torial drawings, such as isometric or oblique, 
that show the three dimensions of an object or 
multiviews that only show two dimensions of 
an object in a single view.

outline assembly (n) A general graphic 
description of the exterior shape of an assem-
bly. Outline assemblies are used for parts 
catalogs and installation manuals or for pro-
duction when the assembly is simple enough to 
be visualized without the use of other drawing 
techniques, such as sectioning. Hidden lines 
are omitted except for clarity.

output device (n) A peripheral hardware 
device linked to a computer that allows infor-
mation in the computer to be accessible to 
the human senses. Common types of output 
devices include computer monitors and 
printers.

overconstrained (adj.) Typically used in refer-
ence to geometry contained in a 3-D model. 
In an overconstrained model or feature of a 
model, the relationship and location of geo-
metric elements is redundantly defi ned in one 
or more instances.

P
painter’s algorithm (n) A rendering technique 
used to perform hidden surface removal. All of 
the polygons are sorted and then drawn on the 
screen from back to front. Both the computer 
and a painter use this technique to ensure that 
elements in the background are covered by 
those in the front.

parabola (n) A single-curved surface primi-
tive, defi ned as the curve of intersection cre-
ated when a plane intersects a right circular 
cone parallel to one of the cone’s elements.

parallelepiped (n) A prism with a rectangular 
or parallelogram as a base.

parallel lines (n) Two lines in a plane that stay 
equidistant from each other along their entire 
logical length. The lines can be straight or 
curved. Circular curved parallel lines share 

the same center point and are referred to as 
concentric.

parallel planes (n) Two planes that are equi-
distant from each other over their entire sur-
faces. Two planes are considered parallel when 
intersecting lines in one plane are parallel to 
intersecting lines in the second plane. Also, 
seen in edge view, the two planes appear as 
parallel lines.

parallel projection (n) A projection technique 
in which all the projectors are parallel to each 
other, eliminating convergence. All major 
projection techniques, except perspective, use 
parallel projection.

parallelism (n) In geometric dimensioning 
and tolerancing an orientation control that is 
fl atness at a distance or straightness of an axis 
at a distance.

parallelogram (n) A quadrilateral (four-sided 
polygon) in which opposite sides are parallel. 
The square, rectangle, rhombus, and rhomboid 
are all parallelograms.

parametric (adj.) A term used to classify 
curves for which the path is described by a 
mathematical function rather than a set of 
coordinates. A parameter within the function 
(often specifi ed as u or v) is varied from 0 to 
1 to defi ne all the coordinate points along the 
curve.

parent-child (n) Describes the relationship 
between features in a model. The parent is 
created fi rst and the child feature is dependent 
on the parent feature for its defi nition in some 
way. An example would be that workplane 
might be the parent of a swept feature if the 
workplane was used in part to defi ne the fea-
ture profi le of the sweep.

partial view (n) A view that shows only what 
is necessary to completely describe the object. 
Partial views are used for symmetrical objects, 
for some types of auxiliary views, and for 
some types of multiview drawings. A break 
line or center line may be used to limit the 
partial view.

patch (n) A closed series of parametric curves 
that describe a surface region. Series of 
patches are usually combined together in sur-
face modeling systems to describe an object.

patent (n) The “right to exclude others from 
making, using, or selling . . .” a product, 
granted by the federal government for a 
period of 17 years. The patenting process was 
developed to encourage the free and prompt 
disclosure of technical advances. Patents often 
require specialized graphics as supporting 
documentation.

PCB (n) Acronym for printed circuit board, 
a rigid board typically made from fi berglass, 
approximately .060� thick, and used for 
mounting electronics components as part of 
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a larger assembly. This board, also called a 
printed wiring board (PWB), has wiring pat-
terns formed by traces of a conductor, such as 
copper, fused to the board. The wiring pattern 
is created either by depositing the conductor 
on the board or by starting with a solid fi lm 
of the conductor and etching away what is not 
needed.

PDES (n) An acronym for product data 
exchange using STEP, a new data exchange 
standard that attempts to incorporate informa-
tion for the complete life cycle of the product. 
The type of information covered includes 
shape, design, manufacturing, quality assur-
ance, testing, support, etc. As indicated by its 
name, PDES incorporates the evolving STEP 
standard.

PDM (n) An acronym for Product Data 
Management. This refers to the digital man-
agement of all data needed to manage the 
complete lifecycle of a manufactured product. 
A PDM system is the computer system and 
network used to manage this database.

perception (n) The mental image or knowl-
edge of the environment received through the 
senses. Real objects can be perceived through 
viewing or touching, whereas graphic rep-
resentations are perceived through viewing 
alone.

perfect form (n) A term used in geometric 
dimensioning and tolerancing to describe the 
ideal shape of a feature. Form controls on a 
feature are defi ned relative to the perfect form. 
For example, the cylindricity tolerance zone is 
defi ned as a perfect cylindrical shape.

perimeter loop (n) A closed set of edges and 
vertices that constitute the outer boundary of 
a face. The perimeter loop is a variable in the 
Euler–Poincaré formula used as part of the 
process of validating the topology of a model.

perpendicular lines (n) Two or more lines that 
intersect once at a right angle (90 degrees), 
sometimes referred to as normal.

perpendicular planes (n) Two planes oriented 
at right angles (90 degrees) to each other. Two 
planes each containing a line that is perpen-
dicular to a line in the other plane, are also 
perpendicular to each other. Multiviews are 
generated by mutually perpendicular image 
planes.

perpendicularity (adj.) An orientation control 
for geometric dimensioning and tolerancing. 
Perpendicularity is the condition of a surface, 
center plane, or axis that is at a right angle to a 
datum plane or datum axis, respectively.

perspective projection (n) A projection tech-
nique in which some or all of the projectors 
converge at predefi ned points. This picto-
rial projection technique is used to replicate 
closely how humans perceive objects in the 
real world.

PERT chart (n) This type of diagram shows 
the relationship between a set of activities 
or processes taking place in an organiza-
tion. These linked relationships defi ne paths 
through the process and identifi es the order, 
likely length of time, and critical steps that 
need to be completed. PERT stands for Pro-
gram Evaluation and Review Technique which 
was derived by the U.S. Navy in the 1950’s 
from the Critical Path Method.

phantom line (n) A line used to represent 
a movable feature in its different positions 
as well as a repeating pattern, such as screw 
threads on a shaft. 

Phong shading (v) A rendering method that 
uniformly adjusts the value of a surface color 
based on the relationship of the light source 
to normals calculated along each edge of the 
model. Unlike Gouraud shading, Phong shad-
ing allows the representation of highlights 
arising from specular refl ection.

photorealistic (adj.) A term describing a 
rendered object that attempts to match the per-
ceptual effects of color, texture, lighting, etc., 
of a real object. This type of rendering is used 
by industrial designers, marketing executives, 
and others interested in gaging the effects of 
its visual appearance.

physical prototypes (n) Physical models of a 
proposed design. These are used in the evalua-
tion and testing of a product before going into 
full production. Increasingly, simulated or vir-
tual prototypes created with CAD/CAM tools 
are used for analysis.

pictorial assembly (n) A pictorial drawing 
(normally an axonometric view) of a partially 
or fully disassembled assembly. Center lines, 
called fl ow lines in this application, are used to 
show how each part is assembled. The picto-
rial assembly is commonly used in installation 
and maintenance manuals.

pictorial drawing/sketch (n) A drawing in 
which all three of the primary dimensions 
of an object are seen in a single view. These 
drawings are used to give a holistic view and 
are not used to depict specifi c features on the 
object. Axonometric and perspective pictorials 
are the two main types.

picture plane (n) An alternate name for the 
plane of projection. The plane upon which the 
object is projected in a perspective projection.

piercing point (n) The intersection of a line 
and plane.

pin (n) A mechanical fastener, typically cylin-
drical in shape, used to keep parts in position 
or to prevent slippage after assembly. Some 
of the more common types of pins are dowel, 
straight, tapered, groove, spring, and cotter.

pinion (n) The smaller of two gears in a 
meshed pair of gears. The larger of the two 

gears is simply called the gear. A gear and 
pinion pair is used to change the speed of shaft 
rotation, with the pinion shaft rotating at a 
higher rate than the gear shaft.

piping (n) A specialized engineering fi eld for 
the design of fl uid and gas-carrying piping 
systems for process plants and other industrial 
and commercial structures.

piping drawing (n) A specialized drawing 
used in the design and maintenance of piping 
systems. The piping systems are shown in an 
orthographic plan view or in a pictorial view 
such as isometric. The drawing can be done as 
a single-line drawing in which the components 
are represented as a single line or as a double-
line drawing for a more realistic spatial layout 
of the components. Specialized graphic sym-
bols are used to represent the pipes, fi ttings, 
and valves used in the system.

pitch (n) A thread term used to describe the 
distance measured parallel to the axis between 
corresponding points on adjacent thread 
forms. The pitch is equal to 1 divided by the 
number of threads per inch.

pixel (n) A single point on a display device, 
such as a computer monitor. Pixels are 
arranged in horizontal and vertical rows. On a 
CRT type monitor, a pixel is an electronically 
charged point on the screen. Pixel is often used 
in describing the minimal unit of resolution of 
any bitmapped graphic output.

planar surface (n) A fl at, two-dimensional 
bounded surface.

plan drawing (n) A type of drawing com-
monly used in civil, architectural, or engineer-
ing projects involving large structural layouts. 
A plan drawing (sometimes called a plan view) 
is an orthographic view taken from the top and 
looking down parallel to the line of gravity. 
These drawings are useful in planning the fl ow 
of vehicles, people, or material through con-
structed spaces or along the terrain.

plane (n) A region of space defi ned by a 
minimum of three noncoincident points in 
space. For the simplest type of plane surface, 
all points can be described by two coordinate 
axes; that is, the plane has no curvature.

plane geometry (n) The geometry of planar 
fi gures, such as circles and triangles, and their 
relationships. This mathematical fi eld is an 
important part of traditional engineering and 
technical graphics.

plane of projection (n) An imaginary plane 
in space upon which an object is projected. 
The plane can be imagined as a pane of glass 
on which lines of sight from the object form 
an outline of the object. This plane is also 
referred to as a picture plane.

plastics (n) A material made from natural or 
synthetic resins that can be formed or shaped. 
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Common industrial plastics include polysty-
rene, acrylics, polycarbonate, ABS, PVC, 
acetals, nylon, polypropylene, polyethylene, 
epoxy, and phenolics.

PLM See Product lifecycle management.

plumbing (n) The piping used to transport 
water, waste, and gaseous fuels, especially in 
residences.

plus and minus dimensioning (n) A toleranc-
ing specifi cation that gives the allowable posi-
tive and negative variance from the dimension 
specifi ed. Sometimes, the plus and minus 
values will be equal; at other times, they will 
be different.

point (n) A singular location in space, usually 
defi ned by coordinate values (i.e., X,Y,Z).

point light source (n) A light source located 
at a specifi ed point in space. In rendering, the 
point light source is usually close to the model. 
Because the light radiates omnidirectionally 
from the point source, no two rays hit a pla-
nar surface at the same angle. An uncovered 
incandescent light bulb is analogous to a point 
light source.

point view (n) The direction of view of a line 
or axis that projects as a single point on the 
plane of projection. That is, the line of sight in 
a parallel projection is parallel with the line 
or axis.

point-to-point diagram (n) See wiring dia-
gram.

polar coordinates (n) A 2-D coordinate sys-
tem used to locate a point in a plane by speci-
fying a distance and an angle from the coor-
dinate origin. When another distance normal 
to the coordinate origin is added, cylindrical 
coordinates can be specifi ed.

polygon (n) A plane fi gure bounded by straight 
lines. If the sides are of equal length and form 
equal angles with each other, the polygon is 
considered a regular polygon (e.g., a square or 
hexagon).

polygonal prism (n) A geometric solid con-
sisting of two equivalent polygonal bases 
parallel to each other. Each equivalent edge of 
the bases is connected to form a series of par-
allelograms, bounding the sides of the solid.

polyhedron (n) A geometric solid bounded by 
polygons. If the polygons are equal, regular 
polygons, the solid is called a regular polyhe-
dron.

port (n) In 3-D modeling systems, a defi ned 
region on the computer screen, used for dis-
playing a single view of an object. Typically, a 
different set of view parameters is assigned to 
each port.

position (n) A control for geometric dimen-
sioning and tolerancing. Position specifi es the 
total zone specifi cation for a feature, such as a 
diameter or the total height.

precedence of lines (n) A convention describ-
ing the order of priority of different linestyles. 
For example, if a visible and hidden line coin-
cide, the visible line is the one drawn.

presentation graphics (n) Graphics intended 
for a wide audience and used to communicate 
information about a proposed product or 
design to other individuals within the com-
pany, to clients, or to the potential end user.

pressure angle (n) A term used in the design 
of gears and defi ned as the angle between 
the tangent to the pitch circles and the line 
drawn normal to the surface of a gear tooth. 
The pressure angle has been standardized by 
gear manufacturers and by ANSI (14½ degrees 
being the most common), and it determines the 
shape of the involute curve used to design the 
gear tooth.

primary auxiliary view (n) A single auxiliary 
view projected from one of the six standard 
views. Primary auxiliary views are used to 
show inclined surfaces in their true size and 
shape. Secondary auxiliary views are used for 
oblique surfaces and are derived from primary 
auxiliary views.

primary axes (n) Three mutually perpendicu-
lar axes representing the primary dimensions 
of an object. Each of these axes is normal 
(perpendicular) to one of the primary image 
planes.

primitive (n or adj.) A term used primarily 
to describe the fundamental geometric forms 
used for building 3-D CAD models. Primitives 
are typically defi ned parametrically or with 
single-sweep operations. Primitives are used 
as tool solids in Boolean operations.

principal plane (n) A plane that is seen in its 
true size and shape in two of the six principal 
views and as an edge in the other four. The 
three principal planes are frontal, profi le, and 
horizontal. For example, the frontal plane is 
seen in its true size and shape in the front and 
rear views and as an edge in the other four 
views.

principal (standard) view (n) One of the six 
mutually perpendicular views of an object, 
produced after an object’s position is selected. 
The six views can be created by positioning 
the object inside a glass box and viewing the 
box with parallel lines of sight perpendicular 
to the glass planes. These views are the corner-
stone of multiview drawings.

printed circuit board (n) See PCB.

printed wiring board (n) See PWB.

problem identifi cation (n) A process used by 
the design team during the ideation process to 
set the parameters of the design project before 
attempting to fi nd a solution to the design. 
This process includes such stages as objec-
tives, limitations, and scheduling.

procedural (adj.) A term used to describe 
the process by which a model is constructed. 
Procedural information can be thought of as 
actions, such as creating a face on the cube by 
following the path made by edges 1 through 4.

process control (n) The measurement, 
analysis, and adjustment of manufacturing 
processes, such as drilling, milling, and turn-
ing. The quality of a product relies heavily on 
process control techniques used to check the 
variability of machined parts and to detect 
defects. The use of statistical techniques is an 
important component of process control.

process piping (n) The piping used to trans-
port liquid and gaseous chemicals for indus-
trial processes.

process planning (n) The stage in the manu-
facturing process in which the most effi cient 
way of producing the product is determined. In 
this stage, industrial engineers determine how 
parts will be fabricated and in what sequence.

product data exchange using STEP (n) See 
PDES.

product data management (n) See PDM.

product (industrial) design (n) A complex 
activity that includes function analysis, market 
analysis, production, sales, and service. The 
goal of product design is to produce a product 
that will meet the wants and needs of the con-
sumer, can be economically produced, is safe 
for the consumer and the environment, and 
will be profi table.

product lifecycle management (PLM) (n) 
a process for creating products that supports 
design, manufacture, and service functions 
through a digitally enabled corporate infra-
structure. It includes a change in the way 
companies operate and conduct business, in 
addition to advanced technological tool sets.

production drawing (n) See working drawing.

production process (n) The planned action 
used to convert raw materials into fi nished 
products. The production process is sometimes 
referred to as the manufacturing process. 
However, production is a more global term that 
includes both the manufacturing of products 
and the construction of structures.

profi le (n) A form control for geometric 
dimensioning and tolerancing. A profi le 
is the outline of a feature projected onto a 
plane. They usually consist of combinations 
of contiguous lines, arcs, and other curves. 
The profi le tolerance zone may be made of a 
combination of straightness, roundness, paral-
lelism, etc.

profi le line (n) A line seen in its true length 
in the profi le plane, either the right or left side 
view.

profi le plane (n) A principal orthographic 
plane of projection. This plane is used to 
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defi ne both the right and left side orthographic 
views.

profi le sketch (n) Typically a closed loop 
of lines drawn on a workplane as part of the 
feature defi nition process in 3-D modeling. In 
a constraint-based modeler, the profi le sketch 
is constrained with dimensions and other geo-
metric relations and then swept out to form a 
3-D solid model feature. 

profi le view (n) A principal orthographic view 
created by a projection onto the profi le plane. 
This term includes both the right and left side 
views.

projection line (n) A construction line drawn 
between views in a multiview drawing to align 
3-D space dimensions. This term is sometimes 
used in a more general sense to refer to lines 
representing the transference of spatial infor-
mation between objects, or between an object 
and an image plane. The relationship of the 
projection lines to each other and to the image 
plane defi nes whether the projection technique 
is perspective, parallel, or oblique.

projection theory (n) The principles used to 
represent objects and structures graphically 
on 2-D media. Some of the primary projection 
methods include orthographic, oblique, and 
perspective.

proportion (n) The comparative relation, 
or ratio, between dimensions of a feature or 
object.

prototyping (n or v) A term used to describe 
the process by which physical mockups are 
made of proposed designs. Increasingly, proto-
typing is done using the databases associated 
with 3-D computer models. Because of the 
speed and effi ciency, this technique is often 
referred to as rapid prototyping.

PWB (printed wiring board) See PCB.

pyramid (n) A geometric solid consisting of 
a polygonal base and a series of triangular lat-
eral faces. The triangular faces each share one 
side with the polygonal base and the other two 
sides with the neighboring triangular faces. 
The triangular faces all meet at a common 
point called the vertex.

Q
quadrilaterals (n) Four-sided polygons of any 
shape. The sum of the angles inside a quad-
rilateral always equals 360 degrees. Quadri-
laterals are classifi ed by the characteristics of 
their sides. If opposite sides of the quadrilat-
eral are parallel, the shape is a parallelogram.

qualitative (adj.) A type of data used as a 
method of labeling and identifying. Qualita-
tive data are classifi ed as being either nominal 
or ordinal.

quality (adj.) The capacity of a product or ser-
vice to consistently meet or exceed customer 

needs and expectations. Quality includes per-
formance, special features, reliability, durabil-
ity, and service after sale.

quantitative (adj.) A type of data that has 
numerical value. Quantitative data are further 
classifi ed by the number of components and by 
the scales of values used (e.g., scalar, vector, 
or tensor).

R
radial line (n) One of a set of lines radiating 
from or converging to a common center. A line 
that is directed along a radius of a circular arc 
or circle.

radiosity (n) A rendering technique, based on 
thermal principles, in which there is a conser-
vation of light energy in a closed environment. 
With radiosity methods, any size or shape sur-
face is capable of both radiating and absorbing 
light energy. The rate at which energy leaves 
a surface is its radiosity, and is the result of 
all light energy received, absorbed, and then 
transmitted by the surface.

radius symbol (n) A symbol that precedes a 
numerical value, indicating that the associated 
dimension shows the radius of a circular arc. 
The radius symbol is the capital letter R.

range bars (n) Line or bar marks, such as 
those used in bar charts, that indicate an inter-
val of variable values. For example, range bars 
could be used to indicate the period of time 
that a product is in transit between machining 
stations on a manufacturing line.

rapid prototyping (n) A broad term used to 
describe several related processes that cre-
ate physical models directly from a CAD 
database. Prototyping systems use a variety 
of techniques, including stereolithography 
and fused deposition modeling (FDM). Rapid 
prototyping is used to create prototypes for 
concept modeling, injection molds, and invest-
ment casting.

ratio scale (n) A data scale that has a natural 
zero point but is insensitive to the units used. 
Ratio values are often generated by dividing 
two values that have either similar or dissimi-
lar units.

rats nest (n) The drawing representing 
straight-line connections between all of the 
electronic components on a printed circuit 
board. Once the components are located on 
the board, the rats nest is generated, using the 
component connection list. The rats nest draw-
ing is part of the iterative design process to 
optimize placement of components.

ray (n) An entity of unspecifi ed length, but 
no depth or breadth, that extends into infi nity 
from a specifi ed point. In computer graphics, 
ray is a common term used, when rendering a 
scene, to describe the path a light ray follows.

ray tracing (n) A rendering technique that 
calculates the path of all rays of (a) theoretical 
light source(s) within a model scene. The tech-
nique includes tracing the path from the light 
source, between all objects which may refl ect 
and pass the light, to the viewer’s eye.

reach envelope (n) A volume of space repre-
senting all possible locations in space that a 
human operator’s limbs could occupy. Reach 
envelopes are used to analyze the locations of 
controls, such as in the design of workstations, 
tools, cockpits, etc.

rear view (n) A principal view of an object, 
created by rotating the object 180 degrees 
about the vertical axis from the front view. 
This view is not typically included in a stan-
dard multiview drawing.

redlining (n) Corrections and comments made 
on a document. Traditionally, these were made 
with a red pencil on paper working drawings, 
but they may refer to any additional nota-
tions made on paper or electronic documents. 
Redlining is a way in which individuals in an 
organization other than the individual who 
produced the document can provide input into 
either the design represented in the document 
or the correctness of the document itself.

reference dimension (n) A numerical value, 
enclosed in parentheses, provided for informa-
tion only and not used in the fabrication of the 
part. A reference dimension is a calculated 
size used to show the intended design size of 
a part. Drawings made to older standards may 
use REF placed next to a reference dimension, 
instead of using parentheses.

reference lines (n) Lines used to correlate 
scale values with data markers in a visual-
ization. Because reference lines are not the 
central focus of a visualization, they tend to be 
thin and sometimes dotted or dashed.

reference plane (n) An imaginary plane 
placed in multiviews to facilitate the solving of 
descriptive geometry problems.

reference point (n) A point from which mea-
surements or comparison can be made. Also 
called the origin or measurement.

refi nement (v) A repetitive process (iterative 
or cyclical) used to test the preliminary design, 
make changes if necessary, and determine 
if the design meets the goals of the project. 
Models are used to analyze and visualize 
the design. Refi nement drawings are used to 
analyze the design in its current stage of the 
design process.

regression line (n) A line mark used in con-
junction with point marks to represent data 
trends in a visualization. Although this line, 
either linear or curved, can be drawn freehand, 
it is usually calculated using statistical 
techniques.
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regular curve (n) A bent line composed of 
constant-radius arcs generated around a single 
centerpoint. With traditional tools, regular 
curves are drawn using a compass or circle 
template; with CAD, they are constructed with 
the CIRCLE and ARC commands.

regular isometric (n) An isometric pictorial 
drawn as if the viewer is looking down on the 
object from the top. In a regular isometric, the 
30-degree axes are drawn upward from the 
horizontal. The regular method is the most 
common type of isometric drawing.

regular polygon (n) A two-dimensional shape 
whose sides are equal in length.

regular polyhedra (n) A three-dimensional 
surface or solid that has regular polygons for 
faces.

related view (n) Views that are adjacent to the 
same view in orthographic drawings. These 
views are called related because distances of 
common features are equal or related.

relative coordinates (n) Coordinate locations 
specifi ed in reference to a previously defi ned 
location other than the origin. Relative 
coordinates are sometimes referred to as delta 
coordinates, meaning changed coordinates.

removed section (n) A section view that does 
not follow the standard alignment of views 
practiced in multiview drawing. This tech-
nique is used to show multiple section views 
generated from parallel cutting planes and 
views placed on separate drawings or using 
different scales.

removed view (n) A complete or partial ortho-
graphic view that is not aligned with any of 
the principal views. Removed views are often 
shown on a different drawing sheet or at a dif-
ferent scale.

reprographics (n) The process of storing, 
retrieving, and copying engineering drawings. 
Often, specialized service bureaus are used to 
provide these services to small fi rms.

reverse engineering (v) A method of accurately 
evaluating existing products, then inputting the 
information into a CAD database. Often a coor-
dinate measuring machine (CMM), an electro-
mechanical device with a probe on one end that 
accurately measures objects, is used to input the 
3-D data into the CAD system.

reversed axis isometric (n) A variation of the 
regular isometric pictorial. Whereas in a regu-
lar isometric, it appears as though the viewer 
is looking down from the top of the object, in 
the reversed axis isometric, it appears as if the 
viewer is looking up from the bottom of the 
object. The 30-degree axes are drawn down-
ward from the horizontal.

revision block (n) An area located next to the 
title block, listing the version, or revision, of 
the drawing depicted.

revolution (v) The rotation of a point, line, 
plane, or entire object about an axis parallel to 
a plane or projection. The revolution method is 
one of the standard techniques used in descrip-
tive geometry.

revolved section (n) A section view made by 
revolving the cross-section view of the part 
90 degrees and placing the section view on 
the part. Visible lines adjacent to the revolved 
view can be either drawn or broken out using 
conventional breaks.

RGB color model (n) A color model based on 
the three additive primaries: (R)ed, (G)reen, 
and (B)lue. This color model is used exten-
sively because of its close correlation to the 
hardware implementation of color on a com-
puter monitor.

rib (web) (n) A thin, fl at feature of an object 
that acts as a structural support. Ribs, webs, 
spokes, lugs, and other thin features are not 
section lined if a cutting plane passes parallel 
to the feature.

right side view (n) A principal view of an 
object, created by rotating the line of sight 
90 degrees about the vertical axis to the 
right of the front view. This view is typically 
included in a standard multiview drawing. 

rigid-body transformations (n) Transforma-
tions applied to geometric forms. Such trans-
formations affect the location or orientation in 
space but not the shape. Examples are transla-
tion and rotation.

rivet (n) A permanent mechanical fastener, 
consisting of a smooth metal shaft with a head. 
Rivets are placed in the part and held in place 
by spreading the tip protruding through the 
material.

robot (n) A computer-controlled device used 
in manufacturing for many purposes, such as 
assembly, painting, and material movement. 
Robotics is an important component of CAD/
CAM and in the automation of production 
facilities.

root (n) A threading term used to describe the 
bottom of a screw thread cut into a cylinder.

roulette (n) The curve generated by the 
rolling contact of one curve or line on 
another. Any point attached to the rolling 
curve will describe a roulette curve. The mov-
ing point is called the generating point. The 
roulette is constructed by moving the rolling 
curve to a number of new positions and plot-
ting the corresponding positions of the gener-
ating point.

round (n) A round is an exterior corner nor-
mally found on cast, forged, or molded parts. 
Like a fi llet, a round can indicate that a surface 
is not machine fi nished. A round is indicated 
on engineering drawings as a small arc.

roundness (n) See circularity.

rule 1 (n) A central principle to geometric 
dimensioning and tolerancing (ANSI Y14.5–
1982). It stated that, where only a tolerance of 
size is specifi ed, the limits of size of an indi-
vidual feature prescribe the extent to which 
variations in its geometric form, as well as its 
size, are allowed.

ruled surface (n) A surface produced by the 
movement of a straight-line generatrix con-
trolled by a directrix to form a plane, a single-
curved surface, or a warped surface.

runout (n) A fi lleted surface that runs tangent 
to a cylindrical one. A runout is drawn on 
multiview drawings starting at the point of 
tangency, using a radius equal to that of the 
fi lleted surface, with a curvature of approxi-
mately one-eighth of a circle.

S
saturation (n) A perceptual color quality 
indicating the ratio of the primary spectral 
wavelength (the hue) to all the wavelengths in 
the color. A high saturation color has a vivid 
hue, whereas a low saturation color approaches 
gray in appearance.

scalar value (n) A quantitative data type that 
expresses magnitude but not direction.

scale (n) A measuring tool used to calculate 
distances on a technical drawing. Scale can 
refer to both the physical tool, similar to a 
ruler, and the mathematical ratio used to cal-
culate the size difference between the actual 
object and the drawn representation of the 
object. Scale lines in a visualization map the 
scale values to the graphic fi gure.

scale breaks (n) Interruptions, or breaks, in a 
visualization scale, used to reduce large blank 
areas in the visualization created by widely 
dispersed data. Scale breaks allow a visual-
ization to preserve a larger magnifi cation by 
reducing the area required for the drawing.

scanner (n) A computer input device used to 
capture information on paper and translate the 
information into a raster (bitmapped) com-
puter image. Scanners can be used to convert 
a drawing created with traditional tools to a 
CAD drawing, to convert and enhance photo-
graphs in desktop publishing, or to input text 
information into the computer.

scatter plot (n) A visualization technique 
that maps discrete values with point marks in 
either 2-D or 3-D space. A regression line is 
often included in the visualization to help rec-
ognize data trends.

schematic (logic) drawing (n) A type of draw-
ing or diagram commonly used in electronics 
to represent the logical and functional relation-
ships of parts in an electronic assembly, cir-
cuit, or device. The drawing details the signal 
fl ow and control but not necessarily the spatial 
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relationship of the fi nal layout nor the actual 
point-to-point wiring that will be used. Special 
design symbols are used to represent the dif-
ferent types of electronic components.

screen angle (n) The alignment angle of dots 
in halftone images. The angle of the dots in an 
image, especially when multiple screens are 
being used, is critical for avoiding illusionary 
and otherwise unwanted secondary patterns 
from appearing in the printed image.

screen coordinate system (n) A coordinate 
system used to map graphics created by the 
computer software to the monitor. The coor-
dinate system often has its origin in the upper 
left-hand corner of the screen, with the mea-
surement unit in pixels.

screen print drawing (n) See fabrication 
drawing.

seam line (n) Lines on a development that 
indicate where material is to be folded to cre-
ate areas of joinery with other surfaces.

secondary auxiliary view (n) An auxiliary 
view projected from a primary auxiliary view. 
Secondary auxiliary views are used to depict 
oblique surfaces in their true size and shape.

section assembly (n) An assembly drawing 
that provides a general graphic description 
of the interior shape of an assembly by pass-
ing a cutting plane through the assembly. 
The  section assembly is usually a multiview 
 drawing of all the assembled parts, with one 
view in full section. Other types of sections 
can also be used, such as broken-out and half 
sections.

section drawings (n) Drawings containing 
views in which portions of the object have 
been removed. Section drawings typically 
depict the cutting plane used to defi ne the 
removed material in a view adjacent to the 
actual section view. The section view depicts 
the cut surfaces with section line symbols.

section lines (n) A line used to represent 
surfaces of an object cut by a cutting plane 
in section views. Section lines are drawn in a 
number of patterns (symbols) corresponding to 
the type of material being sectioned.

section views (n) Types of multiview drawings 
used to improve clarity and reveal interior fea-
tures of parts and assemblies.

serial slices (n) A visualization technique 
based on sectioning. A 3-D object is reduced 
to a series of 2-D images by representing two 
of the geometric dimensions in all slices, and 
each slice represents a discrete value range for 
the third geometric dimension.

servicing (v) An activity that supports the 
installation, training, maintenance, and repair 
of a product or structure for the consumer. 
Technical illustrations are found in manuals 
used to support servicing activities.

set screw (n) A mechanical threaded fastener, 
with or without a head, used to prevent rota-
tion or movement between parts, such as a 
shaft and a collar. Set screws have special 
types of points for different applications.

shading (v) A rendering technique simulating 
the effect of light on the surface of an object. 
The angular relationship between the light and 
the surface results in a variance in the value 
(darkness/lightness) of the surface. Abrupt 
changes in value typically indicate an edge 
between surfaces (faces).

shadow casting (v) A rendering technique 
used to simulate shadows cast by (a) light 
source(s). Based on methods similar to hidden 
surface removal, the direction of the light rays 
is used to calculate which surfaces are near-
est to the light source (and thus generate the 
shadow) and which are behind the near sur-
faces (and thus receive the shadow).

shaft basis (n) A tolerancing technique used 
to defi ne a system of fi ts and based on the basic 
size as being the maximum size of the shaft.

shape (n) The internal spatial relationship of 
vertices and edges that make up a face or the 
arrangement of faces on an object. Examples 
of characteristics used to describe a face are 
the number of edges (sides), the angle between 
edges, and the ordering of edges around the 
perimeter. Shape is independent of overall 
scale but not of viewpoint.

shear (v) A geometric transformation where 
selected elements are translated in the same 
direction. Shearing can be affi ne (parallelism 
of elements are preserved) or non-affi ne (par-
allelism is not preserved).

SI (n) Acronym for System Internationale 
(i.e., International System of Units), the metric 
measurement system. For technical drawings 
using the SI units, the millimeter (mm), meter 
(m), and the kilometer (km) are the most com-
mon units of measure. The international orga-
nization that established the metric standard 
is the International Standards Organization 
(ISO).

single-curved surface (n) A surface that curves 
in only one dimension. A cylinder is an example 
of a single-curved surface. Single-curved sur-
faces can be developed without distorting or 
altering the topology of any of the faces.

single-line drawing (n) See piping drawing.

size (n) The spatial dimension of an object. 
When used with a dimension (i.e., inches, cen-
timeters), size refers to an absolute measure-
ment. Size can also be used in a relative sense 
to compare features or objects.

sketch modelers (n) A term used to describe 
computer modeling systems used in the ide-
ation phase of the design process. Sketch 
modelers are defi ned by their ability to pro-

duce approximately accurate models quickly 
and easily.

skew lines (n) Nonintersecting, nonparallel 
lines in 3-D space. The relationship of skew 
lines, such as the shortest distance (clearance), 
can be calculated using descriptive geometry 
techniques.

software (n) A set of coded instructions 
(programs) used to control the operation of 
a computer. Software is often grouped into 
categories, such as operating systems (e.g., 
MS-DOS), application programs (e.g., the 
CAD program), and utilities (e.g., security 
programs).

soldering (v) See brazing.

solid geometry (n) The geometry of 3-D 
objects, such as cylinders, cubes, and spheres, 
and their relationships.

Solid model 3-D model that includes volumet-
ric information as well as information about 
the surface of the object.

specifi cations (n) The precise description of a 
property of an object or design. For example, 
specifi cations concerning the weight and over-
all dimensions for a proposed engine. Specifi -
cations may also give instructions concerning 
a process.

specular refl ection (n) Light refl ecting from a 
surface at the same angle at which it contacted 
the surface. With a perfect mirror, 100 percent 
of the light is refl ected in this manner. Specu-
lar refections are responsible for highlighting, 
or hot spots, seen on real objects and rendered 
models.

spherical coordinates (n) Coordinates used to 
locate points on a spherical surface. Spherical 
coordinates are described by specifying a dis-
tance and an angle from the origin measured 
in the X–Y plane and then an angle from the 
X–Y plane.

spiral (n) A curved line that begins at an ori-
gin point, moves further away from the origin, 
and decreases in curvature as it travels around 
the origin. A spiral is sometimes referred to as 
a spiral of Archimedes.

spline (n or v) A free-form curve that connects 
a series of control points with a smooth curve. 
Changing a control point results in a change 
in the curve. The term also describes the pro-
cess of connecting points to create a curve. 
B-spline and Bezier curves are examples of 
spline curves.

spooling drawing (n) A piping drawing that 
gives the information necessary for the con-
struction of a subassembly of an overall piping 
system. These drawings are used off site to 
fabricate subassemblies that can then be taken 
to the project site for fi nal assembly.

spot enlargements (n) Drawings used in con-
junction with larger technical illustrations of 
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parts or assemblies to show a clearer view of 
critical features. Spot enlargements typically 
use a combination of increased scale, reverse 
views, and sectioning to aid in viewing a fea-
ture. The enlargement is usually on the same 
sheet as the overall illustration, is isolated by 
ruled lines, and is keyed back to the overall 
drawing by a leader or a separate callout.

spot light source (n) A light source located at 
a specifi ed point and orientation in space. In 
rendering, a spot light source is usually close 
to the model. Besides a location and an orien-
tation, the user also specifi es an angle of dis-
persion to create a cone of light. A fl ashlight is 
analogous to a spot light source.

spring (n) A mechanical device, often in the 
form of a helix, that expands or contracts due 
to pressure or force. Springs are classifi ed as 
compression, tension, extension, fl at, and con-
stant force. A spring is further classifi ed by the 
material, gage, spring index, direction of the 
helix, and type of ends.

Standard for the Transfer and Exchange of 
Product Model Data (n) See STEP.

standards (n) Sets of rules that allow for the 
clear communication of technical ideas by 
governing how parts are made and represented 
in technical drawings. In the United States, 
the American National Standards Institute 
(ANSI) is the governing body that sets the 
standards used for engineering and technical 
drawings.

statics (n) An area of applied physics that 
deals with the analysis of forces in bodies 
(parts) at rest (in equilibrium).

station point (n) The eyepoint of the observer 
in a perspective drawing. The location of the 
station point relative to the object, and the 
horizon line determines the perspective view-
point (i.e., bird’s eye, human’s eye, etc.).

statistical process control (n) The system 
used for the selection of parts that are then 
measured for accuracy. Mathematical statistics 
is the tool used to analyze the measurements 
of the randomly selected parts. Consistent and 
accurate measurements will indicate when a 
machine tool must be maintained or adjusted 
during the manufacturing cycle.

steel (n) An alloy of iron, containing various 
amounts of carbon, manganese, and one or 
more other elements, such as sulfur, nickel, 
silicon, phosphorus, chromium, molybdenum, 
and vanadium. These elements, when com-
bined with iron, form different types of steels 
with varying properties.

STEP (n) An acronym for Standard for the 
Transfer and Exchange of Product Model 
Data, a neutral data exchange standard devel-
oped by the ISO. The development of this stan-
dard is an attempt to integrate the European 

standards and IGES and to embody a larger, 
more fl exible subset of information.

stereolithography (n) A rapid prototyping 
technique in which the model is fi rst decom-
posed into a series of thin layers and then 
reconstructed. A pair of light beams moves 
a focal point about in a vat of photosensitive 
polymer, tracing one layer at a time. Once one 
layer of polymer has been hardened by the 
light beams, the light beams trace the next 
layer up.

stereoscopic display (n) A (computer) display 
that makes use of the perceptual effect of ste-
reopsis: the disparity between the projected 
image received by the right and left eyes. 
Different computer images are sent to the two 
eyes through special monitors and/or headgear 
covering the eyes.

straight line (n) A line generated by a point 
moving in a constant direction. Straight lines 
can be either infi nite or fi nite in length. A fi nite 
straight line is an entity of specifi c length but 
no depth or breadth. An infi nite straight line 
is an entity of unspecifi ed length but no depth 
or breadth.

straightness (n) A form control for geometric 
dimensioning and tolerancing. Straightness 
means that all points on a part have the same 
direction throughout its length. Straightness 
also refers to the path describing the shortest 
(uniform) path between two points.

streamlines (n) Line marks, usually curved, 
used in visualizations to depict the path of fl ow 
of a fl uid or gas. Streamlines are used in aero-
dynamic studies to evaluate the fl ow of air or 
water around a proposed design.

stretching (v) A modifi cation technique that 
changes the location of individual points 
or groups of connected points of an object. 
Stretching changes the geometry but not the 
topology of the polygon or face of the solid. 
If this technique is used on a 3-D solid, it is 
sometimes referred to as tweaking.

stud (n) A mechanical fastening device that 
consists of a cylindrical rod threaded on one or 
both ends and that screws into a mating part. 
A nut may be used on one end.

subassembly (n) A logical grouping of parts 
that are only part of the total assembly. Often, 
a subassembly is a working mechanism in and 
of itself, but it works in concert with other 
parts to form the complete assembly.

subtractive (adj. or v) A process or state in 
which elements are removed from each other. 
Subtractive is the opposite of additive.

subtractive primaries (n) The three primary 
colors cyan, magenta, and yellow. Color sys-
tems using these primaries work on the prin-
ciple of subtracting spectral wavelengths from 
the light energy to create new colors. These 

systems are used in ink-based graphics, spe-
cifi cally four-color printing (the fourth color 
being black). The complementary colors are 
the additive primaries: red, green, and blue.

successive auxiliary view (n) An auxiliary 
view of an object created by projecting from 
other auxiliary views. With the use of succes-
sive auxiliary views (e.g., secondary auxiliary, 
tertiary auxiliary, etc.), it is possible to create 
virtually any view of an object.

surface (n) A fi nite portion of a plane, or the 
outer face of an object, bounded by an identifi -
able perimeter. A surface represents the path 
of a moving straight or curved line, called a 
generatrix. The path that the generatrix travels 
is the directrix. In a 3-D model, the topologi-
cal equivalent of a surface is a face.

surface of revolution (n) A specifi c type of 
swept surface where a curve (generatrix) is 
propagated about a circular path (directrix). 
The directrix is specifi ed by an axis relative to 
the generatrix and the degree of rotation.

surface plot (n) A 3-D visualization technique 
used with two independent variables (X and 
Y) and one dependent variable (Z). A surface 
connecting the data points represents the map-
ping of the independent and dependent vari-
ables. Shading and other rendering techniques 
are often used to help visualize the surface.

sweeping (n) A 3-D modeling operation in 
which a closed polygon, called a profi le, is 
drawn on the workplane (the U–V plane) 
and is transformed along a defi ned path. The 
sweeping technique is procedural in nature in 
that instructions are given as to how far and 
in what direction the sweep of the profi le is to 
occur in order to create the solid.

swept surface (n) A surface generated by a 
curve (generatrix) being propagated along a 
path (directrix). This technique is very com-
mon in 3-D modeling programs for the genera-
tion of 3-D surfaces and solids. Typically, an 
open loop generatrix creates a surface while a 
closed loop generatrix forms a solid.

symmetrical (adj.) A quality in which all the 
features on either side of a point, line, or plane 
are identical. The matching features form bal-
anced, mirror images.

system (n) An orderly arrangement of parts 
that are combined to serve the same general 
function. Examples are the arrangement of 
the assembly process in a factory; the heating, 
ventilating, and air conditioning (HVAC) sys-
tem in a structure; and the electrical system in 
an automobile.

T
tablet (n) A computer input device used to 
control cursor movement and to select menu 
items. The tablet can be covered with a thin, 
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plastic overlay that contains the menu options 
for a CAD software program. Attached to the 
tablet is the cursor control device, such as a 
puck or stylus. Specialized tablets, called digi-
tizers, are used to convert a drawing created 
with traditional tools to a CAD drawing by 
tracing geometric elements with the puck.

tabular drawing (n) Used to indicate the 
dimensions of a family of parts. Dimensions 
are given alphanumeric codes which are then 
referenced in a table. Different dimension 
values are applied to the general dimension 
depending on which member of the part fam-
ily is being referenced.

tangent (n) A condition in which a straight 
line is in contact with a curve at only one 
point. Tangents describe the smooth transition 
from a linear/planar element to a curved one. 
Geometric construction techniques are used 
to defi ne tangent curves in an engineering 
drawing.

tap (n or v) The machine tool used to make 
threads in holes. A drill bit (the tap drill), 
approximately equal to the diameter of the 
crest, is used to make a hole in metal before 
tapping an internal thread. The term is also 
used to describe the process of creating the 
threads.

technical and offi ce protocol (n) See TOP.

technical drawing/graphics (n) A special-
ized type of graphics used to communicate 
technical information. Examples of technical 
graphics include 3-D computer models and 
illustrations of a technical device.

technical illustration (n) A drawing that com-
municates the functionality or assembly of a 
product. These illustrations traditionally were 
axonometric pictorials done in black and white 
supporting portions of the product develop-
ment, manufacture, and support cycles where 
succinct, non-dimensioned drawings were 
needed. More recently, a broader array of mul-
timedia technologies have been deployed to 
represent technical and scientifi c information 
other than information directly related to the 
design and production of a product.

technical reports (n) In-depth accounts, 
containing text and graphics, documenting 
the design process. Progress reports are cre-
ated in the early stages of the design process 
to document the decisions made by the design 
team and are used to periodically review the 
status of a project. Final reports are written at 
the end of the design cycle and are much more 
detailed.

technical sketch (n) A type of sketch that 
depicts only certain features of an object or 
structure. Sketches are used as part of the 
design process, in the same way as a technical 
drawing, but sketches are more informal and 
are typically used early in the design process.

technologists (n) Personnel who work with the 
engineers and are concerned with the practical 
aspect of engineering in planning and produc-
tion. The technologist must be able to commu-
nicate quickly and accurately using graphics, 
by sketching design problems and solutions, 
analyzing design solutions, and specifying 
production procedures.

telepresence (n) The experience of being pres-
ent at a live, real world event when physically 
being located at some other remote location.

template (n) A die-cut fl exible sheet used to 
assist in the drawing of repetitive features, 
such as circles, ellipses, threaded fasteners, 
and architectural symbols. The circle template 
is used to draw regular-interval sized circles 
and arcs (e.g., 1-mm increments) quicker than 
using a compass.

tensor (n) A general term describing all types 
of quantitative data. A tensor has two parts: 
the dimensionality of the coordinate system, d, 
and the order of the tensor, n. The number of 
components (scalar values) needed to express 
the tensor is equal to dn. For example, a 2-D 
vector is a tensor of order n � 1 with 21 � 2 
components.

tertiary auxiliary view (n) An auxiliary view 
projected from a secondary auxiliary view.

text alignment (n) The vertical alignment of 
lines of text. Also referred to as justifi cation, 
lines of text can be aligned along such features 
as their right or left ends or the centers of the 
lines.

texture gradient (n) A perceptual cue that 
uses changes in patterns to indicate changes 
in a surface (face). Gradual changes in the 
patterns indicate changes in depth, curvature, 
orientation to light, or a combination thereof. 
Abrupt changes indicate a change of surfaces 
or objects.

texture mapping (n) A rendering technique 
that transfers a 2-D pattern (texture) to a 3-D 
surface. Although the name implies manipu-
lating the geometry of the surface, the tech-
nique is limited to mapping color patterns, 
such as a logo or a fabric pattern, to a surface 
to enhance the realism of the model.

third-angle projection (n) The arrangement 
of the six principal orthographic projected 
views as commonly practiced in the United 
States and Canada. The name derives from 
the quadrant of three mutually perpendicular 
planes that defi ne the relationship between the 
object, viewer, and projection plane(s).

thread form (n) A threading term used to 
describe the profi le or shape of the thread cut 
into the cylinder.

thread series (n) A threading term used to 
describe the number of threads per inch for a 
given diameter.

threaded fastener (n) A mechanical fastener 
incorporating threads as a means of joining 
parts, either directly by threading into one or 
more of the parts or indirectly by using a nut.

through hole (n) A cylindrical void (hole) that 
goes completely through an object such that 
the hole begins and ends at original boundary 
surfaces of the object.

tick marks (n) Short, perpendicular lines 
located along a primary line. Tick marks are 
used to mark important locations along the 
line, such as a point of tangency in a geometric 
construction or the regular divisions of units 
along a scale line in a visualization.

time series analysis (n) A visualization tech-
nique depicting a sequence of graphs in such 
a way as to allow comparisons between them. 
The sequence of images can be shown serially 
in the form of an animation or in parallel, with 
all the images either superimposed on each 
other or shown side by side.

title block (n) Used to record important infor-
mation on working drawings.

tolerance (n) The difference between the 
maximum and minimum size limits on a part. 
Tolerancing is a fundamental technique in pre-
cision manufacturing applications.

tolerance zone (n) A tolerance term that repre-
sents the tolerance and its position in relation 
to the basic size.

tool solid (n) Transient solid objects used to 
modify the solid model in a modeling system. 
Typically representing relative simple geomet-
ric shapes, tool solids modify the solid model 
using Boolean operations.

tools (n) Devices used to create engineering 
drawings and models, including both hand and 
computer tools.

TOP (n) Acronym for technical and offi ce 
protocol, a standard developed to assist in the 
integration of technical information within an 
offi ce environment. TOP allows fi le transfer, 
management, and access; message handling; 
standards for document revision and exchange; 
directory services; graphics; and database 
management.

top view (n) A principal view of an object cre-
ated by rotating the line of sight 90 degrees 
about the horizontal axis above the front view. 
This view is typically included in a standard 
multiview drawing.

topological (adj.) In 3-D modeling, a term that 
refers to the connectivity of the model, that is, 
how the elements of the object (i.e., the faces, 
edges, and vertices) are organized. Geometry 
specifi es where elements are located in space 
and how they are shaped; topology describes 
how these elements are connected to each other.

total quality management (TQM) (n) The 
process of managing the entire organization 
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such that it excels in all areas of production 
and service. The key is that quality extends 
throughout the organization, in everything that 
it does, and quality is defi ned by the customer.

TQM (n) See total quality management.

traditional tools (n) Devices used to assist the 
human hand in making technical drawings, 
such as drawing lines straighter, circles more 
circular, etc. Examples are mechanical pen-
cils, straightedge scales, triangles, and com-
passes. Traditional tools are often compared 
with computer-based CAD tools.

transition fi t (n) A fi t that occurs when two 
toleranced mating parts will sometimes be 
an interference fi t and sometimes be a clear-
ance fi t when assembled. Both the loosest and 
tightest fi ts for any two mating parts must be 
calculated, often using tables associated with 
standard parts.

triangle (n) A polygon with 3 sides.

trimetric projection (n) An axonometric pro-
jection in which none of the three axes is mea-
sured on the same scale or is at the same angle 
relative to the others. A trimetric drawing is 
the hardest to draw, but it is the most pleasing 
to the eye since it represents the most realistic 
positioning of the object.

true-length line (n) A line representing an 
edge that is parallel to a plane of projection 
and perpendicular to the line of sight.

true-size plane (n) A plane parallel to the 
plane of projection and perpendicular to the 
line of sight. The plane is shown as an edge in 
the adjacent, orthogonal projection planes.

tweaking (v) A general term encompassing 
a variety of techniques that involve changing 
the geometry but not the topology of an object. 
For example, the radius of a sphere can be 
changed without adding or deleting any new 
faces. The size of a hole can also be changed, 
as long as the enlargement does not cross the 
edges of any other faces.

U
underconstrained (adj.) Typically used in 
 reference to geometry contained in a 3-D 
model. In an underconstrained model or fea-
ture of a model, the relationship and location 
of geometric elements is not unequivocally 
defi ned.

undevelopable surface (n) A surface of an 
object that cannot be unfolded or unrolled onto 
a plane without distortion. Double-curved sur-
faces, such as spheres, are undevelopable.

unevaluated (adj.) A description of a model 
for which the fi nal form is not explicitly rep-
resented in the database. An evaluated model 
is concise (i.e., it takes up smaller amounts of 
memory), but it is not effi cient since portions 
of the model must be defi ned “on-the-fl y” 

before the user-requested operations can be 
processed.

unidirectional dimensioning (n) A style of 
dimensioning in which the dimension and note 
text are oriented to be read from the bottom 
of the drawing, relative to the drawing format. 
This is an ANSI approved style of dimension-
ing.

unilateral (adj.) Relating to, or affecting only 
one side. A unilateral tolerance only varies 
one direction from the basic size of a part (e.g., 
larger but not smaller).

union (�) (n) The Boolean operation that 
combines the two specified solids. If the two 
solids intersect, the intersecting geometry is 
only represented once in the resulting solid.

uniqueness (adj.) A term used to describe 
the representation of an object by a computer 
modeler. The term refers to how close the cor-
respondence is between the representation and 
the object and whether the representation can 
in fact represent more than one possible 
object.

universal product code (n) See UPC.

UPC (n) Acronym for universal product code, 
a coded symbol placed on parts and products. 
UPC is part of a bar coding system for auto-
matic reading by a laser scanning device. In 
manufacturing, bar codes are attached to parts, 
assemblies, and fi nished products, for tracking 
the product and for inventory purposes.

upper deviation (n) A tolerancing term 
describing the difference between the maxi-
mum size limit and the basic size.

V
validity (adj.) A term used to describe the 
representation of an object by a computer 
modeler. The term refers to whether the repre-
sentation actually represents a form that could 
exist in the real world.

value (n) Also known as lightness. The per-
ceived level of refl ected light coming from an 
object’s surface. Value is also a more general 
perceived quality of color describing how light 
or dark a color is.

valves (n) Mechanical devices used to control 
the fl ow of liquids and gases through piping 
systems. The four major functions of valves 
are to start and stop fl ow, regulate fl ow, pre-
vent backfl ow, and relieve pressure. Valves can 
either be manual or computer controlled and 
can be set to respond automatically to condi-
tions in the pipe.

vanishing point (n) An imaginary point in a 
perspective drawing or sketch, often on the 
horizon line, where all projection lines of one 
dimension of the object converge.

vector value (n) A quantitative data type that 
expresses both magnitude and direction.

vertex (n) The coincidental termination of two 
or more edges, defi ned by a point in space. 
This point indicates a transition from one edge 
to another and is often the juncture of two or 
more faces (surfaces).

vertical plane (n) A plane parallel to the pro-
fi le plane of projection.

videodisk (n) An optical storage medium 
for analog video information. The disk has 
the advantages of effi cient storage of analog 
 information, high image quality, and almost 
immediate random access; it is similar in 
 technology to the CD-ROM but larger in 
diameter.

view camera (n) In 3-D modeling, a meta-
phorical camera that records what is on the 
image plane and then, much like a video moni-
tor, shows the image on the computer screen. 
The image from the camera is contained in a 
port on the computer screen.

view volume (n) A theoretical volume defi ning 
the region to be rendered. The minimum and 
maximum Z depths and the viewing bounds on 
the screen defi ne the three dimensions of the 
volume. The volume appears as a rectilinear 
prism in parallel projection and as a truncated 
pyramid in perspective projection.

viewport (n) A region or window in the com-
puter interface showing the CAD model from 
a particular view projection.

virtual condition (n) The condition resulting 
from the worst-case combination of size and 
geometric tolerance applied to a feature. Vir-
tual condition is used in the design of mating 
parts and for determining gage element sizes. 
For an external feature, virtual condition is the 
MMC size plus the geometric tolerance. For 
an internal feature, it is the MMC size minus 
the geometric tolerance.

virtual models (n) A computer-based model 
analogous to a real or proposed object. Virtual 
models are endowed with the qualities of a 
real object, allowing the models to be used in 
evaluating a proposed design. Virtual models 
are useful for quickly performing multiple 
tests that could be destructive to physical 
models.

virtual reality (VR) (n) A generic term used 
to describe artifi cial environments in which 
some or all of the human senses are immersed. 
The term “presence” is often used to describe 
the degree to which one feels immersed in the 
virtual environment. VR can be used in engi-
neering design to allow more complete exami-
nation of proposed designs without having to 
build physical prototypes and place them in 
their planned environments.

visible line (n) A line type used to represent 
features that can be seen in the current view. 
A visible line represents the boundary between 
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two surfaces (faces) that are not tangent or the 
limiting element of a curved surface.

visibility (n) The clear and correct representa-
tion of the relative positions of two geometric 
fi gures in multiview drawings.

visual inspection (v) The process of evaluat-
ing a design visually. Visual analysis is often 
used by industrial designers and marketing 
professionals to assess the consumer’s aes-
thetic reaction to a design. This analysis can 
also be used by engineers to perform a quick 
confi rmation of geometry.

visual science (n) The study of the visual and 
technical applications of graphics. Some of the 
applications of visual science include printing 
technologies, communications media, visual 
design, engineering graphics, and artistic 
drawing.

visualization (v) The process of mentally 
understanding visual information. Visualiza-
tion is used with both physical and virtual 
models to better understand their form and 
function. The mental image may be analogous 
to the object represented or of something dif-
ferent. Graphics and the process of creating 
graphics are used to help stimulate the visual-
ization of proposed designs.

volume rendering (n) A visualization tech-
nique used with three independent variables 
mapped to the three geometric dimensions. 
Each dependent data value is represented by 
a 3-D volume unit called a voxel, typically 
coded with color. Various sectioning tech-
niques are used to reveal data values on the 
interior of the data space.

voxel (n) The minimum 3-D unit in a volume 
rendering; equivalent to the pixel in a 2-D 
rendering.

VR (n) See virtual reality.

W
warped surface (n) A single- or double-
curved transitional surface (e.g., cylindroids, 
conoids, helicoids, hyperbolic paraboloids). 
Warped surfaces are often approximated by 
triangulated surface sections, and may join 
other surfaces or entities together.

washer (n) A round piece of material with a 
hole in the center, used with mechanical fas-
teners to improve the assembling surface, dis-
tribute load, and assist in locking nuts. Wash-

ers are specifi ed by giving the inside diameter, 
outside diameter, thickness, type, and name.

web (rib) (n) A thin, fl at feature of an object 
that acts as a structural support. Ribs, webs, 
spokes, lugs, and other thin features are not 
section lined if a cutting plane passes through 
their long dimension.

welding (v) To unite metallic or plastic parts 
by allowing molten portions of both parts 
to fl ow together. The molten state can be 
achieved by heating, chemicals, or hammer-
ing or compressing with or without previous 
heating.

welding drawing (n) A detailed multiview 
drawing of all the parts assemblies with 
accompanying welding symbols.

width (n) One of the three principal dimen-
sions of an object. The width dimension is 
described in the front and top views of a mul-
tiview drawing. The width dimension is often 
associated with the X axis in a 3-D modeling 
system.

winged-edge data structure (n) A common 
3-D database structure used by boundary 
representation (B-rep) modelers. This data 
structure attempts to strike a balance between 
conciseness and effi ciency by providing select 
redundancy of edges and vertices.

wireframe (n) The simplest type of data rep-
resentation for 3-D models. Wireframe mod-
eling is a natural outgrowth of 2-D CAD in 
that such models only contain information on 
edges and vertices. With a wireframe modeler, 
there is no implicit information on the bound-
ary between inside and outside the model vol-
ume. Wireframe can also refer to a rendering 
technique in which only the edges and vertices 
are represented in the image.

wiring (cabling) diagram (n) A diagram or 
drawing showing how the components in an 
electronic assembly will be connected. Since 
wiring diagrams often depict the wiring of all 
the components tied into a single wiring har-
ness, they are also called cabling diagrams. 
When the drawing depicts how the compo-
nents are connected to the cable, it is called an 
interconnection (or point-to-point) diagram. 
When there are numerous cable connections, it 
is called a highway diagram.

working assembly drawing (n) A draw-
ing that combines the detail drawing with 

the assembly drawing. For relatively simple 
assemblies using some standard parts, it is 
possible to combine the detail drawing with 
the assembly drawing by using a section view.

working drawings (n) The complete set of 
standardized drawings that specify the manu-
facture and assembly of a design. Depending 
on the complexity of the design, working 
drawings may be on more than one sheet and 
may contain written instructions, called speci-
fi cations. Working drawings are often synony-
mous with the “blueprints” of a design.

workplane (n) Often called a construction 
plane, a 2-D infi nitely large plane that can be 
oriented anywhere in 3-D space. A workplane 
usually has an associated local coordinate sys-
tem designated with unique letters (e.g., U, V, 
W). Workplanes are used to defi ne 2-D geom-
etry used in the development of 3-D models.

world coordinate system (n) A fi xed coor-
dinate system, also referred to as a global 
coordinate system, used in CAD to defi ne the 
geometric properties of elements stored in the 
database. The world coordinate system typi-
cally uses either a 2-D (X,Y) or 3-D (X,Y,Z) 
Cartesian coordinate system.

worm’s eye view (n) In a perspective pictorial, 
a viewpoint looking up at the object. From 
this viewpoint, the ground line is substantially 
above the horizon line of the object.

X
xerography (n) A process for copying docu-
ments by refl ecting light off the document 
onto an electrically charged photoconductive 
insulating surface in which the latent image 
is developed with a resinous powder. This 
powder, called toner, is deposited, heated and 
fused onto the document. Xerography is the 
process which photocopying is based on.

Z
Z-buffer (n) A combination of computer 
hardware and software which stores depth (Z) 
information about a rendered model. 
A Z-buffer contains specialized memory for 
managing depth information, thus speeding 
the rendering process, especially in animated 
sequences.

ber28376_ch26_glo.indd   G-24ber28376_ch26_glo.indd   G-24 1/2/08   3:32:16 PM1/2/08   3:32:16 PM



abrasive ABSV

absolute ABS

accelerate ACCEL

acceleration, angular a (alpha)
acceleration, due to gravity g
acceleration, linear a (alpha)
accessory ACCES.

account ACCT

accumulate ACCUM

accumulator ACCUMR

acetylene ACET

actual ACT.

actuator ACTR

adapter ADPT

addendum ADD.

addition ADD.

adhesive ADH

adhesive bonding ABD

adjust(able) ADJ

advance ADV

aeronautic AERO

after AFT.

aggregate AGGR

air acetylene welding AAW

air carbon arc cutting AAC

airplane APL

alclad CLAD

alignment ALIGN

allowance ALLOW

alloy ALY or ALL

alteration ALT

alternate ALT

alternating current AC

altitude ALT

aluminum AL

American AMER

American Iron and Steel Institute AISI

American national 8 pitch 8N

American national extra fi ne NEF

American national standard AMER NATL STD

American National Standards Institute ANSI

American national taper pipe NTP

American Petroleum Institute API

American Society for Testing and Materials ASTM

American Society of Mechanical Engineers ASME

American Society of Testing Materials ASTM

American Society of Tool Engineers ASTE

American standard code for information 

 interchange ASCII

American standard straight (dryseal) NPSF

American standard straight pipe NPSC

American standard taper (dryseal) NPTF

American Standards Association ASA

American Water Works Association AWWA

American Welding Society AWS

American wire gage AWG

amount AMT

Ampere AMP

Ampere–hour AMP HR

amplifi er AMPL

amplitude A

angle, solid Ω (omega)
angle a (alpha), b (beta), g (gamma), 
 u (theta), f (phi), or c (psi)
angular frequency v (omega)
angular momentum L

angular velocity v (omega)
anneal ANL

anodize ANOD

antennae ANT.

antilogarithm ANTILOG

apartment APT.

apparatus APP

appendix APPX

approved (by) APPD

approximate(ly) APPROX

approximately equals � or �
arc brazing AB

arc cutting AC

arc length s
arc spraying ASP

arc welding AW

area A

arithmetic logic unit ALU

arithmetical average AA

armature ARM

armor plate ARM—PL

Army & Navy AN

arrange ARR.

artifi cial ART.

as required AR

asbestos ABS

asphalt ASPH

assembly ASSY or ASB

assistant ASST

associate ASSOC

association ASSN

atmosphere ATM

atomic AT

atomic hydrogen welding AHW

atomic weight AT WT

attachment ATTACH

audible AUD

audio frequency AF

authorized AUTH

auto transformer AUTO TR

automated guided vehicles AGV

automated storage and retrieval systems AS/RS

automatic AUTO

auxiliary AUX

avenue AVE

average AVG

aviation AVI

avoirdupois AVDP

azimuth AZ

Babbitt BABB or BAB

back feed BF

back pressure BP

back to back B to B

backface BF

balance BAL

ball bearing BB

bare metal arc welding BMAW

barometer BARO

base line BL

base plate BP

bearing BRG

benchmark BM

bend radius BR

bending moment M

bent BT

Appendix 1    Abbreviations for Engineering Drawings

A-1
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A-2 Appendixes

Bessemer BESS

between BET.

between centers BC

between perpendiculars BP

bevel BEV

bill of materials B/M

binding head machine screw BHMS

Birmingham wire gage BWG

bits per second BPS

blank BLK

block BLK

block brazing BB

blueprint BP

board BD

board feet (foot board measure) FBM

boiler BLR

boiler feed BF

boiler horsepower BHP

boiler pressure BOPRESS

boiling point BP

bolt circle BC

both faces BF

both sides BS

both ways BW

bottom BOT

bottom chord BC

bottom face BF

bracket BRKT

brake BK

brake horsepower BHP

brass BRS

brazing BRZG or B

breadth b
break BRK

Brinell hardness BH

Brinell hardness number BHN

British standard BR STD

British thermal unit BTU

broach BRO

bronze BRZ

Brown & Sharpe B&S

bucket teeth screw BTS

building BLDG

bulk modulus K
bulkhead BHD

burnish BNH

bushel BU

bushing BUSH.

button BUT.

button head BUT. HD

button head hex socket cap screw BHHSCS

bytes B

cabinet CAB.

calculate CAL

calorie CAL

canceled CANC

candle CD

cap screw CAP SCR

capacity CAP

carbon arc brazing CAB

carbon arc cutting CAC

carbon arc welding CAW

carburize CARB

carriage CRG

case harden CH

cast iron CI

cast steel CS

casting CSTG

castle nut CAS NUT

catalogue CAT.

cathode ray tube CRT

cement CEM

center C or CTR

center line CL

center of gravity CG

center of pressure CP

center of vision COV

center to center C to C

centering CTR

centimeter CM

centimeter–gram–second CGS

central processing unit CPU

centrifugal CENT

chamfer CHAM

change CHG

channel CHAN

characters per minute CPM

charge-coupled device CCD

check CHK

check valve CV

checked (by) CH. or CK.

chemical CHEM

chemical fl ux cutting FOC

chemically pure CP

chord CHD

chrome vanadium CR VAN

circle CIR

circuit CKT

circular CIR

circular mill CMIL

circular pitch CP

circumference CIRC

clear CLR

clearance CL

clearance locational fi ts LC

clockwise CW

closure CLOS

coated CD

coeffi cient COEF

coeffi cient of expansion, linear a (alpha)
coeffi cient of friction m (mu)
coextrusion welding CEW

cold drawn CD

cold fi nish CF

cold punched CP

cold rolled CR

cold welding CW

cold-drawn steel CDS

cold-rolled steel CRS

cologarithm COLOG

color code CC

color lookup table CLUT

combination COMB.

combustion COMB

commercial COML

compact disk CD

compact disk–read only memory CD–ROM

company CO

complete COMPL

compress COMP

computer numerical control CNC

computer output to microforms COM

computer-aided design CAD
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  Appendixes A-3

computer-aided drafting CAD

computer-aided drafting and design CADD

computer-aided manufacturing CAM

computer-aided process planning CAPP

computer-integrated manufacturing CIM

concentrate CONC

concentrated load (same force) F
concentric CONC

concrete CONC

condition COND

conductivity CNDCT

cone of vision COV

connecting CONN

constant CONST

construction CONST

contact CONT

continue CONT

contour CTR

control CONT

coordinate measuring machine CMM

copper COP.

cord CD

corner COR

corporation CORP

correct CORR

corrugate CORR

cosecant CSC

cosine COS

cost, insurance, and freight CIF

cotangent CTN

cotter COT

coulomb C

counter CTR

counterclockwise CCW

counter electromotive force CEMF

counterbore CBORE

counterdrill CDRILL

counterpunch CPUNCH

countersink CSK

coupling CPLG

cover COV

cross section XSECT

cubic CU

cubic centimeter cm3 or CC

cubic feet per second ft3/s or CFS

cubic foot ft3 or CU FT

cubic inch in3 or CU IN

cubic meter m3 or CU M

cubic millimeter mm3 or CU MM

cubic yard yd3 or CU YD

current CUR

current density CD

customer CUST

cutting plane CP

cyan, yellow, magenta, black CYMK

cyanide CYN

cylinder CYL

datum DAT

decibel DB

decimal DEC

decrease DECR

dededum DED

deep/depth DP

defl ect DEFL

defl ection of beam d (delta)
degree DEG or �

degree Centigrade �C

degree Fahrenheit �F

degree Kelvin K

density r (rho)
density D

department DEPT

Department of Defense DOD

design DSGN

design for manufacturability DFM

detail DET

detail drawing DET DWG

develop DEV

developed length DL

developed width DW

deviation DEV

diagonal DIAG

diagram DIAG

diameter D, DIA or Ø

diametral pitch DP

die casting D. CASTING

diffusion brazing DFB

diffusion welding DFW

dimension DIM.

dip brazing DB

dip soldering DS

direct current DC

direct numerical control DNC

discharge DISCH

disconnect DISC

disk operating system DOS

input/output I/O

displacement u, v, w, or s
distance, linear s
distance DIST

divided (by) / or �

division DIV

dots per inch DPI

double DBL

dovetail DVTL

dowel DWL

dowel pin DP

down DN

dozen DOZ

draft DFT

drafting DFTG

dram DR

drawing DWG

drawing change notice DCN

drawing interchange format DXF

drawn DRG

drill or drill rod DR

drive DR

drive fi t DF

drop D

drop forge DF

drop-forged steel DFS

duplicate DUP

each EA

east E

eccentric ECC

effective EFF

effi ciency EFF or h (eta)
elasticity, modulus of E

elasticity, modulus of, in shear G

elbow ELL

electric ELEC
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electrical discharge machining EDM

electrochemical discharge grinding ECDG

electrochemical machining ECM

electrogas welding EGW

electromechanical machining EMM

electromotive force EMF

electron beam cutting EBC

electron beam machining EBM

electron beam welding EBW

electron beam welding–high vacuum EBW–HV

electron beam welding–medium vacuum EBW–MV

electron beam welding–nonvacuum EBW–NV

electroslag welding ESW

explosion welding EXW

elementary ELEM

elevate ELEV

elevation EL

elongation, total d (delta)
encapsulated Postscript (format) EPS (F)

enclosure ENCL

energy, kinetic Ek

energy, potential Ep

engine ENG

engineer ENGR

engineering ENGRG

engineering change order ECO

engineering digital management system EDMS

enhanced small device interface ESDI

entrance ENT

equal(s) EQ or �

equation EQ

equivalent EQUIV

estimated EST

expanded memory specifi cations EMS

explosion welding EXW

external or exterior EXT

fabricate FAB

face to face F to F

factor of safety N or n

Fahrenheit F

far side FS

Farad F

federal FED.

feed FD

feet, foot FT or (�)

fi gure FIG.

fi le fi nish FF

fi llet FIL

fi llister FIL

fi llister head machine screw FHMS

fi llister head slotted cap screw FHSCS

fi nish FIN.

fi nish all over FAO

fi tting FTG

fi xed FXD

fi xture FIXT

fl ame spraying FLSP

fl ange FLG

fl ash welding FW

fl at F

fl at head FH

fl at head elevator bolt FHEB

fl at head hex socket cap screws FHHSCS

fl at head machine screw FHMS

fl at pattern F/P

fl exible FLEX

fl oor FL

fl oppy drive FDD

fl ow brazing FLB

fl ow welding FLOW

fl uid FL

fl ux cored arc welding FCAW

focus FOC

foot per minute FPM

foot per second FPS

foot–candle FC

foot–Lambert FL

force F
force or load, concentrated F
force or shrink fi ts FN

forge welding FOW

forged steel FST

forging FORG

forward FWD

foundry FDRY

free on board FOB

freezing point FP

frequency FREQ or f
friction welding FRW

front FR

full indicator reading FIR

full size FS

furnace brazing FB

furnace soldering FS

furnish FURN

fused deposition modeling FDM

fusion point FNPT

gage or gauge GA

gallon GAL

gallon per minute GPM

gallon per second GPS

galvanize GALV

galvanized iron GI

galvanized steel GS

gas carbon arc welding CAW–G

gas metal arc cutting GMAC

gas metal arc welding GMAW

gas metal arc welding–pulsed arc GMAW–P

gas metal arc welding–short circuiting arc GMAW–S

gas tungsten arc cutting GTAC

gas tungsten arc welding GTAW

gas tungsten arc welding–pulsed arc GTAW–P

gasket GSKT

general GEN

generator GEN

gigabytes GB

glass GL

government GOV

grade GR

gradation GRAD

grain GR

gram G

graphical user interface GUI

graphics interchange format GIF

graphite GPH

greater than �

greater than or equal to �

greatest common divisor GCD

grind GRD

groove GRV

ground GRD

ground line GL

gyration, radius of, k
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  Appendixes A-5

H-beam H

half hard 1/2 H

half-round 1/2 RD

handle HDL

hanger HGR

hard H

hard drive HD

harden HDN

hardware HDW

head HD

headless HDLS

heat HT

heat treat HT TR

heavy HVY

height H or h
Henry H

hex head cap screw HHCS

hex head machine screw HHMS

hex socket set screw HSSS—(point type) cup
hex socket shoulder screw HSSS

hexagon HEX

high carbon steel HCS

high frequency HF

high torque cap screw HTCS

high-pressure HP

high-speed HS

high-speed steel HSS or HS ST

horizon line HL

horizontal HOR

horizontal measuring line HML

horsepower HP

horsepower—hour HP HR

hot pressure welding HPW

hot rolled HR

hot-rolled steel HRS

hour HR

housing HSG

hue, lightness, and saturation HLS

hue, saturation, and value HSV

hydraulic HYD

hydrodynamic machining HDM

hydrostatic HYDRO

hyperbolic cosine COSH

hyperbolic sine SINH

hyperbolic tangent TANH

I-beam I

identifi cation IDENT

illustrate ILLUS

impregnate IMPG

inboard INBD

inch(es) per second in/s or IPS

inch–pound IN LB

inches IN (or �)

inclined INCL

inclosure INCL

include INCL

independent INDEP

indicated horsepower–hour IHPH

indicator IND

induction brazing IB

induction soldering IS

induction welding IW

inertia, moment of, I or J
inertia, polar (area), moment of, J
inertia, product (area), moment of Ixy

infrared brazing IRB

infrared soldering IRS

initial graphics exchange specifi cations IGES

inside diameter ID

instrument INST

integrated circuit IC

integrated drive electronics (interface) IDE

interapplication communications IAC

interference locational fi ts LN

interior INT

intermediate pressure IP

internal INT

International Standards Organization ISO

international tolerance grade ITG

interrupt INTER

intersect INT

iron I

iron soldering INS

irregular IREG

it to (in proportion) :

joggle JOG

joint JT

joint Army–Navy JAN

joule J

journal JNL

junction JCT

just-in-time JIT

key K

keyseat KST

keyway KWY

kilobytes K or KB

kilometer KM

kilovolt KV

kilovolt–Ampere KVA

kilovolt–Ampere/hour KVA–H or KVAH

kilowatt KW

kilowatt–hour KWH

kilowatt–hour meter KWHM

laboratory LAB

lacquer LAQ

laminate LAM

laser beam cutting LBC

laser beam cutting–air LBC–A

laser beam cutting–evaporative LBC–EV

laser beam cutting–inert gas LBC–IG

laser beam cutting–oxygen LBC–O

laser beam machining LBM

laser beam welding LBW

lateral LAT

latitude LAT

least common multiple LCM

least material condition LMC

left L

left hand LH

left measuring point LMP

left vanishing point LVP

length LG

length all over LOA

less than 	

less than or equal to 


letter LTR

light LT

limit switch LS

limited LTD

line L

linear LIN
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liquid LIQ

load, total P or W
load per unit distance q or w
local area network LAN

locate LOC

logarithm (common) LOG.

logarithm (natural) LN

long LG

longitudinal LONG.

low carbon LC

low pressure LP

lubricate LUB

lumber LBR

lumen per watt LM/W or LPW

machine MACH

machine control MC

machine steel MS

Macintosh bitmap picture format PICT

magnafl ux M

magnesium MAG

magnetomotive force MMF

maintenance MAINT

major MAJ

malleable MALL

malleable iron MI

manual MAN.

manufacture MFG

mark MK

mass m
master switch MS

material MATL

material regiment planning MRP

mathematics (ical) MATH

maximum MAX

maximum material condition MMC

mean effective pressure MEP

mean time between failure MTBF

measure MEAS

measuring point, right MPR

measuring point, left MPL

measuring point MP

mechanical MECH

mechanism MECH

median MED

megabytes MB or M

megahertz MHZ

megaohm M� (omega)

megawatt MW

melting point MP

metal MET.

metal arc cutting MAC

metal powder cutting POC

metal–inert gas MIG

meter M

meter–kilogram–second MKS

microampere �A

microfarad �F (mu F)

microwatt �W (mu W)

middle MID

mile MI

mile per hour MI/H or MPH

military MIL

milliampere MA

millifarad MF

millihenry MH

millimeter MM

millions of instructions per second MIPS

unshielded twisted pair UTP

millisecond MS

millivolt MV

minimum MIN

minus –

minute MIN or (�)

miscellaneous MISC

model MOD

modifi cation MOD

modifi ed frequency modulation (interface) MFM

modulator demodulator MODEM

mold line ML

molecular weight MOL WT

molecule MO

moment of force, including bending moment M
month MO

Morse taper MOR T

motor MOT

mounted MTD

multiple MULT

multiplied (by) * or 

music wire gage MWG

musical instrument digital interface MIDI

nanosecond NS

national NATL

national course series NC

national electrical code NEC

national fi ne series NF

national pipe thread NPT

natural NAT

near face NF

near letter quality NLQ

near side NS

negative NEG or –

neutral NEUT

neutral axis, distance to extreme fi ber from c
nickel steel NS

nomenclature NOM

nominal NOM

nominal pipe size NPS

nonuniform rational B-splines NURBS

normal NOR

normalize NORM

north N

not to scale NTS

number NO.

numerical control NC

obsolete OBS

octagon OCT

offi ce OFF.

Ohm � (omega)

on center OC

open hearth OH

operating system OS

opposite OPP

optical OPT

optical character recognition OCR

order ORD

original ORIG

ounce OZ

ounce–inch OZ IN

outlet OUT.

outside diameter OD

outside face OF
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  Appendixes A-7

outside radius OR

oval head carriage bolt OHCB

oval head machine screw OHMS

overall OA

oxidize OX

oxyacetylene cutting OFC-A

oxyacetylene welding OAW

oxyfuel gas cutting OFC

oxyfuel gas welding OFW

oxygen arc cutting AOC

oxygen cutting OC

oxygen lance cutting LOC

oxyhydrogen cutting OFC-H

oxyhydrogen welding OHW

oxynatural gas cutting OFC–N

oxypropane cutting OFC–P

pack PK

package PKG

packing PCK

page P

pages per minute PPM

pan head machine screw PHMS

Pantone matching system PMS

paragraph PAR.

part PT

parting line (castings) PL

patent PAT.

pattern PATT

pennyweight DWT

per inch PI

percussion welding PEW

period (time) T
permanent PERM

perpendicular PERP

phosphor bronze PH BRZ

photomechanical transfer PMT

picture plane PP

piece PC

piece mark PC MK

pilot PLT

pint PT

pitch P

pitch circle PC

pitch diameter PD

plan view PV

plasma arc cutting PAC

plasma arc machining PAM

plasma arc welding PAW

plasma spraying PSP

plastic PLSTC

plate PL

plumbing PLMB

plus �

plus or minus �

pneumatic PNEU

point PT

point of curve PC

point of intersection PI

point of tangent PT

Poisson’s ratio m (mu) or n (nu)

polish POL

polyvinyl chloride PVC

port P

positive POS or �

Postscript PS

potential POT.

potential difference PD

pound LB or #

pound per horsepower LB/HP or PHP

pound–force foot lbf • ft or LB FT

pound–force per square foot lbf/ft
2 or PSF

pound–force inch lbf • in or LB IN

pound–force per square inch lbf/in
2 or PSI

power PWR or P

power factor PF

Pratt & Whitney P&W

prefabricated PREFAB

preferred PFD

prepare PREP

press fi t PF

pressure, normal force per unit area p
pressure PRESS.

pressure gas welding PGW

primary PRI

process PROC

production PROD

profi le PF

projection welding PW

propeller PROP

publication PUB

push button PB

quadrant QUAD

quantity QTY

quart QT

quarter QTR

quarter-hard 1/4 H

radial RAD

radius R

railroad RR

raised face RF

random access memory RAM

raster image fi le format RIFF

reactive Volt–Ampere meter RVA

read only memory ROM

ream RM

received RECD

receptacle RECP

record REC

rectangle RECT

red, green, blue RGB

reduce RED.

reduced instruction set computing RISC

reference REF

reference line REF L

reference plane RP or RFP

regardless of feature size RFS

reinforce REINF

release REL

relief REL

remove REM

Renderman interface bytestream RIB

require REQ

resistance brazing RB

resistance seam welding RSEW

resistance seam welding–high frequency RSEW–HF

resistance seam welding–induction RSEW–I

resistance soldering RS

resistance spot welding RSW

resistance welding RW

return RET.

return on investment ROI
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A-8 Appendixes

reverse REV

revision REV

revolution REV

revolution per minute R/MIN or RPM

revolution per second R/S or RPS

revolutions per unit of time n

right R

right hand RH

right measuring point RMP

right vanishing point RVP

ring-type joint RTJ

rivet RIV

Rockwell ROCK

Rockwell C scale R.C.

Rockwell hardness RH

roll welding ROW

roller bearing RB

room RM

root diameter RD

root mean square RMS

rough RGH

round RD

round bar � (phi)

round head machine screw RHMS

run length limited (interface) RLL

running and sliding fi ts RC

running fi t RF

schedule SCH

schematic SCHEM

scleroscope SCL

scleroscope hardness SH

screw SCR

secant SEC

second SEC or (�)

second moment of area (second axial 

moment of area) Ia

second polar moment of area Ip

section SECT

section modulus Z

semisteel SS

sequence SEQ

serial SER

series submerged arc welding SAW–S

serrate SERR

shaft SFT

shear force in beam section V
sheet SH

shielded carbon arc welding CAW–S

shielded metal arc cutting SMAC

shielded metal arc welding SMAW

shielded twisted pairs STP

shoulder SHLD

side S

silver solder SILS

sine SIN

single S

single integrated memory module SIMM

sketch SK

sleeve SLV

slide SL

slotted SLOT.

slotted head set screw SHSS–(point type) cup
small SM

small computer systems interface SCSI

Society of Automotive Engineers SAE

socket SOC

socket head cap screw SHCS

soft grind SO GR

soldering S

solenoid SOL

solid-state welding SSW

space SP

special SPL

specifi c SP

specifi c gravity SP GR

specifi c heat SP HT

spherical SPH.

spot faced SF

spot weld SW

spotface SP FACE

spring SPG

spring constant (load per unit of defl ection) k
square SQ

square centimeter cm2 or SQ CM

square foot ft2 or SQ FT

square head set screw SHSS–(point type) cup
square inch in2 or SQ IN

square kilometer km2 or SQ KM

square root of mean square RMS

stainless steel SST

standard STD

statical moment of any area about a given axis Q
station STA

stationary STA

stationary point SP

statistical process control PC

steel STL

steel casting ST C

stock STK

straight STR

strain, normal e (epsilon)
strain, shear t (tau)
street ST

stress, concentration factor K

stress, normal s (sigma)
stress, shear t (tau)
structural STR

structured query language SQL

stud arc welding SW

submerged arc welding SAW

substitute SUB

summary SUM.

support SUP.

surface SUR

symbol SYM

symmetrical SYM

system SYS

T-beam T

tabulate TAB

tagged image fi le format TIFF

tangent TAN

taper TPR

taper pin TP

tapping TAP

technical TECH

teeth T

temperature, absolute t or u (theta)
temperature TEMP, t, or u (theta)
template TEMP

tensile strength TS

tension TENS.

terminal TERM.
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  Appendixes A-9

terrabyte TB

thermal cutting TC

thermal spraying THSP

thermit welding TW

thick THK

thickness d, d (delta), or t
thousand M or K

thread THD

threads per inch TPI

three-dimensional 3-D

through THRU

time T or t
tolerance TOL

ton TON

tool post (collar) machine screw TPMS

torch brazing TB

torch soldering TS

torque TOR or T
total quality control TQC

total quality management TQM

tracing, or traced TR

transfer TRANS

transition locational fi ts LT

true involute form TIF

truss head machine screw THMS

tungsten TU

tungsten–inert gas TIG

twin carbon arc welding CAW–T

two-dimensional 2-D

typical TYP

ultimate ULT

ultrasonic machining USM

ultrasonic welding USW

undercolor removal UCR

unifi ed extra fi ne series UNEF

unifi ed miniature series UNM

unifi ed national coarse UNC

unifi ed national fi ne UNF

uniform pitch series UN

unit U

universal UNIV

unless otherwise specifi ed UOS

upset welding UW

upset welding–high frequency UW–HF

upset welding–induction UW–I

vacuum VAC

valve V

vanishing point, right VPR

vanishing point, left VPL

vanishing point VP

variable VAR

varies directly as a (alpha)
velocity, linear v
Vernier VER

versed sine VERS

versus VS

vertical VERT

vertical measuring line VML

very large scale integration VLSI

vibrate VIB

void VD

Volt V

Volt–Ampere VA

Volt–Coulomb VC

volume V

volume VOL

wall W

washer WASH.

Watt W

Watt–Hour WH

wave soldering WS

wavelength l (lambda)
weatherproof WP

week WK

weight WT or W

weight per unit volume g (gamma)
west W

wide area network WAN

width W

wood WD

Woodruff WDF

work W

working point WP

working pressure WP

write once, read many WORM

wrought WRT

wrought iron WI

X axis X

Y axis Y

yard YD

yield point (PSI) YP

yield strength (PSI) YS

Z axis Z

Z-beam Z
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Appendix 2    Metric Equivalents

1 inch = 2.540 centimeters
1 foot = 0.305 meter
1 yard = 0.914 meter
1 mile = 1.609 kilometers

Length

U.S. to Metric Metric to U.S.

1 millimeter = 0.039 inch
1 centimeter = 0.394 inch
1 meter = 3.281 feet, or 1.094 yards
1 kilometer = 0.621 mile

tera

giga

mega

kilo

hecto

deka

—

deci

centi

milli

micro

nano

pico

1,000,000,000,000

1,000,000,000

1,000,000

1,000

100

10

1

0.1

0.01

0.001

0.000001

0.000000001

0.000000000001

T

G

M

k

h

da

d

c

m

μ
n

p

Prefix Symbol Multiplier

1 inch2 = 6.451 centimeter2

1 foot2 = 0.093 meter2

1 yard2 = 0.836 meter2

1 acre2 = 4,046.873 meter2

Area

1 millimeter2 = 0.00155 inch2

1 centimeter2 = 0.155 inch2

1 meter2 = 10.764 foot2, or 1.196 yard2

1 kilometer2 = 0.386 mile2, or 247.04 acre2

1 ounce = 28.349 grams
1 pound = 0.454 kilogram
1 ton = 0.907 metric ton

Weight

1 gram = 0.035 ounce
1 kilogram = 2.205 pounds
1 metric ton = 1.102 tons

1 foot/second = 0.305 meter/second
1 mile/hour = 0.447 meter/second

Velocity

1 meter/second = 3.281 feet/second
1 kilometer/hour = 0.621 mile/second

1 inch/second2 = 0.0254 meter/second2

1 foot/second2 = 0.305 meter/second2

Acceleration

1 meter/second2 = 3.278 feet/second2

N (Newton) = basic unit of force, kg-m/s2. A mass of one kilogram (1kg) exerts a
gravitational force of 9.8 N (theoretically, 9.80665 N) at mean sea level.

Force

1 pound/inch3 = 27.68 grams/centimeter3

Density

1 gram/centimeter3 = 0.591 ounce/inch3

1 inch3 = 16.387 centimeter3

1 foot3 = 0.28 meter3

1 yard3 = 0.764 meter3

1 quart = 0.946 liter
1 gallon = 0.003785 meter3

Volume

1 centimeter3 = 0.061 inch3

1 meter3 = 35.314 foot3, or 1.308 yard3

1 liter = 0.2642 gallons
1 liter = 1.057 quarts
1 meter3 = 264.02 gallons
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  Appendixes A-11

Appendix 3    Geometric Dimensioning and Tolerancing Symbols

S P

X R

SR S�

Datum target Target point Concentricity Circularity MMC

M

L
LMC RFS Projected

tolerance
zone

Parallelism Flatness Cylindricity

Diameter Position All around
(profile)

(ISO-none)

Profile surface Profile line Straightness

Counterbore or
spotface

(ISO-Proposed)

Runout
total

Runout
circular

AngularityPerpendicularity

Countersink
(ISO-Proposed)

Depth
(or deep)

(ISO-Proposed)

Dimension
origin

Conical taper Square
(shape)

RadiusPlaces, times
or by

SlopeArc length
(ISO-none)

Reference

Spherical
radius

Spherical
diameter

Dimension
not to scale Miscellaneous symbols

Feature control frame Symmetry

F
Free
State

T
Tangent
Plane

Datum feature

A

Between

ST
Statistical
Tolerance

ber28376_ch27_app.indd   A-11ber28376_ch27_app.indd   A-11 1/2/08   3:32:54 PM1/2/08   3:32:54 PM



A
p

p
en

d
ix

 4
 
  

 V
al

ue
s 

fo
r 

Im
po

rt
an

t 
P

ro
pe

rt
ie

s 
of

 M
at

er
ia

ls

A
lu

m
in

um
B

er
yl

liu
m

B
ra

ss
 8

0C
 2

0Z
B

ro
nz

e
C

ar
bo

n 
(G

ra
ph

ite
)

C
hr

om
iu

m
C

ob
al

t
C

op
pe

r
Ir

on
 (

ca
st

)
Le

ad
M

ag
ne

si
um

M
an

ga
ne

se
M

er
cu

ry
M

ol
yb

de
nu

m
N

ic
ke

l
P

la
tin

um
S

ilv
er

S
te

el
, C

ar
bo

n
T

in
T

ita
ni

um
T

un
gs

te
n

V
an

ad
iu

m
Z

in
c

A
ce

ta
ls

1

A
cr

yl
ic

s
C

el
lu

lo
se

 A
ce

ta
te

s
N

yl
on

s
P

he
no

lic
s

P
ol

yc
ar

bo
na

te
s

P
ol

ye
st

er
s

P
ol

ye
th

yl
en

es
P

ol
yp

ro
py

le
ne

s
P

ol
yv

in
yl

 c
hl

or
id

es

A
l

B
e ... ... C C
r

C
o

C
u

F
e

P
b

M
g

M
n

H
g

M
o

N
i

P
t

A
g ... S
n T
i

W V Z
n ... ... ... ... ... ... ... ... ... ...

12
20

12
78

18
23

18
41

36
52

29
39

26
96

19
81

21
00

62
1

12
04

23
00

–3
8

47
48

26
51

32
24

17
61

25
00

44
9

32
72

60
98

31
00

78
8

35
2

20
5

44
5

... ... 27
0

47
0

24
0

33
0

18
5

17
–4

5
2–

12
1–

65 ... ... ...
2–

50
2–

55 ...
16

–7
5

6–
19 ... ...

1–
36

1–
64

3–
40

3–
48 19

28
–7

0
6–

30
0.

5–
55

...
1–

11
25

–7
5

3.
5

10
–6

5
60

–3
25

0.
4

60
–7

5
30

–3
00

20
0–

42
5

35
0

60

0.
09

8
0.

06
7

0.
31

0
0.

31
7

0.
07

5
0.

02
60

0.
31

0
0.

29
5

0.
26

0
0.

39
7

0.
06

6
0.

26
8

0.
48

92
0.

34
1

0.
30

8
0.

77
5

0.
37

9
0.

28
3

0.
27

5
0.

17
0

0.
63

0
0.

22
1

0.
23

0
0.

05
1

0.
04

3
0.

04
8

0.
04

5
0.

04
9

0.
04

5
0.

04
7

0.
03

4
0.

03
3

0.
05

3

16
–2

0
...

35
–4

1
... ... ... ... ...

13
0–

35
0

4.
5–

17
48

–8
2

... ... ...
75

–5
30

42
–1

05
25

–4
0

13
0–

47
0

5–
28 ... ... ...

85
–1

25
... ... 85 11

5
11

2
70 11

8
... 92

... ...
6–

12
2–

10 ... ...
4–

30 ... ... ... 4–
5

... ... ... ... ... ...
16

–3
2

0–
14 ... ... ... ... 1.
8

0.
35 1.
6

2.
4

0.
2–

0.
6

2.
3

0.
29 ... 0.
8

0.
75

4–
23

45
–5

5
0–

58
0–

10 ... ...
20

–4
3

0–
10

0–
19

0.
8–

1.
6

19
–4

4
... ...

82
–1

05
90

–1
20

0–
27

0–
44

35
–7

5
2–

6
40

–1
50

0–
22

0
... ... 10 11 15 9.

5
10

.5 9 8.
6

2.
5 5 6

16
–4

0
55

–9
0

35
–1

30
40

–1
52

... ...
80

–3
60

25
–1

65
16

–4
0

2–
9

22
–4

5
... ...

95
–2

40
50

–2
90

...
22

–5
4

73
–1

13
2.

1–
8.

6
38

–2
05

22
0

...
32

–6
4

8.
8 8 5.
5

9.
5 8 9.
5

8.
5

3.
6 5 6

9–
13 ...

10
–1

2
8–

12 ... ...
7–

10
9–

12
6–

7
... 8 ... ... 3

6.
2–

9.
6

4.
9 ...

8.
4–

15
13

4.
5–

6
... 4.
96

12
.9

–1
5.

5
45 39 67 48 40 32 40 12

5
85 70

68
–2

12
... 68

68
–5

70
1–

2
3.

4
70 68 32 ... 58 ... ... 70 68 68 ... 70 68 68 ... 70 68 0–

85
0–

85
0–

85
0–

85
0–

85
0–

85
0–

85
0–

85
0–

85
0–

85

63 ... ... ... 70 68 16
97

.6
1

... 8.
42

39
.4

4
15

.7
5

1.
75

17
.6

12
.8

9
14

.4
3

10
0

12
14

.3
9

13
.7

3
14 4.
95

25
.9

7
... ... ... ... ... ... ... ... ... ...

M
at

er
ia

l
C

he
m

.
S

ym
b.

E
lo

ng
at

io
n

(%
)

D
en

si
ty

 †

(lb
/in

.3 )
H

ar
dn

es
s

(B
rin

el
l)

Y
ie

ld
S

tr
en

gt
h

(×
 1

03 lb
/in

.2 )

U
lti

m
at

e
T

en
si

le
S

tr
en

gt
h

(×
 1

03 lb
/in

.2 )

T
he

rm
al

E
xp

an
si

on
/U

ni
t

Le
ng

th
 (

X
 1

0–6

in
./i

n.
/d

eg
. F

)
T

em
pe

ra
tu

re
(D

eg
. F

)

E
le

ct
ric

al
C

on
du

ct
iv

ity
(S

ilv
er

 =
 1

00
)

Iz
od

Im
pa

ct
S

tr
en

gt
h

(f
t-

lb
)

M
el

tin
g

P
oi

nt
(D

eg
. F

.)

  
  

†
 F

o
r 

sp
e

ci
fic

 g
ra

vi
ty

 d
iv

id
e

 d
e

n
si

ty
 in

 lb
/in

.3
, 

b
y 

0
.0

3
6

1
; 

fo
r 

lb
/f

t3
 m

u
lti

p
ly

 d
e

n
si

ty
 in

 lb
/in

.3
 b

y 
1

7
2

8
; 

fo
r 

g
/c

m
3
 m

u
lti

p
ly

 d
e

n
si

ty
 in

 lb
/in

.3
 b

y 
2

7
.6

8
;

fo
r 

kg
/m

3
 m

u
lti

p
ly

 d
e

n
si

ty
 in

 lb
/in

.3
 b

y 
2

7
6

7
9

.9
.

  
  

1
 F

o
r 

p
la

st
ic

s,
 h

a
rd

n
e

ss
 v

a
lu

e
s 

a
re

 f
o

r 
R

o
ck

w
e

ll 
R

 s
ca

le
; 

Iz
o

d
 im

p
a

ct
 s

tr
e

n
g

th
 v

a
lu

e
s 

a
re

 in
 f

t-
lb

/in
.;

 y
ie

ld
 s

tr
e

n
g

th
 v

a
lu

e
s 

a
re

 f
o

r 
te

n
si

le
 y

ie
ld

 
st

re
n

g
th

 in
 lb

/in
.2

 x
 1

0
3
.

A-12 

ber28376_ch27_app.indd   A-12ber28376_ch27_app.indd   A-12 1/2/08   3:32:54 PM1/2/08   3:32:54 PM



A
p

p
en

d
ix

 5
 
  

 T
ri

go
no

m
et

ry
 F

un
ct

io
ns

H
yp

ot
en

us
e

H
yp

ot
en

us
e

S
id

e
S

id
e

A
x

y

si
n 

A
 =

S
IN

E
H

yp
ot

en
us

e

H
yp

ot
en

us
e

B
as

e

B
as

e

A
x

y

co
s 

A
 =

C
O

S
IN

E
B

as
e

S
id

e
S

id
e

B
as

e

A
x

y

ta
n 

A
 =

T
A

N
G

E
N

T

K
n

o
w

n
U

n
kn

o
w

n
A

re
a

S
id

es
 a

n
d

 
S

id
es

 a
n

d
 A

n
g

le
s

A
n

g
le

s

A
 =

B
 =

C
 =

a,
 b

, c
ar

c 
co

s 
b

2
+

 c
2

– 
a2

ar
c 

si
n

b
 s

in
 A

18
0°

– 
A

 –
 B

ab
 s

in
 C

2b
c

a
2

a,
 b

, ∠
C

c 
=

A
 =

B
 =

a2
+

 b
2

– 
(2

ab
 c

os
 C

)
ar

c 
ta

n 
a 

si
n 

C
18

0°
– 

A
 –

 C
ab

 s
in

 C
b

 –
 (

a 
co

s 
C

)
2

a,
 b

, ∠
A

B
 =

C
 =

c 
=

(∠
B

 le
ss

 
ar

c 
si

n
b

 s
in

 A
18

0°
– 

A
 –

 B
a 

si
n 

C
ab

 s
in

 C
th

an
 9

0°
)

a
si

n 
A

2

a,
 b

, ∠
A

B
 =

C
 =

c 
=

(∠
B

 g
re

at
er

 
18

0°
 –

18
0°

– 
A

 –
 B

a 
si

n 
C

ab
 s

in
 C

th
an

 9
0°

)
ar

c 
si

n
b

 s
in

 A
si

n 
A

2

a

a,
 ∠

A
, ∠

B
b

 =
C

 =
c 

=
a 

si
n 

B
18

0°
– 

A
 –

 B
a 

si
n 

C
ab

 s
in

 C
si

n 
A

si
n 

A
2

A

B

C

c
a

b

O
b

liq
u

e 
T

ri
an

g
le

s

K
n

o
w

n
 

U
n

kn
o

w
n

S
id

es
 a

n
d

S
id

es
 a

n
d

 A
n

g
le

s
A

re
a

A
n

g
le

s

a,
b

c 
=

  a
2 +

b
2

A
 =

 a
rc

 ta
n

a
B

 =
 a

rc
 ta

n
b

ab
b

 
a

2

a,
c

b
 =

  c
2 

– 
a2

A
 =

 a
rc

 s
in

a
B

 =
 a

rc
 c

os
a

a 
 c

2 
– 

a2
c

c
2

b
,c

a 
=

  c
2

– 
b

2
A

 =
 a

rc
 c

os
b

B
 =

 a
rc

 s
in

b
b

c2
– 

b
2

c
c

2

a,
 ∠

A
a

a
B

 =
 9

0°
 –

 A
a2

b
 =

ta
n 

A
c 

=
si

n 
A

2 
ta

n 
A

a,
 ∠

B
b

 =
 a

 ta
n 

B
c 

=
a 

A
 =

 9
0°

 –
 B

a2
 ta

n 
B

co
s 

B
2

b
, ∠

A
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=
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 ta
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A
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=
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B
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2
ta

n 
A
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s 

A
2

b
, ∠

B
a 

=
b

 
c 

=
b

 
A

 =
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 –

 B
b

2

ta
n 

B
si

n 
B

2 
ta

n 
B

c,
 ∠

A
a 

=
 c

 s
in

 A
b

 =
 c

x 
co

s 
A

B
 =

 9
0°

– 
A

c2
si

n 
A

 c
os

 A

c,
 ∠

B
a 

=
 c

 c
os

 B
b

 =
 c

x 
si

n 
B

A
 =

 9
0°

– 
B

c2
si

n 
B

 c
os

 B

A

B

C
 =

 9
0°

c
a

b

R
ig

h
t 

T
ri

an
g

le
s

�

� �

� � �

 A-13
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A-14 Appendixes

Appendix 6    Properties of Geometric Elements

Formulas for Circles

Circle

 Area A � pr2

  A � 3.141r2

  A � 0.7854d2

 Radius r � d/2

 Diameter d � 2r

 Circumference C � pd

  C � 3.141d

  C � 2pr

Arc

Diameter

Radius

Chord

Sector

Segment

Sector of Circle

 Area A 5
3.14r2a

360

 Arc (length) L � 0.01745ra

 Angle a 5
L

0.01745r

 Radius r 5
L

0.01745a

ArcRadius

α

Segment of Circle

 Area A � 1/2[r  L � c(r � h)]

 Arc (length) L � 0.01745 ra

 Angle a 5
57.296L

r

 Height h 5 r 2 1/2"4r2 2 c2

 Chord  c � 2r sina

Circular Ring

 Ring area A � 0.7854 (OD2 � ID2)

 Ring sector area a � 0.00873 a(OD2 � ID2)

 OD � outside diameter

 ID � inside diameter

 a � ring sector angle

 OR � outside radius

 IR � inside radius

α

Arc

Rad.

Chord

H

α
OD

OR

ID
IR
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  Appendixes A-15

Formulas for Triangles

Equilateral Triangle

 Area A 5 a2!3

4
5 0.433a2

  A 5 0.577H2

  A 5
a2

2
 or 

aH

2

 Perimeter P � 3a

 Height H 5
a

2
!3 5 0.866a

Right Triangle

 Area A 5
ab

2

 Perimeter P � a � b � c

 Height a 5 "b2 2 c2

 Base b 5 "a2 2 c2

 Hypotenuse c 5 "a2 1 b2

Acute Angle Triangle

 Area A 5
Hb

2

  A 5 "S 1S 2 a 2 1S 2 b 2 1S 2 c 2
  S � 1/2 (a � b � c)

 Perimeter P � a � b � c

 Height H 5
2

b
"S 1S 2 a 2 1S 2 b 2 1S 2 c 2

Obtuse Angle Triangle

 Area A 5
bH

2

  A 5 "S 1S 2 a 2 1S 2 b 2 1S 2 c 2
 Perimeter P � a � b � c

 Height H 5
2

b
"S 1S 2 a 2 1S 2 b 2 1S 2 c 2

a
H

a

a

c
a

b

c

H

a

b

c

Ha

b
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A-16 Appendixes

Formulas for Polygons (Four-sided)

Square

 Area A � s2

  A � 0.5d2

 Side s � 0.707d

 Diagonal d � 1.414s

 Perimeter P � 4s

Rectangle

 Area A � ab

 Side a a 5 "d2 2 b2

 Side b b 5 "d2 2 a2

 Diagonal d 5 "a2 1 b2

 Perimeter P � 2 (a � b)

Parallelogram

 Area A � Hb

 Height H 5
A

b

 Base b 5
A

H

Trapezoid

 Area A 5 H 3
a 1 b

2

 Perimeter P � a � b � c � d

Trapezium

 Area A 5
a 1H 1 h 2 1 cH 5 dh

2

 Area Divide the fi gure into two triangles.   

   Compute the area of each. Add the 

areas together.

 Perimeter P � b � x � y � z

s

sd

b

H
d

b

H

b

Hd c

a

b

h
H

x

z y

a dc
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  Appendixes A-17

Formulas for Regular Polygons (Six, Eight, 
and Multisided)

Hexagon

 Area A � 0.866f2

  A � 0.650d2

  A � 2.598s2

 Side s � 0.577f

  s � 0.5d

 Flats f � 1.732s

  f � 0.866d

 Diagonal d � 2s

  d � 1.155f

 Perimeter P � 6s

f

s

d

60°

f

s

d

45°

f

s

d

α

a

b

a

b

Octagon

 Area A � 0.828f2

  A � 0.707d2

  A � 4.828s2

 Side s � 0.414f

  s � 0.383d

 Flats f � 2.414s

  f � 0.924d

 Diagonal d � 2.613s

  d � 1.083f

 Perimeter P � 8s

Multisided

 Area A 5
ns 3 1/2f

2

 Angle a 5
360°

n

  n � Number of sides

 Side s 5 2"1/2d2 2 1/2f2

 Perimeter P � Sum of sides

Formulas for Ellipses and Parabolas
Ellipse

 Area A � 3.142ab

  A � pab

 Perimeter P 5 6.283 3
"a2 1 b2

2

Parabola

 Area A 5
2

3
ab
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A-18 Appendixes

Formulas for Cubes, Prisms, Cones, and 
Pyramids

Cube

 Volume V � s3

 Area A � 6s

 Side s 5 3"V

s

s

s

l

h

w

H

H

h

sh

r

Rectangular Prism

 Volume V � lwh

 Area A � 2(lw � lh � wh)

 Length l 5
V

hw

 Width w 5
V

lh

 Height h 5
V

lw

Prism

 Volume V � AH

  A � Area of base

Lateral surface area � Each panel  number of sides

Frustrum of a Prism

 Volume V � AH

  A � Area of base

  H � average height

Lateral surface area � Each panel  number of sides

Cone

 Volume V � 1/3pr2h

  A � Area of base

 Lateral surface area �  1/2 perimeter of base  slant 

height, or 1/2pr(sh)

  r � radius of base

 Slant height 1sh 2 5 "r2 1 h2
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  Appendixes A-19

Frustrum of a Cone

 Volume V � 0.262  H (D2 � d2 � Dd)

  D � diameter of large base

  d � diameter of small base

Lateral surface area �  Average perimeter of base  slant 

height

 Slant height 1sh 2 5 "1R 2 r 2 2 1 h2

Pyramid

 Volume V � 1/3 Ah

  A � area of base

Lateral surface area �  1/2 perimeter of base  slant 

height

 Slant height 1sh 2 5 "r2h2

  r �  radius of base, measured from 

center to corner

h
sh

hsh

hsh

Frustrum of a Pyramid

 Volume V 5 1/3h 1A1 1 A2 1 "A1 3 A2 2
  A1 � Area of large base

  A2 � Area of small base

Lateral surface area �  Average perimeter of bases  

slant height

Formulas for Cylinders, Spheres, Torus, and 
Ellipsoids

Cylinder

 Volume V � pr2h

  V � 0.7854d2h

Lateral surface area �  6.2832rh, or 

pdh

Frustrum of a Cylinder

 Volume V � 1.5708r2(H � h)

  V � 0.3927d2(H � h)

 Lateral surface area �  pr(H � h), or 

1.5708d(H � h)

Elliptical Cylinder

 Volume V � pabh

 Lateral surface � p!2 1a 1 b 2h

h

d

d

r
r

h

H

H

d

d

r

h

h

h

b

b

a

a

h
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Sphere

 Volume V � 4.188r3

  V 5
4pr3

3

  V 5
pd3

6

 Surface area A � 4pr2

  A � 12.566r2

  A � pd2

d
r

c

h

r

C

c

h

r

Dd

R

c

h

r

Spherical Sector

 Volume V 5
2pr2h

3

  V � 2.094r2h

 Area A � pr (2h � 1/2 c)

  A �  area of spherical and conical 

surfaces

  c 5 2"h 12r 2 h 2

Spherical Segment

 Volume V 5 ph2ar 2
h

3
b

 Area A � 2prh

  A � 6.283rh

  A � area of spherical surface

  c 5 2"h 12r 2 h 2

Spherical Zone

 Volume V 5 0.532ha
3C2

4
1

3c2

4
1 h2b

 Area A � 2prh

 Area A � 6.283rh

Torus

 Volume V � 2p2R1/2d2

  V 5
p2

4
 Dd2

  V � 2.467Dd2

 Area A � p2Dd

  A � 9.869Dd

Ellipsoid

 Volume V 5
4p

3
3 abx

  V � 4.188 abx

Paraboloid

 Volume V 5
p

8
 Hd2

  b 5
1

3
H

x

b

a

b

DIA (d)

A-20
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  Appendixes A-21

Appendix 7    ANSI Running and Sliding Fits (RC)

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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A-22 Appendixes

Appendix 8    ANSI Clearance Locational Fits (LC)

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-23

Appendix 9    ANSI Transition Locational Fits (LT)

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 10    ANSI Interference Locational Fits (LN)

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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  Appendixes A-25

Appendix 11    ANSI Force and Shrink Fits (FN)

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 12    Description of Preferred Metric Fits

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.

ber28376_ch27_app.indd   A-26ber28376_ch27_app.indd   A-26 1/2/08   3:33:04 PM1/2/08   3:33:04 PM



  Appendixes A-27

Appendix 13    ANSI Preferred Hole Basis Metric Clearance Fits

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 14    ANSI Preferred Hole Basis Transition and Interference Fits

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-29

Appendix 15    ANSI Preferred Shaft Basis Metric Clearance Fits

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 16    ANSI Preferred Shaft Basis Metric Transition and Interference Fits

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-31

Appendix 17    Unifi ed Standard Screw Thread Series

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 18    Thread Sizes and Dimensions

–
0
–
1
1
–
2
2
–
3
3
4
4
–
5
5
6
6
–
8
8

10
10
–

12
12
–

1/4
1/4

5/16
5/16

–
3/8
3/8
–

7/16
7/16

–
1/2
1/2
–

9/16
9/16
5/8
5/8
–
–

3/4
3/4
–
–

7/8
7/8
–
1
1
–

M1.4
–

M1.6
–
–

M.2
–
–

M2.5
–
–
–
–

M3
–
–
-
–

M4
–
–
–
–

M5
–
–

M6
–
–
–
–

M8
–
–

M10
–
–

M12
–
–

M14
–
–
–
–

M16
M18

–
–

M20
M22

–
–

M24
–
–

M27

Nominal
Size

Inch mm

0.055
0.060
0.063
0.073
0.073
0.079
0.086
0.086
0.098
0.099
0.099
0.112
0.112
0.118
0.125
0.125
0.138
0.138
0.157
0.164
0.164
0.190
0.190
0.196
0.216
0.216
0.236
0.250
0.250
0.312
0.312
0.315
0.375
0.375
0.393
0.437
0.437
0.471
0.500
0.500
0.551
0.562
0.562
0.625
0.625
0.630
0.709
0.750
0.750
0.787
0.866
0.875
0.875
0.945
1.000
1.000
1.063

1.397
1.524
1.600
1.854
1.854
2.006
2.184
2.184
2.489
2.515
2.515
2.845
2.845
2.997
3.175
3.175
3.505
3.505
3.988
4.166
4.166
4.826
4.826
4.978
5.486
5.486
5.994
6.350
6.350
7.938
7.938
8.001
9.525
9.525
9.982

11.113
11.113
11.963
12.700
12.700
13.995
14.288
14.288
15.875
15.875
16.002
18.008
19.050
19.050
19.990
21.996
22.225
22.225
24.003
25.400
25.400
27.000

Diameter

Major Minor

Inch mm

–
0.0438

–
0.0527
0.0550

–
0.0628
0.0657

–
0.0719
0.0758
0.0795
0.0849

–
0.0925
0.0955
0.0975
0.1055

–
0.1234
0.1279
0.1359
0.1494

–
0.1619
0.1696

–
0.1850
0.2036
0.2403
0.2584

–
0.2938
0.3209

–
0.3447
0.3726

–
0.4001
0.4351

–
0.4542
0.4903
0.5069
0.5528

–
–

0.6201
0.6688

–
–

0.7307
0.7822

–
0.8376
0.8917

–

–
1.092

–
1.320
1.397

–
1.587
1.651

–
1.828
1.905
2.006
2.134

–
2.336
2.413
2.464
2.667

–
3.124
3.225
3.429
3.785

–
4.089
4.293

–
4.699
5.156
6.096
6.553

–
7.442
8.153

–
8.738
9.448

–
10.162
11.049

–
11.531
12.446
12.852
14.020

–
–

15.748
16.967

–
–

18.542
19.863

–
21.2598
22.632

–

Inch mm

–
0.0469

–
0.0595
0.0595

–
0.0700
0.0700

–
0.0785
0.0810
0.0890
0.0935

–
0.1015
0.1040
0.1065
0.1130

–
0.1360
0.1360
0.1470
0.1590

–
0.1770
0.1800

–
0.2010
0.2130
0.2570
0.2720

–
0.3125
0.3320

–
0.3680
0.3906

–
0.4219
0.4531

–
0.4844
0.5156
0.5312
0.5781

–
–

0.6562
0.6875

–
–

0.7656
0.8125

–
0.8750
0.9219

–

–
3/64

–
53
53
–
50
50
–
47
46
43
42
–
38
37
36
33
–
29
29
26
21
–
16
15
–
7
3
F
I
–

5/16
Q
–
U

25/64
–

27/64
29/64

–
31/64
33/64
17/32
37/64

–
–

21/32
11/16

–
–

49/64
13/16

–
7/8

59/64
–

–
1.168
1.25

1.1499
1.499

1.6
1.778
1.778
2.05
1.981
2.057
2.261
2.380

2.5
2.565
2.641
2.692
2.870

3.3
3.454
3.454
3.733
4.038

4.2
4.496
4.572

5.0
5.105
5.410
6.527
6.908

6.8
7.937
8.432

8.5
9.347
9.921
10.30
10.715
11.509
12.00

12.3031
13.096
13.493
14.684
14.00
15.50
16.668
17.462
17.50
19.50
19.446
20.637
21.00
22.225
23.415
24.00

Tap Drill
(for 75% thread)

Pitch
(mm)

Threads
per Inch

InchDrill

–
–
–
64
–
–
56
–
–
48
–
40
–
–
40
–
32
–
–
32
–
24
–
–
24
–
–
20
–
18
–
–
16
–
–
14
–
–
13
–
–
12
–
11
–
–
–
10
–
–
–
9
–
–
8
–
–

UNC

–
80
–
–
72
–
–
64
–
–
58
–
48
–
–
44
–
40
–
–
36
–
32
–
–
28
–
–
28
–
24
–
–
24
–
–
20
–
–
20
–
–
18
–
18
–
–
–
16
–
–
–
14
–
–
12
–

UNF

0.3
–

0.35
–
–

0.4
–
–

0.45
–
–
–
–

0.5
–
–
–
–

0.7
–
–
–
–

0.8
–
–

1.0
–
–
–
–

1.25
–
–

1.5
–
–

1.75
–
–
2
–
–
–
–
2

2.5
–
–

2.5
2.5
–
–
3
–
–
3

Coarse

0.2
–

0.2
–
–

0.25
–
–

0.35
–
–
–
–

0.35
–
–
–
–

0.35
–
–
–
–

0.5
–
–

0.75
–
–
–
–

1.0
–
–

1.25
–
–

1.25
–
–

1.5
–
–
–
–

1.5
1.5
–
–

1.5
1.5
–
–
2
–
–
2

Fine

Threads per Inch
(Approx.)

85
–
74
–
–
64
–
–
56
–
–
–
–
51
–
–
–
–
36
–
–
–
–
32
–
–
25
–
–
–
–
20
–
–
17
–
–

14.5
–
–

12.5
–
–
–
–

12.5
10
–
–
10
10
–
–

8.5
–
–

8.5

Coarse

127
–

127
–
–

101
–
–
74
–
–
–
–
74
–
–
–
–
51
–
–
–
-

51
–
–
34
–
–
–
–
25
–
–
20
–
–
20
–
–
17
–
–
–
–
17
17
–
–
17
17
–
–

12.5
–
–

12.5

Finemm

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 21    Socket Head Cap Screws (1960 Series)

L

LG

LB

LT

LTT

0
1
2
3

4
5
6
8

10
 1/4
 5/16
 3/8

 7/16
 1/2
 5/8
 3/4

0.0600
0.0730
0.0860
0.0990

0.1120
0.1250
0.1380
0.1640

0.1900
0.2500
0.3125
0.3750

0.4375
0.5000
0.6250
0.7500

0.50
0.62
0.62
0.62

0.75
0.75
0.75
0.88

0.88
1.00
1.12
1.25

1.38
1.50
1.75
2.00

Nominal
 Size 

or Basic 
Screw

 Diameter

Nominal
 Size 

or Basic 
Screw

 Diameter

0.62
0.77
0.80
0.83

0.99
1.00
1.05
1.19

1.27
1.50
1.71
1.94

2.17
2.38
2.82
3.25

 7/8
1
1 1/8
1 1/4

1 3/8
1 1/2
1 3/4
2

2 1/4
2 1/2
2 3/4
3

3 1/4
3 1/2
3 3/4
4

0.8750
1.0000
1.1250
1.2500

1.3750
1.5000
1.7500
2.0000

2.2500
2.5000
2.7500
3.0000

3.2500
3.5000
3.7500
4.0000

 3.69
 4.12
 4.65
 5.09

 5.65
 6.08
 7.13
 8.11

 8.99
 10.00
 10.87
 11.75

 12.63
 13.50
 14.37
 15.25

 2.25
 2.50
 2.81
 3.12

 3.44
 3.75
 4.38
 5.00

 5.62
 6.25
 6.88
 7.50

 8.12
 8.75
 9.38
 10.00

Thread
Length

Total Thread
Length

LT LTT

Min Max

Thread
Length

Total Thread
Length

LT LTT

Min Max

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.

Appendix 22    Square Head Bolts

LT

LG

L

E

G

F

H

Bolt with
Reduced Diameter

Body

A

R

25∞
Approx.

A

H
-A-

R (Ref)

 1/4
 5/16
 3/8
 7/16

 1/2
 5/8
 3/4
 7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

0.260
0.324
0.388
0.452

0.515
0.642
0.768
0.895

1.022
1.149
1.277
1.404
1.531

Nominal Size 
or Basic 

Product Diameter

Body
Diameter

Width Across
Flats

Width Across
Corners

Height Radius
of Fillet

Thread Length
for Bolt Lengths

 3/8
 1/2
 9/16
 5/8

 3/4
 15/16
1-1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

0.375
0.500
0.562
0.625

0.750
0.938
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.362
0.484
0.544
0.603

0.725
0.906
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.498
0.665
0.747
0.828

0.995
1.244
1.494
1.742

1.991
2.239
2.489
2.738
2.986

 11/64
 13/64
 1/4
 19/64

 21/64
 27/64
 1/2
 19/32

 21/32
 3/4
 27/32
 29/32
1

0.188
0.220
0.268
0.316

0.348
0.444
0.524
0.620

0.684
0.780
0.876
0.940
1.036

0.156
0.186
0.232
0.278

0.308
0.400
0.476
0.568

0.628
0.720
0.812
0.872
0.964

0.03
0.03
0.03
0.03

0.03
0.06
0.06
0.06

0.09
0.09
0.09
0.09
0.09

0.01
0.01
0.01
0.01

0.01
0.02
0.02
0.02

0.03
0.03
0.03
0.03
0.03

0.750
0.875
1.000
1.125

1.250
1.500
1.750
2.000

2.250
2.500
2.750
3.000
3.250

1.000
1.125
1.250
1.375

1.500
1.750
2.000
2.250

2.500
2.750
3.000
3.250
3.500

0.530
0.707
0.795
0.884

1.061
1.326
1.591
1.856

2.121
2.386
2.652
2.917
3.182

6 in. and 
shorter

over
6 in.

RH LT

MinMax BasicBasic

FE G

MinMax MinMaxMax Basic MinMaxBasic

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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Appendix 23    Hex Nuts and Hex Jam Nuts

F
HH

G

.016
Approx.

H1 H1
.016
Approx.

 1/4
 5/16
 3/8
 7/16

 1/2
 9/16
 5/8
 3/4
 7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.5625
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

 7/16
 1/2
 9/16
 11/16
 
 3/4
 7/8
1-5/16
1 1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

Nominal Size 
or Basic 

Major Diameter
of Thread

Width Across
Flats

Width Across
Corners

Thickness
Hex Nuts

Thickness
Hex Jam Nuts

Specified Proof
Load

Hex Nuts Hex 
Jam
Nuts

0.438
0.500
0.562
0.688

0.750
0.875
0.938
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.428
0.489
0.551
0.675

0.736
0.861
0.922
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.505
0.577
0.650
0.794

0.866
1.010
1.083
1.299
1.516

1.732
1.949
2.165
2.382
2.598

0.226
0.273
0.337
0.385

0.448
0.496
0.559
0.665
0.776

0.887
0.999
1.094
1.206
1.317

 7/32
 17/64
 21/64
 3/8

 7/16
 31/64
 35/64
 41/64
 3/4
 
 55/64
 31/32
1-1/16
1-11/64
1-9/32

0.212
0.258
0.320
0.365

0.427
0.473
0.535
0.617
0.724

0.831
0.939
1.030
1.138
1.245

 5/32
 3/16
 7/32

1/4

 5/16
 5/16

3/8
 27/64
 31/64

 35/64
 39/64
 23/32
 25/32
 27/32

0.163
0.195
0.227
0.260

0.323
0.324
0.387
0.446
0.510

0.575
0.639
0.751
0.815
0.880

0.150
0.180
0.210
0.240

0.302
0.301
0.363
0.398
0.458

0.519
0.579
0.687
0.747
0.808

0.015
0.016
0.017
0.018

0.019
0.020
0.021
0.023
0.025

0.027
0.030
0.033
0.036
0.039

0.015
0.016
0.017
0.018

0.019
0.020
0.021
0.023
0.025

0.027
0.030
0.033
0.036
0.039

0.010
0.011
0.012
0.013

0.014
0.015
0.016
0.018
0.020

0.022
0.025
0.028
0.031
0.034

0.488
0.557
0.628
0.768

0.840
0.982
1.051
1.240
1.447

1.653
1.859
2.066
2.273
2.480

Up to
150,000

psi

H1
Runout of Bearing Face, 

FIM

MaxMax

GF H

Min Max MinMinMaxBasic MinMaxBasic Basic

150,000
psi and
Greater

All
Strength
Levels

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.

Appendix 24    Square Nuts

G

F

G

25∞
Approx.

H

25∞
Approx.

25∞
Approx.

Optional

 1/4
 5/16
 3/8
 7/16

 1/2
 5/8
 3/4
 7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

 7/16
 9/16
 5/8
 3/4

 13/16
1 
1-1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

Nominal Size 
or Basic 

Major Diameter
of Thread

Width Across
Flats

Width Across
Corners

Thickness

0.438
0.562
0.625
0.750

0.812
1.000
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.425
0.547
0.606
0.728

0.788
0.969
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.619
0.795
0.884
1.061

1.149
1.414
1.591
1.856

2.121
2.386
2.652
2.917
3.182

 7/32
 17/64
 21/64
 3/8

 7/16
 35/64
 21/32
 49/64
 
 7/8
1
1-3/32
1-13/64
1-5/16

0.203
0.249
0.310
0.356

0.418
0.525
0.632
0.740

0.847
0.970
1.062
1.169
1.276

0.235
0.283
0.346
0.394

0.458
0.569
0.680
0.792

0.903
1.030
1.126
1.237
1.348

0.554
0.721
0.802
0.970

1.052
1.300
1.464
1.712

1.961
2.209
2.458
2.708
2.956

Max

GF H

Min Min MinMaxBasic BasicMax

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-37

Appendix 27    ANSI Metric Slotted Hex Nuts and Hex Flange Nuts

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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A-38 Appendixes

Appendix 28    ANSI Square and Hexagon Machine Screw Nuts and Flat Head Machine Screws

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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  Appendixes A-43

Appendix 37    ANSI Metric Hex Cap Screws

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. 

All rights reserved.
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A-44 Appendixes

Appendix 38    ANSI Hex and Hex Flange Head Metric Machine Screws

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-45

Appendix 39    ANSI Slotted Flat Head Metric Machine Screws

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-47

Appendix 42    ANSI Hexagon and Spline Socket Set Screw Optional Cup Points

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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  Appendixes A-49

Appendix 44    ANSI Taper Pipe Threads (NPT)

L1

L2

P

E0 30° 30°

Incomplete Threads
Due to Lead of Die

E1
90°

D

E0 = D – (0.050D + 1.1)p
E1 = E0 + 0.0625 L1
L2 = (0.80D + 6.8)p

p = Pitch
Depth of thread = 0.80p
Total Taper 3/4-inch per Foot

Flush by Hand

L1
L2L1

Tolerance on Product
One turn large or small
from notch on plug gage
or face of ring gage.

Notch flush with face of
fitting. If chamfered, notch
flush with bottom of chamfer

 1/16
 1/8
 1/4
 3/8

 1/2
 3/4
1
1 1/4
1 1/2

2
2 1/2
3
3 1/2
4

5
6
8
10
12

14 O.D.
16 O.D.
18 O.D.
20 O.D.
24 O.D.

0.3125
0.405
0.540
0.675

0.840
1.050
1.315
1.660
1.900

2.375
2.875
3.500
4.000
4.500

5.563
6.625
8.625
10.750
12.750

14.000
16.000
18.000
20.000
24.000

27
27
18
18

14
14
11.5
11.5
11.5

11.5
8
8
8
8

8
8
8
8
8

8
8
8
8
8

Nominal 
Pipe
Size

Outside
Diameter
of Pipe

Number 
of

Threads 
per Inch

Pitch
of

Thread

Pitch
Diameter
at End of
External
Thread

Pitch
Diameter
at End of
Internal
Thread

Normal
Engagement

by Hand
between

External and
Internal
Threads

Length
of

Effective
External
Thread

Height
of

Thread

0.03704
0.03704
0.05556
0.05556

0.07143
0.07143
0.08696
0.08696
0.08696

0.08696
0.12500
0.12500
0.12500
0.12500

0.12500
0.12500
0.12500
0.12500
0.12500

0.12500
0.12500
0.12500
0.12500
0.12500

0.27118
0.36351
0.47739
0.61201

0.75843
0.96768
1.21363
1.55713
1.79609

2.26902
2.71953
3.34062
3.83750
4.33438

5.39073
6.44609
8.43359
10.54531
12.53281

13.77500
15.76250
17.75000
19.73750
23.71250

0.28118
0.37360
0.49163
0.62701

0.77843
0.98887
1.23863
1.58338
1.82234

2.29627
2.76216
3.38850
3.88881
4.38712

5.44929
6.50597
8.50003

10.62094
12.61781

13.87262
15.87575
17.87500
19.87031
23.86094

0.2611
0.2639
0.4018
0.4078

0.5337
0.5457
0.6828
0.7068
0.7235

0.7565
1.1375
1.2000
1.2500
1.3000

1.4063
1.5125
1.7125
1.9250
2.1250

2.2500
2.4500
2.6500
2.8500
3.2500

0.02963
0.02963
0.04444
0.04444

0.05714
0.05714
0.06957
0.06957
0.06957

0.06957
0.10000
0.10000
0.10000
0.10000

0.10000
0.10000
0.10000
0.10000
0.10000

0.10000
0.10000
0.10000
0.10000
0.10000

0.160
 0.1615
 0.2278
0.240

0.320
0.339
0.400
0.420
0.420

0.436
0.682
0.766
0.821
0.844

0.937
0.958
1.063
1.210
1.360

1.562
1.812
2.000
2.125
2.375

E0 E1
† L1

¶ L2
§pD

Dimensions in inches.
†Also pitch diameter at gaging notch.
§Also length of plug gage.
¶Also length of ring gage, and length from gaging notch to small end of plug gage.
*For the 1/8-27 and 1/4-18 sizes…E1 approx. = D – (0.05D + 0.827) p
Above information extracted from American National Standard for Pipe Threads, ANSI B2.1.
Reprinted courtesy of ITT-Grinnell.

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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A-50 Appendixes

Appendix 45    ANSI Metric Plain Washers

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. 

All rights reserved.
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Appendix 49    ANSI Helical Spring Lock Washers

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.

Appendix 50    ANSI Internal and External Tooth Lock Washers

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-57

Appendix 55    ANSI Chamfered, Square End, and Taper Pins

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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A-58 Appendixes

Appendix 56    British Standard Parallel Steel Dowel Pins—Metric Series

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All rights reserved.
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  Appendixes A-59

Appendix 57    ANSI Cotter and Clevis Pins

SOURCE: Reprinted by permission of The American Society of Mechanical Engineers. All 

rights reserved.
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A-60 Appendixes

Appendix 58    Piping Symbols
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  Appendixes A-61
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A-62 Appendixes

Appendix 59    Electronic Symbols

Resistor

Nonlinear Resistor

Res Term Path Short

Neg Thermistor

Variable Cap Linked Var Cap Var Diff  Cap Phase Shifter

Thermistor

Varistor Shunt Resistor Resistive Term Res Term Path Open

Tapped Resistor Tapped Res Adj Tapped Res Adj Off Rheostat

t0

–t0

Linear Thermistor

Capacitor

t0

Nonlin Thermistor

Polarized Cap Shielded Cap

t0

Pos Thermistor
+t0

Split Stator Cap Feed Through Cap Cap Term Open Cap Term Short Shunt Cap

Antenna Dipole Loop 1 Loop 2 Ant Counterpoise

Fixed Attenuator Balanced Att Unbalanced Att Variable Att Variable Bal Att Variable Unbal

Photocond Res

+ –

Battery Current Source Multicell Source Multicell With Taps Multicell Adjustable

Delay Element Tapped Del Element Variable Del Element Oscillator Pickup Head

Piezoelectric Crystal Gen Transducer Explosive Squib Igniter Sensing Link
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  Appendixes A-63

PS

NET

Thermocouple Thermopile Thermal Element Cont Fire Detector Adj Gain Amp

Amp w/Attenuator Amp w/Pwr Supply Amp w/Feedback Amp 2 Input Amp

2 Output AMP Fuse 1 Fuse 2 Circuit Breaker

Ground Chasis Ground Potential Level

Incandescent

Bell Buzzer Speaker 2 Term Fluor 4 Term Fluor

Inductor Mag-core Inductor Tapped Inductor Adj Inductor Cont Adj Inductor

Ind Term Open Ind Term Short Carrier Line Trap Coil Op Flag Ind

Led ZenerDiode Photodiode PNP Transistor NPN Transistor

PNP Phototrans NPN PhototransP SCRN SCRP FETN FET

Bridge Rect

Shunt Inductor

Solar Cell
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A-64 Appendixes

Appendix 60    Welding Symbols

Adhesive bonding ABD
Arc welding AW

Atomic hydrogen welding AHW
Bare metal arc welding BMAW

Carbon arc welding CAW
Electrogas welding EGW
Flux cored arc welding FCAW
Gas metal arc welding GMAW
Gas tungsten arc welding GTAW
Plasma arc welding PAW
Shielded metal arc welding SMAW
Stud arc welding SW
Submerged arc welding SAW

Arc welding process variations
Gas carbon arc welding CAW-G
Gas metal arc welding–pulsed arc GMAW-P
Gas metal arc welding–short circuiting arc GMAW-S
Gas tungsten arc welding–pulsed arc GTAW-P
Series submerged arc welding SAW-S
Shielded carbon arc welding CAW-S
Twin carbon arc welding CAW-T

Brazing B
Arc brazing AB
Block brazing BB
Diffusion brazing DFB
Dip brazing DB
Flow brazing FLB
Furnace brazing FB
Induction brazing IB
Infrared brazing IRB
Resistance brazing RB
Torch brazing TBN
Twin carbon arc brazing TCAB

Other welding processes
Electron beam welding EBW
Electroslag welding ESW
Flow welding FLOW
Induction welding IW
Laser beam welding LBW
Thermit welding TW

Oxyfuel gas welding OFW
Air acetylene welding AAW
Oxyacetylene welding OAW
Oxyhydrogen welding OHW
Pressure gas welding PGW

Resistance welding RW
Flash welding FW
High frequency resistance welding HFRW
Percussion welding PEW

Projection welding RPW
Resistance seam welding RSEW
Resistance spot welding RSW
Upset welding UW

Soldering S
Dip soldering DS
Furnace soldering FS
Induction soldering IS
Infrared soldering IRS
Iron soldering INS
Resistance soldering RS
Torch soldering TS
Wave soldering WS

Solid state welding SSW
Cold welding CW
Diffusion welding DFW
Explosion welding EXW
Forge welding FOW
Friction welding FRW
Hot pressure welding HPW
Roll welding ROW
Ultrasonic welding USW

Thermal cutting TC
Arc cutting AC
Air carbon arc cutting AAC
Carbon arc cutting CAC
Gas metal arc cutting GMAC
Gas tungsten arc cutting GTAC
Metal arc cutting MAC
Plasma arc cutting PAC
Shielded metal arc cutting SMAC

Electron beam cutting EBC
Laser beam cutting LBC
Oxygen cutting OC

Chemical flux cutting FOC
Metal powder cutting POC
Oxyfuel gas cutting OFC
Oxyacetylene cutting OFC-A
Oxyhydrogen cutting OFC-OH
Oxynatural gas cutting OFC-N
Oxypropane cutting OFC-P
Oxygen arc cutting AOC
Oxygen lance cutting LOC

Thermal spraying THSP
Electric arc spraying EASP
Flame spraying FLSP
Plasma spraying PSP

Welding and Allied Processes  
Letter

Designation Welding and Allied Processes
Letter

Designation

Designation Of Welding and Allied Processes By Letters

For a detailed listing of welding symbols, please refer to Chapter 25.
SOURCE: AWS A2.4-98, Table 1, Reproduced and adapted with permission from The American Welding Society (AWS), Miami, 

Florida.
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Abbreviations for engineering draw-
ings, A-1–A-9

Absolute data, 1069
Accuracy checks, 968–969
Actual size, 845
Acute triangles, construction of, 368
Adjacent areas, multiview drawing 

visualization of, 534
Adjacent views, drawing, 502, 504
Adjustable triangles, 198, 199
Adjusting, fasteners for, 910
Aerial perspective drawing, 15
Aesthetic analysis, 64–65
Aesthetic design, 29, 30
Alberti, Leon, 15, 632, 634
Aligned dimensions, 828
Aligned sections, 781, 784, 787–788
Alignment, lettering, 288
Allowance, 845
Alphabet of lines, 504, 507, 507–511
Ambient light source, 1084
American Gear Manufacturers Asso-

ciation (AGMA), 1107
American National Standards Insti-

tute (ANSI), 12, 22, 543–545, 
584, 586, 621, 825–829, 1112, 
1116, 1148, 1164

American Society for Mechanical 
Engineers (ASME), 22, 504, 831, 
839–842

American Standards Association 
(ASA), 71

American Water Works Association 
(AWWA), 1165

American Welding Society (AWS), 
1188

Analysis, 60–66, 152–161, 415–417, 
458–462, 540–543. See also De-
sign process; Graphical analysis; 
Visualization

design, 60–66, 458–462
features, constraint-based model-

ing, 415–417
graphical, 152–161
solids, multiview drawing visual-

ization by, 540–542
surfaces, multiview drawing visual-

ization by, 542–543
Analytic geometry, 21
Angle dimension, 824
Angles, 205–206, 355, 360–361, 524, 

591, 608–611, 618, 620, 666, 668, 
706, 707, 910

auxiliary views and, 666, 668
bisecting, 360–361
construction of, 360–361
dihedral, 666, 668
dimetric drawing of, 608–611
drawing lines at, 205–206
ellipse, 609, 611
helix, 355
intersecting planes, between, 706, 

707
isometric drawing of, 591
oblique drawing of, 618, 620
planes, multiview drawing of, 524
thread, 910
transferring using a compass, 361

Angularity, GDT, 891
Animation, documentation and, 76, 

1097–1098
Apparent motion, animation and, 

1097
Approximate developments, 736, 

745–746

Approximate ellipse, construction of, 
345–347

Arc welding process, 1190
Archemedes, 195, 350–351
Architect’s scale, use of, 209–210
Archiving, 950, 974
Arcs, 268–269, 278, 281, 321–330, 

334–335, 337, 598
construction of, 321–330, 334, 337
irregular curves of, 334–335
isometric drawing, 598
multiview projections of, 268–269
perspective projections of, 278, 281
rectifi ed, 334, 337
tangencies, 278, 282, 321–330

Area renderings, 1077–1079
Arrow plots, 1079
Arrows as dimension symbols, 

821–822
Artistic drawings, 20, 968
Artwork drawings, PCBs, 1156–1157
Assembly analysis, 63
Assembly drawings, 63, 604–605, 

953, 957–958, 959–963, 970–971, 
972–973, 1158, 1159

bill of materials (BOM), 953
detailed, 970–971, 972–973
isometric, 604–605
outline, 953, 961
parts list for, 953
pictorial, 958, 962–963
printed circuit boards (PCBs), 1158, 

1159
sectioned, 953, 958, 959, 962
subassemblies, 953
working drawings, 953, 957–958, 

959–963, 970–971
Assembly modeling, 441–446

bottom-up design, 446
components of, 443–446
exploded views, 446
hierarchical approach of, 441–442
network hierarchy, 443
top-down design, 446

Assembly sections, 778–780, 782–783, 
923–924

Attaining Manufacturing Excellence, 
125

Augmented reality, 90
Automated guided vehicle (AGV) 

systems, 120
Automated storage and retrieval sys-

tems (AS/RS), 120
Automation processes, 110–115, 

120–121. See also Manufacturing 
processes

computer simulations, 114–115
computer-aided design (CAD), 

112–115
computer-integrated manufacturing 

(CIM), 110–112
design for manufacturing and as-

sembly (DFMA), 114
initial graphics exchange specifi ca-

tions (IGES), 113
integration in manufacturing, 

110–115
manufacturing automation protocol 

(MAP), 112–113
manufacturing control, 120–121
product data exchange standard/

standard for the exchange of 
product model data (PDES/
STEP), 113

rapid prototyping, 113

technical and offi ce protocol (TOP), 
113

workplace models, 114–115
Autorouting connections, CAD, 1160
Auxiliary sections, 780–781, 784
Auxiliary views, 652–687

applications of, 664–670
CAD and, 663–664
classifi cations of, 656–657
curves, 661–663
depth, 656–657, 658–659
design in industry: product lifecycle 

management (PLM), 658–659
dihedral angles and, 666, 668
fold-line method, 653–654, 655
half, 661
height, 657, 659–650
historical highlight: Doug Engel-

bart, 663
labeling conventions, 657–664
line of sight (LOS), 653
partial, 660–661
point view of a line method, 

665–666
primary, 656
projection theory, 653–656
reference plane method, 654–656
reverse construction method, 

664–665
secondary, 656
specifi ed direction method, 

665–666
successive, 668–670
tertiary, 656
width, 657–660

Axes, 143–144, 578, 579, 580, 582
axonometric, 578, 580
isometric, 579, 582
long isometric, 582
primary, visualization of, 143–144
reversed isometric, 582

Axis, thread, 910
Axis lead (pitch), 355
Axis of symmetry, 339, 342
Axis straightness, GDT, 887
Axonometric drawings, 577–612

axes, 578, 580
classifi cations of, 578–579, 580
dimetric projection, 578, 607–611
isometric projection, 578–601, 

603–607
projection theory, 578–579
trimetric projection, 578, 611–612

B-spline curves, 356, 358–359
B-spline surface, 384–385
Balance, product design and, 30
Bar graphs, 155, 158–159, 1073–1075
Basic size, 845, 850, 856
Bathtub design, human factors in, 

709
Bearings, 1137–1140

graphical representation of, 
1137–1140

plain, 1137
rolling contact, 1137

Bell crank linkages, 1134–1135
Bevel gears, 1109, 1121–1123
Bevel-groove weld, 1196, 1197
Bezier curves, 356, 358–359
Bezier surface, 384, 385
Bilateral tolerance, 844
Bill of materials (BOM), 289, 953, 

965
Bird’s eye view, 278, 636

Index
Bisecting, 318–321, 360–361

angles, 360–361
compass method, 319, 360–361
lines, 318–321
triangle method, 320–321

Blending functions, 359
Blind holes, 526, 832–833
Blind sweep, 429
Block diagrams, 1147–1148, 1149
Blueprinting, 974
Bluetooth wireless technology, 94
Bolts, 927–931, A-34, A-35, A-43

hex head, 928–930, A-34, A-43
square head, 930–931, A-35

Bonding process, fasteners, 909
Boolean operations, 409–410, 

411–412
Bose Corporation, 221
Bottom view, 267, 498
Bottom-up design, assembly model-

ing, 446
Boundary representation (B-rep) 

model, 410–411, 413
Box mark graph, 1073
Boxing-in methods of drawing, 

585–586, 616
Brainstorming, 51–52
Break lines, 504
Breaks in section views, 784, 788–789
Broken-out sections, 775, 776
Bump mapping, 1095–1096

Cabinet drawings, 613–614, 615
Cable diagrams, 1153–1154
CAD, see Computer-aided design/

drafting (CAD)
Caliper, GDT, 880, 881
Cams, 1123–1133

CAD applications, 1133
combination motion, 1130
displacement diagrams, 1125–1130
followers, 11231125
harmonic motion, 1126, 1128
motion, 1125–1130
offset profi le drawing, 1132–1113
profi le, 1130–1132
uniform motion, 1126, 1127
uniformly accelerated motion, 

1127–1129
Cap screws, 927, 932–933, 934
Capacitors, electronic drawings, 

1148, 150
Cartesian coordinate system, 306–

307, 694–695
Cast iron pipes, 1165
Castle nuts, 932, 933, 937
Cavalier drawings, 613–614, 615
Center lines, 269, 272, 504, 583
CENTER option, CAD, 331
Center plane straightness, GDT, 887
Centers, GDT, 880
Central processing unit (CPU), 

188–189
Central view, drawing, 504
Chain lines, 508, 826, 828
Chamfer, thread, 910
Chamfered pins, A-58
Chamfers, multiview drawing, 

529–530
Chord method for drawing circles, 

331, 333
Circles, 268–269, 272, 280–281, 283, 

328, 330–332, 593–594, 616–618, 
640, A-14. See also Ellipses

center lines, 269, 272
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I-2 Index

Circles (continued)
chord method, 331, 333
construction of, 330–332
four-center ellipse method, 616–618
geometric elements of, 331, A-14
isometric drawing features, 

593–594
multiview projections of, 268–269, 

272
oblique drawing, 616–618
one-point perspective drawing, 640
perspective projections of, 280–281, 

283
right triangle method, 331, 333
tangencies of, 328, 330
templates, drawing using, 331, 332
three points, drawing through, 

331, 333
Circuit boards, see Printed circuit 

boards (PCBs)
Circularity, GDT, 887, 888
Civil engineer’s scale, use of, 210–211
Civil projects and visualization, 

163–164
Clearance locational fi ts (LC), 846–

847, 856, A-23, A-28, A-30
Clevis pins, A-60
Closed loop design, 401, 422–423
Closed-loop MRP, 118–119
Collaborative engineering, 32–33, 

34–35
Collaborative visualization, 19
Color, 30, 1089–1094

additive primaries, 1090
color defi nition, 1089–1094
gamut, 1090
HSV model, 1091, 1093–1094
hue, 1089
lightness, 1089, 1090
object rendering defi nition, 

1089–1094
product design and, 30
RGB model, 1090–1091, 1093
saturation, 1089–1090
subtractive primaries, 1090

Color lookup table (LUT), 1077–1078
Combination motion displacement 

diagrams, 1130
Combination scale, 208
Communication drawings, 14
Compact disk (CD) storage, 196
Compass, use of, 216–217, 319
Components, assembly modeling, 

443–446
Computational fl uid dynamics (CFD), 

78–79
Computer-aided design/drafting 

(CAD), 38–39, 41–44, 112–115, 
188–196, 283–284, 286–289, 
336, 364–366, 511, 514–515, 
645–646, 663–664, 734–735, 
746, 764–765, 786–789, 859–862, 
925, 938, 975–976, 977–979, 
1119, 1133, 1136, 1160, 1164, 
1168, 1169, 1174, 1176–1179, 
1180, 1200–1202

associative dimensioning, 860–862
automated processes using, 112–115
auxiliary views and, 663–664
central processing unit (CPU), 

188–189
design in industry using, 42–43, 

114–115, 336, 786
design team use of, 41–44
developments using, 746
display devices for, 189–190
drawing tools, 188–196
engineering design and, 38–39
fasteners, 925, 938
Floyd Rose Guitars, 114–115
geometric accuracy of, 859–860
hardware, 188

input devices for, 190–192
intersections using, 734–735
lettering technique and use, 283–

284, 286–289
mechanisms, applications for, 1119, 

1133, 1136
multiviews from 3-D models, 511, 

514–515
operating system, 189
output devices for, 192–194
patches, 364
perspective drawings and, 645–646
piping drawing symbols, 1168, 

1169
principal views from 3-D models, 

511, 514–515
printed circuit boards (PCBs), 1160
process plant design programs, 

1164, 1174, 1176–1179, 1180
Puma Footwear Corporation, 336
reprographic digital technologies, 

975–976
section views, 764–765, 786–787, 

788–789
software for, 189
storage devices and media for, 

194–196
surface of revolution, 364, 365
swept surfaces, 364, 366
Teradyne Inc., test systems, 786
threads, 925
tolerancing, 859–862
WaterMark kayak design, 42–43
welding drawings, 1200–1202
working drawings from a 3-D 

model, 977–979
Computer-aided manufacturing 

(CAM), 113, 462–464, 465–466
computer numeric control (CNC) 

and, 464
numeric control (NC) and, 464
process planning, 113, 462–464
three-dimensional (3-D) modeling, 

462–464, 465–466
Computer-aided process planning 

(CAPP), 67, 113, 116–117
Computer and Automated Systems 

Association (CASA), 110
Computer Automated Visualization 

Environment (CAVE), 19, 88, 
90, 91

Computer graphics, 17–18, 156–157
Computer-integrated manufacturing 

(CIM), 110–112
Computer numerical control (CNC) 

machines, 75, 120, 464
Computer simulations, 60, 114–115
Concentric circle ellipse, construction 

of, 344–345, 348
Concentricity, GDT, 893
Concurrent documentation, 72–74
Concurrent engineering, 31–32, 819
Cones, 375, 376, 378, 381, 727–728, 

730–733, 740–741, 742, 
A-18–A-19

construction of, 375, 376, 378
cylinders, intersections with, 

731–733
descriptive geometry of, 727–728, 

730–733
development of, 740–741, 742
geometric elements of A-18–A-19
intersections and, 727–728, 

730–733
multiview drawing, 727–728, 

730–733
oblique, 740–741, 742
planes, intersection with, 726–727
prisms, intersection with, 730–731
right circular, 740
truncated, 740, 741
warped, 381

Conic curves, 337–350. See also Ir-
regular curves

ellipses, 343–350
hyperbolas, 339–343, 344
parabolas, 337–339, 340

Conical helix, 356, 358
Connection list, CAD, 1160
Connections, piping drawings, 1166
Connectors, electronic drawings, 1151
Conoid surface, construction of, 381
Constrained surfaces, 383
Constraint-based modeling, 281, 283, 

414–435, 438–441
design intent, 415–416
duplicating part features, 440–441
editing part features, 434–435, 

436–440
feature analysis, 415–417
feature defi nition, 417–434
features, 414–415
Pro/ENGINEER for, 414
profi les and, 423–427
software programs for, 281, 283

Construction lines, sketching, 
248–251

Construction of elements, see 
Geometry

Constructive solid geometry (CSG), 
408–410, 413, 418

Continuity, surface modeling, 
406–407

Contour dimensioning, 834–836
Contour plots, 160–161, 1077–1078
Contour sketching, 246–247
Contrast, product design and, 30
Conventions, 21–23, 266–268, 270, 

272, 504, 507–511, 657–664, 781, 
784–785, 787–789

auxiliary views, 657–664
hidden lines, 266–268, 270
lines, 266–268, 272, 504, 507–511
multiview sketching, 266–268, 

270, 273
principal views, 504, 507–511
section views, 781, 784–785, 

787–789
technical graphics, 21–23

Convolutes, construction of, 375, 
377–378

Coons, Steven A., 384, 403
Coordinate measuring machine 

(CMM), 84, 124, 880, 881, 886
Coordinates, 306–313, 694–695, 

824–825, 1082–1083
Cartesian system, 306–307, 

694–695
cylindrical, 311
descriptive geometry of, 694–695
dimensions, 824–825
light source system, 1083
local system, 313
object rendering, 1082–1083
origin point, 825
polar, 310–311
reference point, 306
right-hand rule, 309–310
screen system, 1082–1083
space, 306–313
spherical, 311–312
three-dimensional (3-D), 307–309, 

1082–1083
world system, 312–313, 1082

Copper pipes, 1165–1166
COPY-ROTATE command, CAD, 

1119
Copying, documentation and, 976
Corporate intellectual capital (CIC), 

39–40
Cotter pins, A-60
Counterbored holes, 526–527, 833, 

A-41–A-42
Countersunk holes, 526–527

Cow’s horn surface, construction 
of, 381

Crank linkages, 1134–1135
Crest, thread, 910
Critical path method (CPM), 50, 1081
Crossed helical gears, 1109
Cross-hatch lines, 769–772
Cubes, geometric elements of, A-18
Cup points, screws, A-48
Curves, 206–207, 245–246, 320, 321, 

332–334, 335, 337–350, 355–356, 
356–359, 385–386, 524–526, 531, 
532, 592–593, 598–600, 618, 620, 
661–663. See also Roulettes 

arcs and, 334–334
auxiliary views, 661–663
Bezier, 356, 358–359
B-spline, 356, 358–359
conic, 337–350
construction of, 332–334, 335, 

337–350, 356–359
double-curved lines, 355–356
ellipses, 343–350
fractal surfaces, 385–386
freeform, 356–360
helixes, 355–356, 357, 358
hyperbolas, 339–343, 344
intersections, 598–600
irregular, 206–207, 321, 334–335, 

531, 592–593
isometric drawing, 592–593, 

598–600
lines, 320, 321
multiview drawing, 524–524, 

524–526, 531, 532
oblique drawing, 618, 620
offset coordinate method, 618, 620
ogee, 332–334, 335
parabolas, 337–339, 340
regular, 320, 321
sketching techniques for, 245–246
space, 531, 532
spline, 356
surfaces, 524–526, 618, 620

Cutting planes, 508, 618, 620, 720–
722, 722–725

intersections, method for, 720–722, 
722–725

lines, 508, 720–722, 766–768
multiview drawings, 720–722, 

722–725
oblique drawings, 618, 620
section views, 720–722, 766–768

Cycloids, construction of, 351–352, 
353

Cylinder rule, oblique drawing, 615
Cylinders, 375, 376, 531–532, 533, 

534, 726–727, 731–734, 738–740, 
743, 744, A-19

cones, intersection with, 731–733
construction of, 375, 376
descriptive geometry of, 726–727, 

731–734
development of, 738–740, 743, 744
geometric elements of A-19
holes and, 532, 534
intersecting, 531–532, 533, 534
intersections of, 726–727, 731–734
multiview drawing, 531–532, 533, 

534, 726–727, 731–734
nonperpendicular, intersection be-

tween two, 734
oblique, 743, 744
perpendicular, intersection between 

two, 733–734
planes, intersections with, 726–

727
prisms, intersections with, 532, 533, 

731–732
right circular, 738, 739
truncated, 738–740

Cylindrical coordinates, 311

ber28376_ch28_ix.indd   I-2ber28376_ch28_ix.indd   I-2 1/2/08   3:34:11 PM1/2/08   3:34:11 PM



  Index I-3

Cylindrical helix, construction of, 
355, 357

Cylindricity, GDT, 888–889
Cylindroid surface, construction of, 

381

da Vinci, Leonardo, 15, 16, 37, 136, 
632, 624

Dassault-Aviation Systémes, 647
Data associativity, 464, 466
Data elements, see Graphical analysis; 

Technical data presentation
Data exchange standards, 113, 

466–469
drawing exchange format (DXF), 

467
Initial Graphics Exchange Specifi -

cation (IGES), 467–468
product data exchange standard 

(PDES), 113, 468–469
standard for the exchange of prod-

uct model data (STEP), 113, 
468–469

Data region, 154, 1070
Datums, 823, 825, 881–884

depressions, 882
dimensions, 823, 825
feature, 882–883, 884
geometric dimensioning and toler-

ancing (GDT), 881–884
primary, 883
protrusions, 882
reference frame, 883, 84
secondary and tertiary, 884
uses of, 882

Decagons, construction of, 367
della Pittura treatise, 15
Department of Defense (DOD) stan-

dards, 22
Dependent variables, graphical analy-

sis of, 154
Depth, thread, 910
Depth auxiliary view, 656–657, 

658–659
Descriptive geometry, 17, 21, 

688–755. See also Developments; 
Intersections

coordinate systems, 694–695
design in industry: Kohler Co. bath-

tub design, 709
developments, 716–717, 735–755
direct view method, 692
facts and tips for, 708
fold-line method, 693
fundamentals of, 688–715
Gaspard Monge, 17, 692, 698
graphics communications and, 

17, 21
intersections, 716–735, 747–755
lines, 695–702
planes, 703–706, 707
point view of a line, 701–702
points, 694
reference planes, 693–694
revolution method, 692–693, 

699–701
Descriptive models, 57
Design analysis, 60–66, 458–462
Design drawings, documentation 

from, 74
Design for assembly (DFA), 32, 

925–927
Design for manufacturability (DFM), 

32, 84, 925
Design for manufacturing and assem-

bly (DFMA), 114
Design in industry, 19, 42–43, 46–108, 

114–115, 156–157, 221, 265, 336, 
436–437, 494, 647, 658–659, 
709, 786, 835, 914–915, 970, 
1084, 1129, 1170–1171. See also 
Engineers

Bose Corporation, 221
carbon fi ber bicycles, 1084
composite airplane parts, 914–915
computational fl uid dynamics 

(CFD), 78–79
computer-aided design (CAD), 

42–43, 114–115, 336, 786
computer graphics, 156–157
computer simulation reducing pro-

duction time, 914–915
Dassault-Aviation Systémes, 647
design for manufacturability 

(DFM), 84
design review meetings, 66–67
desktop engineering, 42–43
development of new products, 48
drawing control, 81–84
engineering design process for, 

47–48
Fakespace Systems, Inc., 19
FiberSim software, 914–915
fi nite element analysis (FEA) soft-

ware, 1084
FLEX and microFLEX test equip-

ment, 786
Floyd Rose Guitar Company, 

114–115
human factors in bathtub design, 

709
ideation process, 49–55
implementation of, 67–81
improvement of existing products, 

48
John Deere 8020 Series Tractor 

production, 970
knowledge-based engineering 

(KBE), 84
Kohler Co., 709
Leonard Zakim Bunker Hill 

Bridge, 835
LG electronics, Inc., 658–659
Lockheed Martin, 1129
modeling, 57–66 
modifi cation of existing products, 

48
Motorola, Inc., 48–53, 66–67, 69, 

80, 92–95, 494
NFL headset, 494
Pro/Engineer, 970
problems for, 98–108
product lifecycle management 

(PLM), 658–659
profi le of a mechanical engineer: 

Jeffrey P. Martin, 64–65
projects, types of, 48
Puma Footwear Corporation, 336
RAZR cell phone, 48–53, 66–67, 

69, 80, 92–95
refi nement process, 55–66
reverse engineering, 84
SolidWorks, 786
Sports Engineering Research Group 

(SERG), 78–79
STAR-CAT5 CFD software, 647
Strategix Vision, 436–437
Teradyne Inc., 786
test systems, 786
three-dimensional (3-D), 221, 265, 

436–437, 786, 1170–1171
Trek Bicycle Corporation, 265
VECO 3-D piping system, 

1170–1171
Virtual Product Development Ini-

tiative (VPDI), 1129
virtual reality (VR), 19, 58–59, 

85–91, 96
VISTAGY, Inc., 914–915
WaterMark Paddlesports, Inc., 

42–43
Web-based, 84–85

Design process, 27–45, 138–140, 238–
240, 265, 454–462, 512–513, 

770–771. See also Production 
processes; Visualization

aesthetic, 29, 30
analysis, 458–462
bicycles for women: Georgena 

Terry, 40–41
corporate intellectual capital (CIC), 

39–40
design teams, 41–44
desktop engineering, 42–43
digital enterprise, 36–44
dynamic analysis, 461
engineering, 30–36
enterprise data management 

(EDM), 38
ergonomics, 461–462
fi nite element analysis (FEA), 461
form, 30
Formula 1 race cars: Ossi Oikar-

inen, 770–771
function of, 30
functional, 29, 30
iteration, 31
kinematics, 458–460
mass properties analysis, 460–

461
product data management (PDM), 

38
product lifecycle management 

(PLM), 28, 38–41
prototyping, 455, 458
sketch modelers, 455
sketching and, 238–240
snowboards: Stacie Glass, 456
solid object features, 138–140
tennis equipment: Donald Loeffl er, 

512–513
three-dimensional (3-D) modeling 

and, 454–462
Trek Bicycle Corporation, 265
visual inspection, 458
visualization for, 138

Design teams, 41–44
Designer’s notebook, 53–55
Designers, role of, 24
Desktop engineering, 42–43
Desktop publishing, 1096–1097
Detail dimensioning, 829–834
Detail drawings, 951–953, 954–958
Detailed assemblies, 970–971, 

972–973
Developable surface, 364
Developments, 716–717, 735–755

approximate, 736, 745–746
CAD techniques for, 746
creation of, 736–743
fold lines, 736
oblique, 740–744
parallel-line, 736
patterns, 735–746
radial-line, 736
transition pieces, 743–745
triangulation, 736
true, 735–736
truncated, 738–742

Deviation, 850–851
Dial indicator, GDT, 880, 881
Diameter, 343, 823, 831–832, 898, 

910, 913–914
dimensions, 823, 831–832
ellipses, 343
holes, 898
major, 343, 910
minor, 343, 910
pitch, 910
symbols, 823
thread, 910, 913–914

Diazo prints, 974
Die, thread, 910
Difference (–) operation, 409, 410
Diffuse refl ection, 1086
Digital audio tape (DAT), 976

Digital enterprise, 36–44
computer-aided design/drafting 

(CAD), 38–39
corporate intellectual capital (CIC), 

39–40
e-business, 41
enterprise data management 

(EDM), 38
Internet, Intranet, and Extranet, 38
product data management (PDM), 

38
product lifecycle management 

(PLM), 38–41
Digitizers, use of, 190
Dihedral angles, auxiliary views of, 

666, 668
Dimensioning, 818–842, 848, 860–

862. See also Geometric dimen-
sioning and tolerancing (GDT)

ASME standard rules for, 839–842
associative, CAD, 860–862
contour, 834–836
design in industry: Leonard Zakim 

Bunker Hill Bridge, 835
detail, 829–834
diameter, 831–832
dimensions and, 821–829
functional, 848
geometric breakdown, 835–836
grooves, 833–834
guidelines for, 837–839
holes, 829–830, 831–833
manufacturer’s gauges, 834
origin point, 825
out-of scale, 828–829
process of, 836–837
radius, 831–832
repetitive features (x symbol), 

828–829
screw threads, 833
symbols for, 831
techniques, 834–842
terminology for, 821–823
unidirectional, 826, 828
units of measure, 819–821
view, 828

Dimensions, 281, 289, 504, 584–586, 
621, 821–829, 1174. See also 
Standards

aligned, 828
ANSI drawing standards, 825–829
arrows, 821–822
basic, 821
chain line, 826, 828
constraint-based modeling, 281, 

289
coordinate, 824–825
datum, 823
diameter symbol, 823
extension lines, 822, 826–827
isometric drawing, 584–586
leader line, 823
limits of size, 823, 844
lines, 504, 821
location, 824
oblique drawing, 621
orientation, 824
piping drawings, 1174
placement, 825
plus and minus, 823
radius symbol, 832
reading direction, 826
reference, 821
size, 823–824
spacing, 825–826
tolerance, 832
visible gap, 822

Dimetric projection, 578, 607–611
angles, 608–611
approximate drawings, 607–608
drawing, 607–611
ellipses, 609, 611
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I-4 Index

Dimetric projection (continued)
scales, 608–610
theory, 578

Diodes, electronic drawings, 1150
Direct numerical control (DNC), 120
Direct view method, 692
Directrix, 337, 362, 365
Displacement diagrams, 1125–1130
Display devices, CAD, 189–190
Dividers, use of, 217–218
Dividing lines, 318
Document sketches, 252
Documentation, 14, 72–81, 950–951, 

973–976
animations, 76
archiving, 950, 974
concurrent, 72–74
drawings, 14, 74
implementation of designs using, 

72–81
patent drawings, 80–81
presentation graphics, 79–80
reprographics, 950, 973–976
technical illustrations, 75
technical reports, 76–79
working (production) drawings, 

74–75, 950–951, 973–976
Dodecagon, construction of, 367
Dolly, 940
DONUT command, CAD, 1159
Double-curved surfaces, 363–364, 736
Double-line drawings, pipes, 1170–

1171, 1172
Dowel pins, 939, A-59
Drafters, role of, 24
Drafting machines, 197
Drawing control, see Product design
Drawing numbers, 960
Drawing tools, 187–236, 240–242

compass, 216–217
computer-aided design/drafting 

(CAD), 188–196
design in industry, 3-D design, 221
dividers, 217–218
erasers, 203, 241
freehand sketching and, 240–242
historical highlight: Archemedes, 

195
instrument sets, 216–218
introduction to, 188
laying out drawing sheets, 219–220
line drawing techniques, 201–208
paper, 198, 200–201, 241–242
pencils, 198–200, 240–241
protractors, 198
scales, 208–261
straightedges, 197–198
techniques for use of, 220, 222
templates, 218–219
traditional, 196–201, 220, 222
triangles, 201

Dream High Tech Jobs, see Engineers
Drill sizes, A-41–A-42
Durer, Albrecht, 15, 17, 632–633
Dynamics, 63, 461, 1106

e-business, 41
Edges, 139, 146, 400–401, 518–519, 

523–524, 705, 720–721, 723
fundamental views of, 518–519
inclined lines, 519
intersections and, 720–721, 723
lines, 518–519, 524, 720–721
multiview drawing, 523–524
oblique lines, 519
planes, 523–524, 705, 720–721, 723
true-length line, 518
views, 146, 523–524, 705, 720–721, 

723
visualization of, 139
wireframe modeling and, 400–401

Einstein, Albert, 136

Electronic drawings, 1146–1163, 
A-65–A-66

block diagrams, 1147–1148, 1149
cable diagrams, 1153–1154
capacitors, 1148, 150
connectors, 1151
diodes, 1150
fuses, 1151
integrated circuits (ICs), 1151–1153
logic gates, 1152
printed circuit boards (PCBs), 

1154–1160
relays, 1151
resistors, 1148, 1150
schematic drawings, 1148–1153, 

1155–1156
symbols for, 1148–1152, A-65–A-66
transformers, 1150–1151
transistors, 1150
wiring diagrams, 1153–1154

Elevation drawings, pipe systems, 
1168, 1174, 1176

Ellipses, 269, 273, 343–350, 530–531, 
532, 594–598, 609, 611, 616–618, 
620, A-17

angles, dimetric drawing of, 609, 
611

approximate, 345–347
concentric circle, 344–345, 348
engineering applications of, 347, 

349–350
foci, 343–344, 347
four-center method of construction, 

595–596, 616–618, 620
geometric elements of, A-17
inclined plane, constructing on a, 

597–598
isometric drawing, 594–598
major diameter, 343
minor diameter, 343
multiview drawing, 530–531, 532
multiview projections, 269, 273
oblique drawings, 616–618, 620
surfaces, 530–531, 532
template method of construction, 

347, 349, 350, 596–597
trammel method, 269, 273, 344, 348

Ellipsoid, construction of, 382, A-21
Encoding variables, 107
End line (point view), 696–697
Engineering change orders (ECO), 

971
Engineering data management 

(EDM), 81
Engineering design, 30–36, 47–48, 

305–398. See also Design 
process

collaborative, 32–33, 34–35
concurrent, 31–32
construction of, 305–398
design for assembly (DFA), 32
design for manufacturability 

(DFM), 32
design in industry and, 47–48
geometry, 305–398
iteration, 31
product design, 30
productivity tools for, 36
prototyping, 33
system design, 30–31
three-dimensional (3-D) modeling, 

31–32
traditional, 31
virtual product representation, 33

Engineering digital management sys-
tems (EDMS), 976

Engineering technologists, 24
Engineers, 8, 10–11, 24, 40–41, 

64–65, 126–127, 456, 512–513, 
770–771, 1084

bicycles designed for women: 
Georgena Terry, 40–41

drafters/designers and, 24
engineering technologists and, 24
fi nite element analysis (FEA) soft-

ware for design: Mark Enders, 
1084

Formula 1 race car design: Ossi 
Oikarinen, 770–771

graphic communication and, 10
laptop design: Mary Lou Jepsen, 

126–127
profi le of a mechanical engineer: 

Jeffrey P. Martin, 64–65
robots designed to explore planets: 

Ayanna Howard, 10–11
snowboard design: Stacie Glass, 

456
tennis equipment design: Donald 

Loeffl er, 512–513
English units, 853, 856–859, 910–916, 

A-22–A-26, A-29, A-34–A-35, 
A-39–A-41, A-47–A-49

fi ts, 853, 856–859, A-22–A-26, 
A-29

screw dimensions, A-34–A-35, A-
39–A-41, A-47–A-49

thread specifi cations, 910–916
Enterprise data management (EDM), 

38
Enterprise resource planning (ERP), 

119
Envelope principle, 879–880
Epicycloids, construction of, 352, 353
Equilateral hyperbola, construction 

of, 340, 344
Equilateral triangles, construction of, 

367, 368, 369–370
Erasing, techniques for, 203, 241 
Ergonomics, 461–462
Error bar, 1072
Euler operations, 411
Exploded views, assembly model-

ing, 446
Extension lines, 504, 822

Fabrication drawings, PCBs, 1156, 
1158

Faces, 139, 144–145, 145–147, 
400–401

edge views of, 146
inclined, 146–147
multi-image planes and, 145–147
normal, 144–145
object-image plane and, 144–145
oblique, 147
wireframe modeling and, 400–401

Facets, 1087
Fakespace Systems, Inc., 19
Farish, William, 17, 584–585
Fasteners, 898, 908–948

bolts, 927–931
bonding, 909
CAD techniques for, 925, 938
cap screws, 927, 932–933, 934
design for assembly (DFA), 

925–927
devices and methods for, 908–948
fi xed, 898
fl oating, 898
forming, 909
geometric tolerancing, 898
head styles, 932, 934
keys, 939–940
locking devices, 937–938
machine screws, 927, 933–935
mechanical process, 909
nonthreaded, 938–942
nuts, 927, 931–932, 933–934
permanent, 910
pins, 939
rivets, 940–941
set screws, 927, 935, 936
springs, 941–942

studs, 927
temporary, 910
threaded, 909–910, 927–938
threads, 910–925
washers, 938–939

Feature control frame, GDT, 877–878
Feature of size, GDT, 885
Features, 414–435, 438–441

analysis, 415–417
constraint-based modeling, 414–

435, 438–441
construction geometry for, 418–419
defi nition, 417–434
duplicating, 440–441
editing, 434–435, 436–440
linear arrays, 440, 441
mirror copy of, 440
parameters, 439–440
planning strategies, 430–434
profi les, 417, 419–430, 431, 

439–440
radial arrays, 440, 441
relative coordinate system, 419
sweeping operations for, 417–418, 

419, 427–430, 431
trees, 435, 438–439
workplane, 418–419
world coordinate system, 418

Feed-through, PCBs, 1154–1155
FiberSim software, 914–915
Field rivets, 940
Fillet welds, 1192, 1194
Fillets, 528–529, 603–604

isometric drawing, 603–604
multiview drawing, 528–529

Fillister head screws, A-40
Financial analysis, 65–66
Finish marks, 862–863
Finished surfaces, 529
Finite element analysis (FEA), 461
Finite element modeling (FEM), 

61–62
Finite plane, 362
First- and third-angle projection, 502, 

503–506
Fishtank virtual reality, 88, 90
Fits, 846–847, 850–859, 910, 912, 

A-22–A-31
basic size, 856–858
clearance locational (LC), 846–847, 

856, A-23, A-28, A-30
determination of type of, 847
deviation, 850–851
English units, 853, 856–859, A-

22–A-26, A-29
force and shrink (FN), 856, A-26
hole basis, 851–852, 853, 

A-28–A-29
hole system (basic), 856–858
interference locational (LN), 847, 

856, 858, A-25, A-29, A-31
International tolerance grade (IT), 

851–852
metric units, 850–853, 854–855, 

A-27–A-28, A-30–A-31
precision, 853, 856–859
preferred, 853, A-27
running and sliding (RC), 853, 

856, A-22
shaft basis, 851–852, 853, 

A-30–A-31
shaft system (basic), 858
thread class of, 910, 912
tolerance zone, 851
tolerancing and, 846–847, 850–859
transition locational (LT), 847, 856, 

A-24, A-29, A-31
Fittings, piping drawings, 1166–1167
Five-step process, GDT, 898–900
Fixed fasteners, 898
Flange connections, pipes, 1166, 

1167
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  Index I-5

Flange nuts, A-38
Flange screws, A-38
Flat head screws, A-39, A-46
Flat shading, 1087
Flatness, GDT, 887–888
FLEX and microFLEX test equip-

ment, 786
Floating fasteners, 898
Flow charts, 1081, 1147
Flow representations, 1079–1080
Floyd Rose Guitar Company, 114–115
Foci ellipse, construction of, 343–344, 

347
Focus (foci), 337, 339, 343
Fold lines, 500, 653–654, 655, 693, 736

auxiliary views, 653–654, 655
descriptive geometry and, 693
method of construction using, 500, 

653–654, 655, 693
pattern developments, 736–737
seam lines, 736–737

Font, lettering, 286–287
Force and shrink fi ts (FN), 856, A-26
Foreshortened features, 520, 524
Form, 30, 885–889, 910–912

controls, GDT, 885–889
product design and, 30
thread, 910–912

Forming process, fasteners, 909
Four bar linkages, 1134
Four-center method of construction, 

595–596, 616–618
Fractal curves and surfaces, 385–386
Frames, animation and, 1097
Freeform curves, 356–360

B-spline, 356, 358–359
Bezier, 356, 358–359
construction of, 356–360
spline, 356

Freehand sketching tools, see Draw-
ing tools

French, Thomas Ewing, 722
Front view, 267, 497, 501
Frontal line, 697
Frontal planes, 489, 521, 703–704
Full sections, 773–775
Full-size scales, 212–213, 216
Function, product design and, 30
Functional analysis, 63
Functional design, 29, 30
Functional dimensioning, 848
Functional gauging, GDT, 885, 886–

889, 890, 895
form control, 886–889
location control, 895
orientation control, 890

Fundamental views, 516–521
edge lines, 518–519
foreshortened features, 520
multiview drawing, 516–521
principal planes, 520–521
true length, 518

Fused deposition modeling (FDM), 
113

Fuses, electronic drawings, 1151

Gantt charts, 50, 1081
Gas welding process, 1190
Gauges, manufacturer’s dimensions, 

834
Gauging, 884, 885, 886–889, 890, 

893–897
coordinate measuring machines 

(CMM), 886
form controls, 886–889
functional, 885, 886–889, 890, 

895
location controls, 893–897
open (inspection), GDT, 885, 

886–889, 890, 893–895
orientation controls, 890
tolerance, 884

GDT, see Geometric dimensioning 
and tolerancing (GDT)

Gears, 1106–1123
bevel, 1109, 1121–1123
CAD applications of, 1119
crossed helical, 1109
helical, 1108
herringbone, 1108–1109
hypoid, 1109, 1110
intersecting shafting, 1108–1109
involute teeth, 1110–1111, 

1118–1119
miter, 1109
nonintersecting, 1109–1110
parallel shafting, 1107–1108
pinion, 1107
pressure angle, 1111
rack and pinion, 1109–1110
racks, 1120
ratios, 1111–1112
spur, 1108, 1112–1119
teeth, 1110–1111
train, 1107
worm, 1109, 1110, 1120–1121

General drawings, 613–614
Generating point, 350
Generatrix, 362, 365
Geometric breakdown dimensioning, 

835–836
Geometric dimensioning and toleranc-

ing (GDT), 875–907, A-11
datums, 881–884
design applications, 898–900
fasteners, 898
fi ve-step process, 898–900
form controls, 885–889
geometric controls, 884–897
holes, 894–897, 898
individual feature of size, 878
inspection tools, 880–881
location controls, 892–897
maximum material condition 

(MMC), 879–880
orientation controls, 889–892
statistical process control (SPC), 

876, 900–901
symbols, 877–878, A-11
tolerance calculations, 898
virtual condition, 884

Geometric transformations, see 
Transformations

Geometry, 17, 18, 20–21, 305–398, 
408–410, 418–419, 688–755. See 
also Descriptive Geometry

analytic, 21
angles, 360–361
arcs, 321–330, 334, 337
Boolean operations, 409–410
circles, 328, 330–332
constraint-based modeling features, 

418–419
constructive solid (CSG), 408–410, 

418
coordinate space, 306–313
curves, 332–334, 335, 337–350, 

355–356, 356–359
descriptive, 17, 21, 688–755
developments, 716–717, 735–755
double-curved lines, 355–356
elements of, 313–314
engineering, 306
helixes, 355–356, 357, 358
historical impact of, 17
intersections, 716–735, 747–755
lines, 315–321, 355–356
plane, 20
planes, 361–362
points, 313, 315
primitives, 408–410
roulettes, 350–355
shape description, 306
solid, 21

surfaces, 362–386
tangencies, 321–330
visual science, as a, 18, 20–21

Gib head keys, A-57
Gigabytes (GB), 195
Glass box, fold-line method for con-

struction of, 498–500, 693
Glyphs, 153, 1069
Gore method, approximate develop-

ment using, 746
Gouraud shading, 1087–1088
Grades, thread, 916
Graphic communications, 3–26, 

1096–1097. See also Technical 
graphics

computer graphics, 17–18
descriptive geometry, 17
desktop publishing, 1096–1097
drafters and designers and, 24
engineering technologists and, 24
engineers and, 8, 24
history of, 14–18
human elements of, 6–9
introduction to, 6–8
mathematics and, 8
specialists and, 23–24
standards and conventions of, 21–23
technical data presentation using, 

1096–1097
technical drawing, 11–12, 23–24
technical graphics, 7–8, 10–14, 20
technologists and, 6
visual science and, 18–23

Graphical analysis, 152–161 
bar graphs, 155, 158–159
contour plots, 160–161
data types, 152–154
encoding data variables, 154
glyphs, 153
line graphs, 154–155
marks, 153–154
multiple line graphs, 159
qualitative data, 152–153
quantitative data, 153
surface plots, 160
three-dimensional graphs and plots, 

159–161
two-dimensional graphs and plots, 

154–155, 158–159
visualization and, 152–161

Grids, 241–242, 248–251, 259–260, 
261–262, 604–607, 644–645. See 
also Paper

Anderson three-point perspective, 
645

isometric, 241–242, 259–260
perspective, 241–242, 644–645
projection using, 261–262
proportions and, 248–251
square, 241–242, 261–262
use of for drawing, 604–607, 

644–645
Groove welds, 1194–1196, 1197
Grooves, dimensioning, 833–834
Ground line (GL), 276–278, 636, 638
Ground’s eye view, 278, 636
Group technology, 116
Guide for Patent Draftsmen, 80
Guide lines, 284
Gutenberg, Johann, 283

Half auxiliary view, 661
Half sections, 775
Half-size scales, 213–215, 216
Hardware, CAD, 188
Harmonic motion displacement dia-

grams, 1126, 1128
Head-mounted displays (HMD), 

87–88
Head styles, fasteners, 932, 934
Height, lettering, 287
Height auxiliary view, 657, 659–650

Height gauge, GDT, 880
Helical gears, 1108
Helicoid surface, construction of, 381
Helixes, 355–356, 357, 358
Heptagons, construction of, 367
Herrad, Abbess of Landsperg, 148
Herringbone gears, 1108–1109
Hex heads, 928–932, 934, A-34, A-

36–A-38, A-42, A-44
bolts, 928–930, A-34, A-42
nuts, 931–932, 934, A-36–A-38
screws, A-34, A-44

Hexagons, construction of, 367, 
370–372

Hidden features, 150
Hidden lines, 266–268, 270, 508, 583
Hidden surface removal, 1083
Hierarchical approach, assembly mod-

eling, 441–442
Hierarchical trees, 1080
Highway diagrams, 1154, 1155
Histograms, 1075
Hole basis fi ts, 851–852, 853, 

A-28–A-29
Holes, 526–528, 532, 534, 829–830, 

831–833, 851–852, 853, 856–858, 
864, 894–897, 898

ASME symbols, 831
basic system of fi ts, 856–858
blind, 526, 832–833
counterbored, 526–527, 833
countersunk, 526–527
cylinders, intersecting, 532, 534
diameter, 898
dimensioning, 829–830, 831–833
fi ts, 851–852, 853, 856–858
geometric dimensioning and toler-

ancing (GDT), 894–897, 898
multiview drawing, 526–528, 532, 

534
position, GDT, 894–897
spotfaced, 527–528
symmetry of, GDT, 897
through, 526–527
tolerancing, 851–852, 853, 856–

858, 864
Horizon line (HL), 274, 276–277, 633
Horizontal dimension, 823, 824
Horizontal lines, 201, 203, 695–696, 

697
Horizontal planes, 493, 495, 521, 

703–704
HSV color model, 1091, 1093–1094
Hue, 1089
Human communication, 6–9
Human factors analysis, 63–64
Human’s eye view, 278, 636
Hybrid model, 413
Hyperbolas, 339–343, 344

axis of symmetry, 339, 342
construction of, 339–343, 344
engineering applications of, 

342–343, 344
equilateral, 340, 344
mathematical method, 339–340, 

342
Hyperbolic parabloid, 381
Hyperboloid of revolution, 381, 382
Hypermedia, technical data presenta-

tion using, 1098
Hypocycloids, construction of, 352, 

353
Hypoid gears, 1109, 1110

Icosagon, construction of, 367
Ideation process, 49–55

brainstorming, 51–52
critical path method (CPM), 50
designer’s notebook, 53–55
Gantt charts, 50
graphics and visualization, 52–53
preliminary design, 52–53
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Ideation process (continued)
preliminary ideas statement, 51–52
presentation graphics, 52–53
problem identifi cation, 49–51
project evaluation and review tech-

niques (PERT), 50
resources, 53

Ideation sketches, 251–252
Illumination, 1086
Image planes, visualization of, 

141–142
Implementation of designs, 67–81

computer-aided process planning 
(CAPP), 67

documentation, 72–81
fi nance, 69–70
just-in-time scheduling (JIT), 67
management, 70–72
marketing, 67–69
material requirements planning 

(MRP), 67
planning, 67
production, 67
return on investment (ROI), 69–70
service, 72
total quality management (TQM), 

71–72
Inclined face, 146–147
Inclined lines, 202–203, 519, 696
Inclined planes, 521, 703–704
Increments, welding drawings, 

1199–1200
Independent variables, graphical 

analysis of, 154–155, 158–159, 
159–161

Individual feature of size, GDT, 878
Infi nite light source, 1084–1085
Infi nite plane, 362 
Initial graphics exchange specifi ca-

tions (IGES), 113
Inkjet printers, use of, 193–194
Input devices, CAD, 190–192
Input/output (I/O) devices, CAD, 

194–196
INQUIRE command, CAD, 699
Integrated circuits (ICs), electronic 

drawings, 1151–1153
Intensity light source, 1085
Interconnection diagrams, 1153–1154
Interference locational fi ts (LN), 847, 

856, A-25
International Standards Organization 

(ISO), 22, 215, 468, 850–853, 
854–855

International System of Units (SI), 215
International tolerance grade (IT), 

851–852
Intersecting shafting, 1108–1109
Intersection (�) operation, 409, 410
Intersections, 598–600, 706–707, 

716–735, 747–755
CAD techniques for, 734–735
cones and, 727–728, 730–731, 

731–733
curves, 598–600
cutting plane method, 720–722, 

722–725
cylinders and, 726–727, 731–734
descriptive geometry of, 706–707, 

716–735, 747–755
edge view method, 720–721, 723
isometric drawing, 598–600
line and a plane, of a, 720–722
lines, 720
multiview drawings, 718–735
piercing point, 720
planes and, 720–728
planes, 706, 707, 722–725, 725–728
prisms and, 725–726, 728–731, 732
pyramids and, 729–730
solids, 725–728, 728–734
visibility, 718–720

Interval data, 7068–1069
Involutes, 352–355, 1110–1111, 

1118–1119
circle, of a, 355
curves, 1110–1111
gear teeth, 1110–1111, 1118–1119
line, of a, 353, 354
polygon, of a, 354–355

Irregular curves, 206–207, 321, 
334–335, 531, 592–593. See also 
Conic curves 

arcs and, 334–335
drawing, 206–207, 531
isometric drawing, 592–593

ISO 9000, 83–84
Isoline (contour line), 160–161
Isometric drawings, 578–601, 603–

607, 1171, 1173
angles, 591
ANSI standard dimensions for, 

584–586
arcs, 598
assembly drawings, 604–605
axes, 579
boxing-in method, 585–586
center lines, 583 
circular features, 593–594
curved intersections, 598–600
ellipses, 594–598
fi llets, 603–604
grids, 604–607
hidden lines, 583
historical highlights of, 584–585
irregular curves, 592–593
line, 578, 582–583, 586–589
long-axis, 582
nonisometric lines and planes, 

582–583, 586–589
oblique planes, 589–591
piping systems, 1171, 1173
planes, 579, 582–583, 589–591
projection theory, 578–579, 581
regular, 582
reversed axis, 582
rounds, 603–604
scales, 581–582
screw threads, 603–604
section views, 601, 603
spheres, 600–601

Isometric ellipses, sketching, 256–
259

Isometric grid paper, use of, 241–242, 
259–260

Isometric pictorials, sketching, 
253–256

Isosceles triangles, construction of, 
368

Iteration, defi ned, 31

Jam nuts, 932, 933, 937, A-36, A-37
Japanese Standards (JIS), 22
J-groove weld, 1196, 1197
John Deere 8020 Series Tractor, 970
Joining, fasteners for, 910
Joints, welding drawings, 1190
Just-in-time (JIT) manufacturing, 67, 

120, 125–126

Kepler’s fi rst law, 349
Keyboard, use of, 190
Keys, 939–940
Keyseat, 939, A-55
Keyway, 393, A-57
Kinematics, 63, 458–460, 1106
Knowledge-based engineering (KBE), 

84

Laser printers, use of, 194
Lead, thread, 910
Lead angle line, 356
Leader line, 823
Lean manufacturing, 128–129

Lean Thinking, 128
Least material condition (LMC), 823, 

846, 879
Left view, 267, 498
Legends, 154, 1070
Leonard Zakim Bunker Hill Bridge, 

835
Lettering, 283–289, 964

alignment, 288
ANSI standards for, 283–284, 964
CAD technique for, 283–284, 

286–289
font, 286–287
guide lines, 284
guide, use of, 284–285
hand, 284–286
height, 287, 964
point size, 287
working drawings, 964

Lever (rocker) linkages, 1134–1135
LG electronics, Inc., 658–659
Light, 1083–1086

ambient source, 1084
cone, beam angle determination, 

1085
infi nite source, 1084–1085
intensity, 1085
object rendering defi nition, 

1083–1086
point source, 1085
source coordinate system, 1083
spot source, 1085

Light emitting diodes (LEDs), 1150
Lightness, 1089, 1090
Limiting element, 139
Limits, 823, 844, 845, 850–859. See 

also Fits
ISO metric, 850–859
lower, 824, 845
plus and minus, 823, 844
single dimensions, 844
upper, 824, 845

Line balloon, 1174
LINE command, CAD, 330
Line drawings, 150, 323
Line element straightness, GDT, 

885–886
Line graphs, 154–155, 159, 1072–

1073, 1075–1076
graphical analysis using, 154–155, 

159
multiple, 159, 1075–1076
technical data presentation, 1072–

1073, 1075–1076
3-D, 159, 1075–1076
2-D, 154–155, 1072–1073

Line of sight (LOS), 345, 489, 491–
492, 653, 656

Line profi le, GDT, 891
Line weight, 199–200
Linear arrays, constraint-based mod-

els, 440, 441
Lines, 30, 201–208, 242–246, 266–273, 

274, 276–278, 281, 315–321, 
321–330, 355–356, 504, 507–511, 
518–519, 524, 539, 578, 582–583, 
586–589, 695–702, 720–722, 766–
768, 769–772. See also Edges

alphabet of, 504, 507–511
angles, 205–206
bisecting, 318–321
break, 504
center, 269, 272, 504, 583
chain, 508
conventions, 266–268, 272, 504, 

507–511
cross-hatch, 769–772
curves, 245–246, 321
cutting plane, 508, 720–722, 

766–768
descriptive geometry of, 695–702, 

720–722

dimension, 504
double-curved, 321, 355–356
drawing techniques, 201–208
edges and, 518–519, 524, 720
end (point view), 696–697
equal parts, divided into, 318 
erasing, 203
extension, 504
frontal, 697
fundamental views and, 518–519
geometry of, 315–321, 321–330, 

355–356
ground (GL), 276–278
hidden, 266–268, 270, 508, 583
horizon (HL), 274, 276–277
horizontal, 201, 203, 695–696, 697
inclined, 202–203, 519, 696
intersecting, 316
intersections and, 720–722
irregular curves, 206–207
isometric drawing, 578, 582–583, 

586–589
missing, visualization and, 539
miter, 273
multiview drawing, 504, 507–511, 

518–519, 524, 539, 720–722
multiview sketches, 266–273
nonisometric, 582–583, 586–589
nonparallel, 316
oblique, 519, 697
parallel, 204–205, 316, 317–318
perpendicular, 205, 316
perspective projection, 274, 

276–278
phantom, 508
piercing point, 720
planes, intersection of, 720–722
point view of, 696–697, 701–702
points and, 203–204, 697
precedence of, 268, 270
principal, 697
product design and, 30
profi le, 697
proportional parts, divided into, 318
section view drawing, 766–768, 

769–772
section, 504, 769–772
single-curved, 321
sketching techniques, 242–246
spatial location of, 697
stitch, 508
straight, 242–245, 316–321
symmetry, 508
tangencies and, 278, 281, 316, 

321–330
true-length (normal), 518, 696, 

697–701
vanishing point (VP), 274, 276–277
vertical, 202, 203, 695
visible, 508

Linkages, 1133–1136
analysis, 1134, 1136
bell crank, 1134–1135
crank, 1134–1135
four bar, 1134
lever (rocker), 1134–1135
rocker arm, 1134–1135
symbols for, 1133–1134

Local coordinate system, 313
Location, dimensions and, 824
Location controls, GDT, 892–897
Lock washers, 939
Lockheed Martin Corporation, 1129
Locking devices, 937–938
Lofting, surface modeling, 403–404, 

405
Logic gates, electronic drawings, 

1152
Long-axis isometric drawing, 582
Long Range Navigation (LORAN), 

342
Lower limit, 824, 845
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  Index I-7

Machine screws, 927, 933–935, A-39
Machinery Handbook, 1112, 1118, 

1124
Mandlebrot, Benoit, 385–386
Manifold model, 403
Manufacturing automation protocol 

(MAP), 112–113
Manufacturing processes, 109–130. 

See also Automation processes; 
Production processes

automation processes, 110–115, 
120–121

computer-aided design (CAD), 
112–115

computer-aided process planning 
(CAPP), 113, 116–117

computer numerical control (CNC) 
machines, 120

controlling, 120–121
coordinate measuring machines 

(CMM), 124
direct numerical control (DNC), 

120
integration in, 110–115
introduction to, 109–110
laptop design: Mary Lou Jepsen, 

126–127
material requirements planning 

(MRP), 117–119
numerical control (NC), 114, 

120
planning, 116–120
processing, 120–121
product data management (PDM), 

119–120
product lifecycle management 

(PLM), 119
production management and, 112
production processes, 124–129
quality in, 121–124
statistical process control (SPC), 

123–124, 125
total quality management (TQM), 

121–123
Market analysis, 65
Marks, 153–154, 1069, 1072–1073

complex, 1069
error bar, 1072
glyphs, 153, 1069
graphical analysis of, 153–154
line graphs, 1072–1073
simple, 1069

Mass, product design and, 30
Mass properties analysis, 460–461
Master production schedule (MPS), 

118
Material properties, values for, A-12
Material requirements planning 

(MRP), 67, 117–119
Material symbols, section lines for, 

769–770
Mathematical methods of construc-

tion, 337, 339–340, 342
Mathematical models, 58
Mathematics, use of, 8
Matrix charts, 1081–1082
MAX limit, 844
Maximum material condition (MMC), 

823, 845, 879–880, 887
departure from, 879
perfect form at, 879–880
roundness control, 880
straightness and, 887

Measuring line method of drawing, 
642–644

Mechanical design and visualization, 
161–163

Mechanical engineer’s scale, use of, 
211–215

Mechanical fastening process, 909
Mechanical pencils, 198–199
Mechanism analysis, 62–63

Mechanisms, 1105–1145
analysis, 1106
bearings, 1137–1140
CAD applications, 1119, 1133, 1136, 
cams, 1123–1133
design in industry: Lockheed 

Martin’s Virtual Product Devel-
opment Initiative (VPDI), 1129

gears, 1106–1123
linkages, 1133–1136

Media, see Paper; Storage Devices
Megabytes (MB), 195
Megahertz (MHz), 189
Metric (SI) units, 215–216, 850–853, 

854–855, 916–918, A-10, A-27–
A-28, A-30–A-31, A-42–A-46

conversion equivalents, A-10
fi ts, 850–853, 854–855, A-27–A-28, 

A-30–A-31
scale, 215–216
screw dimensions, A-42–A-46
thread specifi cations, 916–918

Microfi lming, 975
Micrometer, GDT, 880, 881
Millions of instructions per second 

(MIPS), 189, 195
MIN limit, 844
MIRROR command, CAD, 1119
Mirror copy, constraint-based mod-

els, 440
Missing lines, multiview drawing vi-

sualization of, 539
Miter gears, 1109
Miter line, 273
Modeling, 57–66, 113, 161–164, 281, 

283, 399–487, 533–534, 536. See 
also Constraint-based modeling; 

 Object rendering; Solid modeling; 
Three-dimensional modeling

aesthetic analysis, 64–65
assembly, 441–446
boundary representation (B-rep), 

410–411, 413
civil projects and, 163–164
computer simulation, 60
constraint-based, 281, 283, 414–

435, 438–441
descriptive, 57
design analysis, 60–66
fi nite element (FEM), 61–62
functional analysis, 63
fused deposition modeling (FDM), 

113
human factors analysis, 63–64
hybrid, 413
manifold, 403
market and fi nancial analysis, 

65–66
mathematical, 58
mechanical design and 3-D, 

161–163
mechanism analysis, 62–63
physical construction of, 533–534, 

536
predictive, 57
property analysis, 61–62
rapid prototyping, 58, 59–60, 113
scale, 58
sketching and, 281–283
software programs for, 281, 283
solid, 408–413
surface, 403–208
three-dimensional (3-D), 57–66, 

161–164, 399–487
two-dimensional (2-D), 163 
virtual reality (VR) and, 58–59, 

161
visualization and, 161–164
wireframe, 400–403

Modem, use of, 192
Monge, Gaspard, 17, 692, 698
Motion, cam displacement, 1125–1130

Motorola, Inc., 48–53, 66–67, 69, 80, 
92–95, 494

Mouse, use of, 191
Multiple-image planes, visualization 

of, 145–148
Multiple projection-based systems, 

VR, 88–91, 96
Multiview drawings, 488–576, 

718–735
advantages of, 495–497
ANSI standards for, 534–545
chamfers, 529–530
curved surfaces, 524–526
cutting plane method, 720–722, 

722–725
cylinders, intersecting, 531–532, 

533, 534
design in industry: Motorola head-

set design, 494
edge view method, 720–721, 723
elliptical surfaces, 530–531, 532
fi llets, 528–529
fi nished surfaces, 529
front view, 497
fundamental views, 516–521
holes, 526–528, 532, 534
intersections and, 718–735
irregular or space curves, 531, 532
one-view, 508, 509
plane of projection, 489–493, 495
plane representations, 521, 523–

524
point representations, 521, 522
principal views, 497–511, 514–515
projection theory, 489
rounds, 528–529
runouts, 530
solid objects, 540–542, 725–728, 

728–734
three-view, 508–511
two-view, 508, 510
view selection, 515–516
visibility and, 718–720
visualization, 532–543

Multiview sketching, 238–239, 252, 
262–264, 266–273, 274, 275

arcs, 268–269
center lines, 269, 272
circles, 268–269
ellipses, 269, 273
hidden line conventions, 266–268, 

270
line conventions, 266–268, 273
line precedence, 264
one-view, 270
precedence of lines, 268, 270
principal (regular) views, 263, 

266–267
technique for, 266–269
three-view, 271–273, 275
two-view, 270–271, 274

Negative space sketching, 247–248
Network attached storage (NAS), 196
Network hierarchy, assembly model-

ing, 443
Node, 315
Nominal data, 153, 1067
Nominal size, 845, 917
Nonagons, construction of, 367
Nonintersecting gears, 1109–1110
Nonisometric lines and planes, 582–

583, 586–589
Nonuniform rational B-spline 

(NURBS) surface, 385
Normal face, 144–145
Notes, 289, 843–844, 913–915, 916–

918, 967–968, 971, 1174
drawings, 289 
engineering change (ECN), 971
English system specifi cations, 

913–915

metric system specifi cations, 
916–918

piping drawings, 1174
thread specifi cations, 913–915, 

916–918
tolerance, 843–844, 967–968
working drawings, 967–968, 971

Numerical control (NC), 114, 120, 464
Nuts, 927, 931–932, 933–934, 937–

938, A-36–A-38
castle, 932, 933, 937
fl ange, A-38
hex head, 931–932, 934, A-36–A-38
jam, 932, 933, 937, A-36, A-37
slotted, 932, 933, 937, A-38
square head, 931–932, 934, A-36
types of, 933

Object rendering, 1081–1096
clipping, 1083
color defi nition, 1089–1094
design in industry: fi nite element 

analysis (FEA) software for car-
bon fi ber bicycles, 1084

fi nite element analysis (FEA) soft-
ware, 1084

hidden surface removal, 1083
light defi nition, 1083–1086
screen coordinate system, 

1082–1083
shading techniques, 1086–1089
surface detail defi nitions, 

1094–1096
view volume, 1082–1083
visible surface determination, 

1082–1083
world coordinate system, 1082

OBJECT snap command, CAD, 370
Objects, 142–145, 637–638, 644. See 

also Solid objects
distance and perspective drawing, 

637–638
image plane orientation, visualiza-

tion of, 142–145
picture plane, behind, 644

Oblique drawings, 577, 611–621
angles, 618, 620
boxing-in method, 616
circles, 616–618, 620
classifi cations of, 613–614
construction of, 616–621
curved surfaces, 618
cutting planes, 618, 620
cylinder rule, 615
four-center ellipse method, 616–

618, 620
offset coordinate method, 618
orientation rules, 614–616
projection theory, 613
screw threads, 620–621
sections, 620
standards for dimensions of, 621

Oblique face, 147
Oblique lines, 519
Oblique objects, 260–261, 740–744 

cones, 740–741, 742
cylinders, 743, 744
developments, 740–744
pictorials, sketching, 260–261
prisms, 741–743

Oblique planes, 521, 589–591
Obtuse triangles, construction of, 368
Octagons, construction of, 367, 

372–373
Offset profi le drawing, 1132–1113
Offset sections, 778, 780–781
Ogee curves, 332–334, 335
Ohno, Taiichi, 126–127
One-point perspective drawing, 

638–640
One-point perspective projection 

sketch, 277–278, 280–281
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I-8 Index

One-view drawings, 508, 509
One-view sketches, 270
Open inspection (gauging), GDT, 885, 

886–889, 890, 893–895
form control, 886–889
location control, 893–895
orientation control, 890

Operating system, CAD, 189
Ordinal data, 153, 1067
Orientation controls, GDT, 889–892
Orientation dimensions, 824
Origin point, 825
Orthographic projection, 489, 493, 

502, 503, 520, 523, 524
confi guration of planes, 523
edge views, 524
foreshortened features, 520
multiview drawing, 489, 493, 502, 

503, 520, 523, 524
parallel features, 523
plane of, 502, 503

Outline assembly drawings, 953, 961
Outline sections, 771
Out-of scale dimensioning, 828–829
Output devices, CAD, 192–194

Paper, 198, 200–201, 219–220, 241–
242, 248–251, 259–260, 261–262

ANSI standard sizes for, 201
freehand sketching, 241–242, 

248–251, 259–260, 261–262
grid, 241–242, 248–251, 261–262
isometric grid, 241–242, 259–260
laying out, technique for, 219–220
taping to a surface, 198

Parabolas, 337–339, 340, A-17
construction of, 337–339, 340
directrix, 337
engineering applications of, 338
geometric elements of, A-17
mathematical method, 337, 339
parallelogram method, 337, 340
tangent method, 337, 339

Paraboloids, construction of, 338, 
382, A-21

PARALLEL command, CAD, 
663–664

Parallel features, 523
Parallel-line developments, 736
Parallel lines, 204–205, 316, 317–318
Parallel projection, 142, 253, 489, 492

multiview drawing, 489, 492
multiview sketching, 253
visualization of, 142

Parallel shafting, 1107–1108
Parallelism, GDT, 889–890
Parallelogram method of construction, 

337, 340
Parallelograms, construction of, 364
Partial auxiliary view, 660–661
Partial views, ANSI standards for, 

543–544
Parts, 953, 958–959, 965–966, 969–

970, 976–977
ANSI standards for lists of, 965
bill of materials (BOM), 953, 965
identifi cation, 966
lists, 953, 965–966
numbers, 958–959
standard, 976–977
tabular drawings, 969–970
working drawing and, 953, 958–

959, 965–966, 976–977
Patches, CAD, 364, 404–405
Patent drawings, documentation from, 

80–81
Patterns, 735–746. See also 

Developments
approximate development, 745–746
cones, 740–741
cylinders, 738–740, 743, 744
developments and, 735–746

fold lines, 736–737
inside development, 736–737
prisms, 736–738, 741, 743
pyramids, 741–742
transition pieces, 734–745

PCBs, see Printed circuit boards 
(PCBs)

Pencils, use of, 198–200, 240–241
Pentagons, construction of, 367, 370, 

371
Perfection, 884
PERPENDICULAR command, CAD, 

663–664
Perpendicular line drawing, 205
Perpendicularity, GDT, 890–891
Perspective drawing, 14, 631–651

CAD technique for, 645–646
circular features, 640
classifi cations of, 636–637
design in industry: STAR-CAT5 

CFD software, 647
ground line (GL), 636, 638
historical highlights of, 634
introduction to, 631–633
measuring line method, 642–644
objects behind picture plane, 644
one-point, 638–640

perspective grid, 644–645
picture plane, 633, 635–636, 637–638, 

644
plan view method, 638–640, 640, 642

station point (SP), 633,638
terminology for, 633, 634–636
two-point, 640, 642–644
vanishing point (VP), 635–636, 638
variables selection for, 637–638

Perspective projection, 149–150, 253, 
273–283, 489, 492

arcs, tangent lines to, 278, 281
circles, 280–281, 283
ground line (GL), 276–278
horizon line (HL), 274, 276–277
multiview drawing, 489, 492
multiview sketching, 253, 273–283
one-point sketch, 277–278, 280–281
two-point sketch, 278–279, 282
vanishing point (VP), 274, 276–277
visualization of, 149–150

Phantom lines, 508
Phong shading, 1087
Photorealistic images, 1082
Pictorial assembly drawings, 958, 

962–963
Pictorial drawings, see Axonometric 

drawings; Oblique drawings; Per-
spective drawings

Pictorial sketches, 238–239, 252
Picture plane, 633, 635–363,637–638, 

644
bird’s eye view, 636
ground line (GL), 636, 638
ground’s eye view, 636
horizon line (HL), 633
human’s eye view, 636
object distance and, 637–638
objects behind, 644
perspective drawing and, 633, 

635–363, 637–638, 644
station point (SP), 633, 638
vanishing point (VP), 635–636, 638
worm’s eye view, 636

Piece tolerance, 846
Piercing point, 720
Pinion, 1107
Pins, 939, A-58–A-60
Pipe threads, 924–925, A-50
Piping drawings, 1163–1186, 

A-61–A-64
CAD-based process plant design 

programs, 1164, 1168, 1169, 1174, 
1176–1179, 1180

connections, 1166

design in industry: VECO 3-D pip-
ing system, 1170–1171

dimensions, 1174
double-line, 1170–1171, 1172
elevation, 1168, 1174, 1176
fi ttings, 1166–1167
isometric, 1171, 1173
line balloon, 1174
nominal pipe size (NPS), 1164
notes, 1174
outside diameter (OD), 1164
pipe materials, 1164–1166
plan, 1168
single-line, 1168, 1172
spool, 1174
symbols, 1168, 1169, A-61–A-64
valves, 1167, 1168
virtual models, 1164

Pitch, thread, 910, 912–913, 917
Pitch distance, welding drawings, 

1199–1200
Pixels, 189–190
Plain bearings, 1137
Plain washers, 938
Plan drawings, pipes, 1168
Plan view, 163, 638–640, 642

one-point perspective drawing, 
638–640

two-point perspective drawing, 
640, 642

Planar surface, 362–363
Plane geometry, 20
Planes, 361–362, 489–493, 495, 502, 

503, 516–521, 523–524, 579, 
582–583, 589–591, 633, 635–363, 
644, 692–694, 703–706, 707, 
720–728

angles and, 524, 706, 707
cones, intersection of, 727–728
construction of, 361–362
cutting plane method for, 720–722, 

722–725
cylinders, intersection of, 726–727
descriptive geometry of, 692–694, 

703–706, 707, 720–728
direct view method for, 692
edge lines, 524
edge views, 523–524, 705, 720–721, 

723
fold-line method for, 693
frontal, 489, 521, 703–704
fundamental views, 516–521
horizontal, 493, 495, 521, 703–704
inclined, 521, 703–704
intersecting, 706, 707, 722–725
intersections and, 720–728
isometric, 579, 582–583, 589–591
lines, intersection of, 720–722
multiview drawing, 516–521, 

523–524, 720–728
nonisometric, 582–583
normal, 520
objects behind picture, 644
oblique, 521, 589–591, 703–704
orientation of views from projec-

tion, 495
orthogonal, 502, 503
orthographic confi guration of, 523
perspective drawing, 633, 644
picture, 633, 635–363, 644
piercing point, 720
principal, 520–521, 703–706
prisms, intersection of, 725–727
profi le, 493, 496, 521, 703–704
projection, 489–493, 495
reference, 693–694
revolution method for, 692–693
solid objects, intersections with, 

725–728
true-size and shape (TSP), 703–704, 

705–706, 707
vertical, 703

Plastic pipes, 1166
Plug (slot) welds, 1196, 1198
Plus and minus limits, 823, 844
Point light source, 1085
Point size, lettering, 287
Point view of a line, 665–666, 696–

697, 701–702
auxiliary views, 665–666
descriptive geometry of, 696–697, 

701–702
Points, 203–204, 305–306, 313, 315, 

350, 521, 694, 825. See also 
Coordinates

descriptive geometry of, 694
drawing lines through two, 

203–204
generating, 350
geometry of, 313, 315
lines and, 697
multiview drawing, 521
node, 315
origin, 825
pole, 350
reference, 306

Point-to-point diagrams, 1153–1154
Polar coordinates, 310–311
Polarized stereoscope, 89–87
Poles, spirals and, 350
Polyconic method, approximate devel-

opment using, 745–746
Polycylindric method, approximate 

development using, 746
Polygons, construction of, 367–373, 

A-16–A-17
Polyhedra, construction of, 377, 379
Position, GDT, 894–897
Power transmission, fasteners for, 910
Precision fi ts, 853, 856–859
Precision spindle, GDT, 880
Predictive models, 57
Preferred metric fi ts, A-27
Presentation graphics, 52–53, 79–80
Pressure angle, 1111
Primary auxiliary view, 656
Primary axes, visualization of, 

143–144
Primitives, solid modeling using, 

408–410, 411–412
Principal line, 697
Principal views, 263, 266–267, 

497–511, 514–515, 515–516, 
703–706, 707

adjacent, 502, 504
bottom, 267, 498
CAD 3-D models and, 511, 514–515
central, 504
conventional placement, 500–502
descriptive geometry and, 703–706
fi rst- and third-angle projection, 

502, 503–506
fold lines and, 500
front, 267, 497, 501
glass box example of, 498–500
left, 267, 498
line conventions, 504, 507–511
multiview drawing, 497–511, 

514–515
multiview sketching, 263, 266–267
planes, 703–706, 707
rear, 267, 498
related, 504
right, 267, 498, 501
selection of, 515–516
top, 267, 497, 501
true-size and shape (TSP) planes, 

703–704, 705–706, 707
Printed circuit boards (PCBs), 

1154–1160
artwork drawings, 1156–1157
assembly drawings, 1158, 1159
autorouting connections, 1160
CAD software for, 1160
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connection list, 1160
fabrication drawings, 1156, 1158
feed-through, 1154–1155
layout and design of, 1158–1160
rats nest, 1160
schematic drawings, 1155–1156
silkscreen drawings, 1156, 1158

Printers and plotters, use of, 193–194
Prisms, 379, 380, 532, 533, 725–726, 

728–732, 736–738, 741, 743, A-18
cones, intersection with, 730–731
cylinders, intersection with, 532, 

533, 731–732
descriptive geometry of, 725–726, 

728–732
development of, 736–738, 741, 743
geometric elements of, A-18
intersections and, 725–726, 

728–732
multiview drawing, 532, 533, 

725–726, 728–732
oblique, 741, 743
planes, intersection with, 725–726
polygonal, construction of, 379, 380
pyramid, intersection with, 729–730
right rectangular, 736–738
truncated, 738

Pro/Engineer software, 414, 970
Process plant design programs, CAD, 

1164, 1174, 1176–1179, 1180
Product data exchange standard 

(PDES), 113, 468–469
Product data management (PDM), 38, 

81–83, 119–120, 958
Product design, 30, 47, 48, 81–84, 98–

108. See also Design in industry
design projects for, 48, 98–108
drawing control, 81–84
engineering data management 

(EDM), 81
fi le management, 83
ISO 9000, 83–84
product data management (PDM), 

81–83
relational databases, 82

Product lifecycle management (PLM), 
28, 38–41, 119, 658–659

Production drawings, see Working 
drawings

Production processes, 112, 124–129, 
914–915, 925–927

design for assembly (DFA), 
925–927

design for manufacturing (DFM), 
925

design in industry: computer simu-
lation reducing production time, 
914–915

just-in-time (JIT) manufacturing, 
125–126

lean manufacturing, 128–129
management, 112
Toyota Production System, 126–

128
Productivity tools, 36
Profi le drawing, cams, 1130–1132, 

1132–1113
Profi le line, 697
Profi le planes, 493, 496, 521, 703–

704
Profi les, 417, 419–430, 431, 439–440

closed loop sketch, 422–423
constraining, 423–427
constraint-based modeling, 417, 

419–430, 431, 439–440
defi ning features, 427–430, 431
feature parameters and, 439–440
sketching, 419–423
sweeping, 427–430, 431
topology of, 421

Project evaluation and review tech-
niques (PERT), 50, 1081

Projection, 142, 252–283, 489–493, 
495, 533, 535, 578–579, 581, 613, 
653–656

auxiliary view theory, 653–656
axonometric theory, 578–579
dimetric theory, 578
fold-line method, 653–654, 655
frontal plane, 489
grid paper for, 261–262
horizontal plane, 493, 495
isometric ellipses, 256–259
isometric grid paper for, 259–260
isometric pictorials, 253–256
isometric theory, 578–579, 581
line of sight (LOS), 489, 491–492, 

653, 656
lines, 142
multiview drawing, 489–493, 495
multiview sketching, 238–239, 

252–264, 266–269, 269–273
oblique pictorials, 260–261
oblique theory, 613
orientation of views from, 495
orthographic, 489, 493, 502, 503
parallel, 253, 489, 492
perspective, 253, 273–283, 489, 492
pictorial, 238–239, 252
plane of, 489–493, 494
profi le plane, 493, 496
reference plane method, 654–656
studies, 533, 535
theory, 489, 490–491
trimetric theory, 578

Projection-based systems, VR, 88
Property analysis, 61–62
Proportion, design and visualization 

of, 30, 140
Proportional sketching, 248–251
Prototyping, 33, 455, 458
Protractor, use of, 198
Puma Footwear Corporation, 336
Pyramids, 379–380, 729–730, 741–

742, A-19
construction of, 379–380
development of, 741–742
geometric elements of, A-19
intersections of, 729–730
multiview drawing, 729–730
prisms, intersection with, 729–730
truncated, 741–742

Quadrilaterals, construction of, 
364–367

Qualitative data, 152–153, 1067
Quality, 71–72, 121–124, 125

coordinate measuring machines 
(CMM), 124

design implementation and, 71–72
manufacturing processes and, 

121–124
statistical process control (SPC), 

123–124, 125
total quality management (TQM), 

71–72, 122–123
Quantitative data, 153, 1067

Rack and pinion gears, 1109–1110
Racks, 1120
Radial arrays, constraint-based mod-

els, 440, 441
Radial line, 829
Radial-line developments, 736
Radiosity, 1088–1089
Radius dimensions, 823, 824, 831–832
Range bars, 158, 1074
Rapid prototyping, 58, 59–60, 113
Raster device, CAD, 189
Ratio data, 1069
Ratios, gears, 1111–1112
Rats nest, CAD, 1160
Ray tracing, 1088
Reading drawings, see Visualization

Rear view, 267, 498
Rectangles, construction of, 364
Reference dimensions, 821
Reference lines, 154, 1070
Reference plane method of construc-

tion, 654–656
Reference planes, 693–694
Reference point, 306
Refi nement process, 55–66
Refl ection, solid modeling, 446–447
Regardless of feature size (RFS), 

879, 887
Regression line, 155, 1072
Related views, drawing, 504
Relative coordinate system, 419
Relays, electronic drawings, 1151
Removed sections, 776, 778–780
Removed views, ANSI standards 

for, 545
Repetitive features (x symbol), 

828–829
Reprographics, 950, 973–976

archiving, 950, 974
blueprinting, 974
CAD digital technologies, 975–976
copying, 976
diazo prints, 974
digital audio tape (DAT), 976
documentation using, 950, 973–

976
engineering digital management 

systems (EDMS), 976
microfi lming, 975
scanning, 976
sepias, 974
xerography, 974

Resistance welding process, 1190
Resistors, electronic drawings, 1148, 

1150
Return on investment (ROI), 66, 

69–70
Reverse construction, 664–665
Reverse engineering, 84
Reversed axis isometric drawing, 582
Revision block, 289, 966, 967
Revolution, forms of, 383
Revolution conventions, ANSI stan-

dard of, 544–545
Revolution method of construction, 

692–693, 699–701
Revolved sections, 775–776, 778
Revolved surface, 403, 404
RGB color model, 1090–1091, 1093
Rhombus, defi ned, 364
Ribs, section views of, 781, 784
Right triangle method for drawing 

circles, 331, 333
Right triangles, construction of, 368
Right view, 267, 498, 501
Right-hand rule, 309–310, 448
Rivets, 940–941
Rocker arm linkages, 1134–1135
Rolling contact bearings, 1137
Root, thread, 910
Rotation, solid modeling, 446–449
Roulettes, 350–355

cycloids, 351–352, 353
generating point, 350
involutes, 352–355
spirals, 350–351

Roundness control, 880
Rounds, 528–529, 603–604

isometric drawing, 603–604
multiview drawing, 528–529

Ruled surfaces, 364, 373–381
cones, 375
convolutes, 375, 377–378
cylinders, 375, 376
polygonal prisms, 379, 380
polyhedra, 377, 379
pyramids, 379–380
single-curved, 373–375

Running and sliding fi ts (RC), 853, 
856, A-22

Runouts, 530, 893–894

Saturation, 1089–1090
Scalar data, 153, 1067–1068
Scale lines, 154, 1070
Scale models, 58
Scalene triangles, construction of, 368
Scales, 208–261, 581–582, 608–611, 

612, 966–967
architect’s, 209–210
civil engineer’s, 210–211
combination, 208
dimetric drawing, 608–611
full-size, 212–213, 216
half-size, 213–215, 216
isometric drawing, 581–582
mechanical engineer’s, 211–215
metric (SI), 215–216
trimetric drawing, 611, 612
working drawings specifi cations, 

966–967
Scaling, solid modeling, 446–447
Scanners, use of, 190, 976
Scatter plots, 1070–1071
Schematic drawings, 1148–1153, 

1155–1156
printed circuit boards (PCs), 

1155–1156
symbols for, 1148–1152

Schematic representation, thread, 
922–923, 924

Screw connections, pipes, 1166
Screws, 603–604, 620–621, 833, 

910–911, 927, 932–936, A-34–A-
35, A-39–A-49

cap, 927, 932–933, 934
countersunk, A-40, A-42
cup points, A-48
dimensioning threads, 833
English dimensions, A-34–A-35, 

A-39–A-41, A-47–A-49
fi llister, A-40
fl at head, A-39, A-46
hex cap, A-34, A-44, A-45
isometric drawing of threads, 

603–604
machine, 927, 933–935, A-39, 

A-45–A-46
metric dimensions, A-42–A-46
oblique drawing of threads, 

620–621
self-tapping, 937
set, 927, 935, 936
shoulder, 937
slotted, A-40, A-47
socket head, A-35, A-41–A-43, 

A-47
square head, A-49
threads, 910–911
thumb, 937
wing, 937

Seam lines, 736–737
Seam welds, 1198–1199
Secondary auxiliary view, 656
SECTION command, CAD, 375
Section lines, 504, 769–772
Section views, 601, 603, 620, 759–817

aligned, 781, 784, 787–788
assembly, 778–780, 782–783
auxiliary, 780–781, 784
breaks, 784, 788–789
broken-out, 775, 776
CAD techniques for, 764–765, 

786–787, 788–789
conventions for, 781, 784–785, 

787–789
cutting plane lines, 766–768
design in industry: 3-D CAD for 

test systems, 786
full, 773–775
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Section views (continued)
half, 775
isometric drawing of, 601, 603
material symbols for, 769–770
oblique drawing of, 620
offset, 778, 780–781
outline, 771
removed, 776, 778–780
revolved, 775–776, 778
ribs, 781, 784
section lines, 769–772
thin features in, 781
thin-wall, 771–772
use of, 759–764
visualization of, 765–766
webs, 781, 784–785

Sectional drawings, 761
Sectioned assembly drawings, 953, 

958, 959, 962
Self-tapping screws, 937
Sepias, 974
Series, thread, 910, 912
Set screws, 927, 935, 936
Shading, 150–151, 1086–1089

diffuse refl ection, 1086
facets, 1087
fl at, 1087
Gouraud, 1087–1088
illumination, 1086
object rendering techniques, 

1086–1089
Phong, 1087
radiosity, 1088–1089
ray tracing, 1088
shadow casting, 1088
specular refl ection, 1086–1087
visualization and, 150–151

Shadow casting, 1088
Shaft basis fi ts, 851–852, 853, 

A-30–A-31
Shafts, 851–852, 853, 858

basic system, 858
fi ts, 851–852, 853, 858

Shape description, 306
Shapes, visualization of, 140, 538
Shearing, solid modeling, 446–447
Shop rivets, 940
Shoulder screws, 937
Shutter glasses, 87
Side, thread, 910
Silkscreen drawings, PCBs, 1156, 

1158
Simplifi ed representation, thread, 

920–922
Single-curved surfaces, 363, 373–375
Single-line drawings, pipes, 1168, 

1172
Size dimensions, 823–824
Sketch modelers, 455
Sketching, 237–304, 419–423. See 

also Projections
constraint-based modeling, 281, 

283, 419–423
construction lines, 248–251
contour, 246–247
design process and, 238–240
document, 252
freehand tools, 240–242
ideation, 251–252
introduction to, 238
lettering, 283–289
multiview, 238–239, 252, 262–264, 

266–269, 269–273
negative space, 247–248
perspective projection, 273–281
pictorial, 238–239, 252
profi le, 419–423
projections, 252–264, 273–281
proportions, 248–251
shading, 238, 240
technical, 238–242
techniques for, 242–248

text, 289–290
types of, 251–252
upside-down, 248

Slotted nuts, 932, 933, 937, A-38
Slotted screws, A-40, A-47
SNAP command, CAD, 663–664
Society of Automotive Engineers 

(SAE), 71
Society of Manufacturing Engineers 

(SME), 110
Socket head screws, A-35, A-41–A-

43, A-47
Software, 96, 189, 281, 283, 414, 

647, 914–915, 958, 970, 1084, 
1096–1097, 1160, 1164, 1174, 
1176–1179, 1180

CAD, 189, 1160, 1174, 1176–1179, 
1180

constraint-based modeling, 281, 283
desktop publishing, 1096–1097
FiberSim, 914–915
fi nite element analysis (FEA), 1084
printed circuit boards (PCBs), 1160
Pro/Engineer, 414, 970
process plant design programs, 

1164, 1174, 1176–1179, 1180
Product Data Management (PDM), 

958
STAR-CAT5, 647
virtual reality (VR) applications, 

96, 1164
Solid geometry, 21
Solid modeling, 408–413, 734–735

Boolean operations, 409–410, 
411–412

boundary representation (B-rep), 
410–411, 413

constructive solid geometry (CSG) 
for, 408–410

Euler operations, 411
hybrid, 413
intersections and, 734–735
manifold, 403
primitives, 408–410, 411–412

Solid objects, 138–140, 540–542, 
725–728, 728–734

analysis by visualization, 540–542
cones and, 727–728, 730–731, 

731–733
cylinders and, 726–727, 731–734
descriptive geometry of, 725–728, 

728–734
features, visualization of, 138–140
intersections and, 725–728, 

728–734
multiview drawing, 540–542, 

725–728, 728–734
planes, intersections with, 725–728
prisms and, 725–726, 728–731, 732
pyramids and, 729–730

SolidWorks, 786
Space, product design and, 30
Space curves, 531, 532
Spatial cognition, 18
Specialists and technical drawings, 

23–24
Specifi ed direction method, 665–666
Specular refl ection, 1086–1087
Spheres, 382, 600–601, A-20

construction of, 382
geometric elements of, A-20
isometric drawing, 600–601

Spherical coordinates, 311–312
Spirals, construction of, 350–351
SPLINE command, CAD, 338, 342, 

734
Spline curves, 356
Spool drawings, pipes, 1174
Spot light source, 1085
Spot welds, 1198
Spotfaced holes, 527–528
Spring lock washers, A-54

Springs, 941–942
Spur gears, 1108, 1112–1119
Square end pins, A-58
Square groove weld, 1194, 1196
Square heads, 930–932, 934, A-35, 

A-36, A-49
bolts, 930–931, A-35
nuts, 931–932, 934, A-36
screws, A-49

Squares, construction of, 364, 
365–367

Stack-up, tolerancing, 848–850
Standards, 21–23, 71, 113, 281–289, 

466–469, 504, 507–511, 543–
545, 584–586, 621, 825–829, 
831, 839–842, 850–859, 960, 
964–965. See also Dimensions; 
Scales; Symbols

alphabet of lines, 504, 507–511
American National Standards In-

stitute (ANSI), 22, 543–545, 584, 
586, 621, 825–829, 60,   964–965

American Society for Mechanical 
Engineers (ASME), 22, 504, 831, 
839–842

constraint-based modeling and, 
281–289

data exchange, 113, 466–469
design in industry, 71
dimensioning drawings, 825–829
dimensions, 281, 289, 504, 584–586
English units, 853, 856–859
International Standards Organiza-

tion (ISO), 22, 468, 850–853, 
854–855

isometric drawing, 584–586
lettering, 282–289
metric limits and fi ts, 850–853, 

854–855
multiview drawings, 504, 507–511, 

543–545
oblique drawing, 621
partial views, 543–544
parts lists, 965
precision fi ts, 853, 856–859
product data exchange standard 

(PDES), 113, 468–469
removed views, 545
revolution conventions, 544–545
rules for dimensioning, 839–842
standard for the exchange of prod-

uct model data (STEP), 113, 
468–469

symbols for, 831
technical graphics, 21–23
title blocks, 960, 964
tolerancing, 850–859

STAR-CAT5 CFD software, 647
Statics, 1106
Station point (SP), 633, 638
Statistical process control (SPC), 

123–124, 125, 876, 900–901
geometric dimensioning and toler-

ancing (GDT), 876, 900–901
manufacturing quality, 123–124, 

125
tolerance analysis (TA), 901

Steel pipes, 1164–1165
Stereolithography, 457
Stereopsis, 86–88, 89
Stitch lines, 508
Storage devices, CAD, 194–196
Straight lines, sketching techniques 

for, 242–245
Straightedges, use of, 197–198
Straightness, GDT, 885–887
Strategix Vision, 436–437
Streamlines, 1080
Studs, 927
Style, product design and, 30
Subassembly drawings, 953
Successive auxiliary views, 668–670

Surface modeling, 403–408
continuity of, 406–407
lofting, 403–404, 405
patches, 404–405
revolved, 403, 404
sweeping, 403, 404
trimmed, 405–406

Surface plate, GDT, 880
Surface plots, 160, 1076–1077
Surface profi le, GDT, 892
Surface welds, 1199, 1200
Surfaces, 362–386, 524–526, 529, 

530–531, 532, 538–539, 542–543, 
618, 620, 736, 769–772, 861–863, 
1094–1096

analysis by, multiview drawing vi-
sualization, 542–543

bump mapping, 1095–1096
CAD techniques for, 364, 370, 375
cones, 375
construction of, 362–386
convolutes, 375, 377–378
Coon’s, 384
curved, 524–526, 618, 620
cutting planes on, 618, 620
cylinders, 375, 376
developable, 364
developments and, 736
directrix, 362
double-curved, 363–364, 381–383, 

736
elliptical, 530–531, 532
fi nish marks, 862–863
fi nished, drawing, 529
fractal curves and, 385–386
freeform, 383–385
generatrix, 362
labeling, 538–539
material symbols, 769–772
multiview drawing, 524–526, 

530–531, 532, 529
object rendering defi nitions, 

1094–1096
patches, CAD, 364
planar, 362–363
polygonal prisms, 379, 380
polygons, 367–373
polyhedra, 377, 379
pyramids, 379–380
quadrilaterals, 364–367
revolution, of, 364
ruled, 364, 373–381
section lines for, 769–772
single-curved, 363, 373–375
swept, CAD, 364
texture mapping, 1094–1095
texture symbols for, 861–863
tolerancing, 861–863
two-dimensional, 364–373
undevelopable, 364
warped, 364, 381, 736

Sutherland, Ivan, 18, 85, 414
Sweeping, 364, 403–408, 409–410, 

417–418, 419, 427–430, 431
blind, 429
CAD, 364
constraint-based modeling features, 

417–418, 419, 427–430, 431
defi ning features, 427–430
one-sided, 428–429
primitives created using, 409–410
profi le, 417
removal side, 429–430, 431
solid modeling, 409–410
surface modeling, 403, 404
through next, 429
to next, 429
two-sided, 428–429

Switches, electronic drawings, 1151
Symbols, 769–770, 821–822, 831, 

852, 861–863, 877–878, 884, 
1133–1134, 1148–1152, 1168, 
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1169,  1190–1192, 1193–1194, 
1200–1202, A-11, A-61–A-66

arrows, 821–822
CAD, 1168, 1169, 1200–1202
datum features, 884
dimensioning, ASME, 831
electronic schematic diagrams, 

ANSI, 1148–1152, A-65–A-66
geometric dimensioning and toler-

ancing (GDT), 877–878, A-11
linkages, 1133–1134
materials, 769–770
piping drawings, 1168, 1169, 

A-61–A-64
textures, 861–863
tolerancing, ANSI, 852
welding drawings, 1190–1192, 

1193–1194, 1200–1202
Symmetry lines, 508
System design, 30–31
System performance evaluation coop-

erative (SPEC) marks, 189
System tolerance, 846

Tablets, use of, 190
Tabular drawings, 969–970
TANGENT option, CAD, 330
Tangents, 278, 281, 321–330

arcs, 323–328
circles, 328, 330
construction of, 321–330
lines, 278, 281, 328–330
locating point of, 322–323
Tap drills, 910, 915, A-34
Tap, thread, 910
Taper pins, A-58

Taper pipe threads (NPT), A-50
Technical and offi ce protocol (TOP), 

113
Technical data presentation, 1064–

1104. See also Visualization
absolute data, 1069
animation, 1097–1098
area renderings, 1077–1079
arrow plots, 1079
bar graphs, 1073–1075
color lookup table (LUT), 

1077–1078
contour plots, 1077–1078
data visualization, 1065–1081
encoding variables, 107
fl ow charts, 1081
fl ow representations, 1079–1080
functional relationships, 1080–1081
graphics, 1096–1097
hierarchical trees, 1080
histograms, 1075
hypermedia, 1098
information integration, 1096–1098
interval data, 7068–1069
line graphs, 1072–1073, 1075–1076
marks, 1069, 1072–1073
matrix charts, 1081–1082
nominal data, 1067
object rendering, 1081–1096
ordinal data, 1067
qualitative data, 1067
quantitative data, 7067
ratio data, 1069
scalars, 1067
scatter plots, 1070–1071
surface plots, 176–1077
tensors, 1068
text, 1096–1097
3-D graphs and plots, 1075–1080
2-D graphs and plots, 1070–1075
vectors, 1067, 1079

Technical drawing, 11–12, 23–24, 
187–236, 237–304, 757–1063, 
1105–1206, A-1–A-9. See also 
Sketching

abbreviations for, A-1–A-9

dimensioning, 818–842, 848, 
860–874

electronic drawings, 1146–1163
fastening devices and methods, 

908–948
geometric dimensioning and toler-

ancing (GDT), 875–907
lettering, 283–289
mechanisms, 1105–1145
piping drawings, 1163–1186
section views, 759–817
sketching, 237–304
specialists for, 23–24
text, 289–290
tolerancing, 818–819, 842–907
tools, 187–236
use of, 11–12
welding drawings, 1187–1206
working drawings, 949–1063

Technical graphics, 2–130, 133–687, 
688–755, 1064–1104. See also 
Graphic communications

automation processes, 109–130
auxiliary views, 652–687
axonometric drawings, 577–630
communication using, 7–8, 14
communications, 5–26
data presentation, 1064–1104
descriptive geometry, 688–755
design in industry, 19, 42–43, 

46–108
design process, 27–45
documentation and, 14, 72–81
drawing tools, 187–236
engineering design process, 30–36
engineering geometry and con-

struction, 305–398
historical highlights of, 37, 71, 112, 

148, 195, 323, 414, 584–585, 634, 
663, 722, 968

ideation, 52–53
importance of, 10–14
introduction to, 2–3
manufacturing processes, 109–130
multiview drawing, 488–576
oblique drawings, 577–630
perspective drawings, 14, 631–651
production processes, 109–130
sketching, 237–304
technical drawing, 11, 23–24, 

187–236
text for, 237–304
three-dimensional modeling, 

399–487
visual science and, 20
visualization, 12–14, 52–53, 

135–186
Technical illustrations, documentation 

from, 75
Technical reports, documentation 

from, 76–79
Technologists, 6
Teeth, gears, 1110–1111
Templates, 218–219, 331, 332, 347, 

349, 350, 596–597, 938, 1200, 
1201

circles, 331, 332
ellipses, 347, 349, 350, 596–597
isometric drawing, 596–597
threaded fasteners, 938
use of, 218–219
welding drawings, 1200, 1201

Tensors, 1068
Terabytes (TB), 195
Teradyne Inc., 786
Tertiary auxiliary view, 656
Text, 237–307, 1069–1070, 1096–1097

drawing standards for, 289–290
graphic elements and, 1069–1070
technical data presentation using, 

1096–1097
technical graphics use of, 237–304

Texture mapping, 1094–1095
The Machine That Changed the 

World, 128
The Measure of Man, 64
The Ultimate Display, 85
Thin features in section views, 781
Thin-lead pencils, 198–199
Thin-wall sections, 771–772
Thochoids, construction of, 352, 353
Thomas Register, 53
Threaded fasteners, 909–910, 

927–938
adjusting using, 910
applications of, 909–910
bolts, 927–931
cap screws, 927, 932–933, 934
joining using, 910
locking devices, 937–938
machine screws, 927, 933–935
nuts, 927, 931–932, 933–934
power transmission, 910
screws, 927, 932–936
set screws, 927, 935, 936
studs, 927
templates for drawing, 938

Threads, 603–604, 620–621, 833, 
910–925, A-32–A-33, A-50

assembly sections, 923–924
CAD techniques for, 925
class of fi t, 912
dimensioning, 833, A-33
drawing, 603–604, 620–621, 918, 

920–925
English system specifi cations, 

910–916
external, 910
form, 910–912, 916
general-purpose tolerance, 917
grades, 916
internal, 910
left-hand, 913
metric system specifi cations, 

916–918
multiple, 913
notes, 913–915, 916–918
pipe, 924–925, A-50
pitch, 910, 912–913, 917
right-hand, 913
schematic representation, 922–923, 

924
series, 910, 912, A-32
simplifi ed representation, 920–922
single, 912
sizes and dimensions, A-33
tables, 918, 919
terminology for, 910
unifi ed standard series, A-32

Three-dimensional (3-D) coordinates, 
307–309

Three-dimensional (3-D) graphs and 
plots, 159–161, 1075–1080

area renderings, 1077–1079
arrow plots, 1079
color lookup table (LUT), 

1077–1078
contour plots, 160–161, 1077–1078
fl ow representations, 1079–1080
graphical analysis using, 159–161
interpolating, 161
isoline (contour line), 160–161
multiple line graphs, 159, 

1075–1076
surface plots, 160, 1076–1077
technical data presentation, 

1075–1080
time series analysis, 1075–1076
vector representations, 1097

Three-dimensional (3-D) modeling, 
14, 31–32, 57–66, 161–164, 221, 
265, 399–487, 786, 977–979,  
1170–1171, 1081–1098. See also 
Modeling; Object Rendering

assembly, 441–446
Bose Corporation, 221
closed loop design, 401, 422–423
computer-aided manufacturing 

(CAM), 462–464, 465–466
concurrent engineering design and, 

31–32
constraint-based, 414–435, 438–441
data associativity, 464, 466
data exchange standards, 466–469
design in industry using, 

57–66, 221, 265, 436–437, 786, 
1170–1171

design process and, 454–462
geometric transformations, 

446–449
graphic communication and, 14
introduction to, 400
object rendering, 1081–1098
solid, 408–413
Strategix Vision, 436–437
surface, 403–408
test systems, 786
Trek Bicycle Corporation, 265
VECO design for piping systems, 

1170–1171
viewing techniques for, 449–454
visualization and, 161–164
wireframe, 400–403
working drawings from, 977–979

Three points, drawing a circle 
through, 331, 333

Three-view drawings, 508–511
Three-view sketches, 271–273, 275
Through holes, 526–527
Through next sweep, 429
Thumb screws, 937
Time series analysis, 1075–1076
Title blocks, 289, 960, 963–965
To next sweep, 429
Tolerance analysis (TA), 901
Tolerance, dimension and, 832
Tolerancing, 818–819, 842–907, 967–

968. See also Geometric dimen-
sioning and tolerancing (GDT)

ANSI symbols for, 852
bilateral, 844
CAD techniques for, 859–862
costs, 847–848
English (ANSI) units, 853, 856–859
fi ts, 846–847, 850–859
functional dimensioning, 848
holes, 851–852, 853, 856–858, 864
interchangeability and, 843
limit dimensions, 844, 845, 

850–859
lower limit, 824, 845
metric (ISO) limits and fi ts, 850–

853, 854–855
notes, 843–844
plus and minus dimensions, 844
precision fi ts, 853, 856–859
representation, 843–859
shafts, 851–852, 853, 858, 864
stack-up, 848–850
surface texture symbols, 861–863
terms for, 845–846
unilateral, 844
upper limit, 824, 845
working drawing specifi cations, 

967–968
Tooth lock washers, A-54
Top view, 267, 497, 501
Top-down design, assembly model-

ing, 446
Torus, construction of, 382, A-20
Total quality management (TQM), 

71–72, 122–123
Toyota Production System, 126–128
Tracking devices, VR, 90–91, 96
Trammel method, 399, 273, 344, 348
Transformations, 446–449
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I-12 Index

Transformers, electronic drawings, 
1150–1151

Transistors, electronic drawings, 1150
Transition locational fi ts (LT), 847, 

856, A-24, A-29, A-31
Transition pieces, 743–745
Translation, solid modeling, 446–449
Trapeziums, defi ned, 365
Trapezoids, defi ned, 364–365
Trees, constraint-based features, 435, 

438–439
Trek Bicycle Corporation, 265
Triangle, use of, 201, 320–321
Triangles, construction of, 368–370, 

A-15
Triangulation developments, 736, 

743
Trigonometry functions, A-13
Trimetric projection, 578, 611–612
True developments, 735–736
True-length line, 518, 696, 697–701

auxiliary view method for, 698–699
descriptive geometry of, 696, 

697–701
orthographic projection, 518
revolution method for, 699–701

True-size and shape (TSP) planes, 
703–704, 705–706, 707

Truncated developments, 738–742
cones, 740, 741
cylinders, 738–740
prisms, 738
pyramids, 741, 742

Two-dimensional (2-D) graphics, 163
Two-dimensional (2-D) graphs 

and plots, 154–155, 158–159, 
1070–1075

bar graphs, 155, 158–159, 
1073–1075

data region, 1070
error bar, 1072
graphical analysis using 154–155, 

158–159
histograms, 1075
line graphs, 154–155, 1072–1073
range bars, 158, 1074
reference lines, 1070
regression line, 1072
scale lines, 1070
scatter plots, 1070–1071
technical data presentation, 

1070–1075
Two-dimensional surfaces, construc-

tion of, 364–373
Two-point perspective, 278–279, 282, 

640, 642–644
measuring line method, 642–644
plan view method, 640, 642
projection sketch, 278–279, 282

Two-view drawings, 508, 510
Two-view sketches, 270–271, 274

U.S. Military (MIL) standards, 22
U.S. to metric conversion equivalents, 

A-10
Ucello, Paola, 632, 634
U-groove weld, 1196, 1197
Unconstrained surfaces, 384
Undevelopable surface, 364
Unidirectional dimensioning, 826, 

828
Unifi ed standard screw thread series, 

A-32

Uniform motion displacement dia-
grams, 1126, 1127

Uniformly accelerated motion dis-
placement diagrams, 1127–1129

Unilateral tolerance, 844
Union (�) operation, 409, 410
United States Tennis Association 

(USTA), 513
Unity, product design and, 30
Upper limit, 824, 845
Upside-down sketching, 248

Valves, piping drawings, 1167, 1168
Vanishing point (VP), 274, 276–277, 

635–636, 638
VECO Rocky Mountain, Inc., 

1170–1171
Vectors, 153, 189, 1067, 1079

arrow plots, 1079
data, 153, 1067
device, CAD, 189
representations, 1079

Vertex, 139–140, 400–401, 540
labeling, 540
visualization of, 139–140, 540
wireframe modeling and, 400–401

Vertical dimensions, 823, 824
Vertical line drawing, 202, 203
Vertical planes, 703
V-groove weld, 1194, 1196
View camera, 3-D modeling, 449–454
View volume, 1082–1083
Views, see Auxiliary views; Fun-

damental views; Picture plane; 
Principal views

Virtual condition, 884
Virtual Product Development Initia-

tive (VPDI), Lockheed Martin, 
1129

Virtual product representation, 33
Virtual reality (VR), 19, 58–59, 85–

91, 96, 161, 414, 457–458, 1129, 
1164, 1174, 1176–1179, 1180

augmented reality, 90
CAD-based process plant design 

programs, 1164, 1174, 1176–1179, 
1180

components of, 85–87
Computer Automated Visualiza-

tion Environment (CAVE), 19, 
88, 90, 91

design in industry and, 19, 58–59, 
85–91, 96

display technologies, 86–88
fi shtank, 88, 90
historical highlights: Ivan Suther-

land, 414
Lockheed Martin’s Virtual Product 

Development Initiative (VPDI), 
1129

modeling systems, 58–59, 1164, 
1174, 1176–1179, 1180

multiple projection-based systems, 
88–91, 96

projection-based systems, 88
prototypes versus, 457–458
software applications, 96
stereopsis, 86–88, 89
tracking devices, 90–91, 96
visualization and, 161

Visibility, intersections and, 718–720
Visible gap, 822
Visible lines, 508

Visible surface determination, 
1082–1083

Vision, 137
VISTAGY, Inc., 914–915
Visual inspection, 458
Visual science, 18–23

collaborative visualization, 19
geometry and, 18, 20–21
imaging, 18
spatial cognition, 18
standards and conventions of, 21–23

Visualization, 12–14, 52–53, 135–
186, 532–543, 765–766, 968, 
1065–1081. See also Graphical 
Analysis; 

 Projections; Technical data 
presentation

abilities of, 136–137
adjacent areas, 534
advanced techniques of, 164
analysis by solids, 540–542
analysis by surfaces, 542–543
choosing a view, 148
civil projects and, 163–164
cycle of, 137–138
data, 1065–1081
data elements, 152–154, 1066–1070
design, 135–186
design in industry: computer graph-

ics, 156–157
faces, 139, 144–145, 145–147
graphical analysis of engineering 

data using, 152–161
historical highlights: Donna Cox, 

968
ideation process and, 52–53
image planes, 141–142
line drawings and, 150
mechanical design and, 161–163
methods, 1070–1081
missing lines and, 539
multiple objects, 151–152
multiple-image planes, 145–148
multiview drawing, 532–543
object-image plane orientation, 

142–145
perspective projections, 149–150
physical model construction, 

533–534, 536
projection studies, 533, 535
reading drawings, 532–543
section views, 765–766
shading, 150–151
similar shapes, 538
solid object features, 138–140
surface labeling, 538–539
technical graphics and, 12–14
techniques, 140–148, 148–152
three-dimensional graphs and plots, 

159–161
two-dimensional graphs and plots, 

154–155, 158–159
uses of, 161–164
vertex labeling, 540
virtual reality and, 161

Warped surfaces, 364, 381, 736
Washers, 938–939, A-51–A-54

plain, A-51–A-53
spring lock, A-54
tooth lock, A-54

WaterMark Paddlesports, Inc., 42–43
Web-based design, 84–85

Webs, section views of, 781, 784–785
Weld connections, pipes, 1166
Welding drawings, 1187–1206

ANSI/AWS symbols for, 1190–
1192, 1193–1194

arc welding process, 1190
CAD symbols and methods for, 

1200–1202
fi llet welds, 1192, 1194
gas welding process, 1190
groove welds, 1194–1196, 1197
increments, 1199–1200
joints, 1190
pitch distance, 1199–1200
plug (slot) welds, 1196, 1198
resistance welding process, 1190
seam welds, 1198–1199
spot welds, 1198
surface welds, 1199, 1200
templates, 1200, 1201
welding processes, 1190–1190

Width auxiliary view, 657–660
Wilson Sporting Goods, 512–513
Wing screws, 937
Wireframe modeling, 400–403
Wiring diagrams, 1153–1154
Woodruff keys, A-55–A-56
Working drawings, 74–75, 949–1063

accuracy checks, 968–969
assembly drawings, 953, 957–958, 

959–963, 970–971, 972–973
blueprints as, 951
CAD using a 3-D model for, 

977–979
design in engineering: Pro/Engi-

neer for John Deere, 970
detail drawings, 951–953, 954–958
detailed assemblies, 970–971, 

972–973
documentation from, 74–75, 950
drawing numbers, 960
engineering change orders (ECO), 

971
outline assemblies, 953, 961
part identifi cation, 966
part numbers, 958–959
parts, standard, 976–977
parts lists, 953, 965–966
pictorial assemblies, 958, 962–963
reprographics, 950, 973–976
revision block, 966, 967
scale specifi cations, 966–967
sectioned assemblies, 953, 958, 

959, 962
specifi cations, 951
subassemblies, 953
tabular drawings, 969–970
title blocks, 960, 963–965
tolerance specifi cations, 967–968
zones, 968
Workplace models, 114–115

Workplane, 418–419
World coordinate system, 312–313, 

418
Worm gears, 1109, 1110, 1120–1121

Worm’s eye view, 278, 636

Xerography, 974

Zones, 851, 884, 968
tolerance, 851, 884
working drawings, 968
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GDT Quick Reference

Control Datum MMC Tolerance Zone Description Symbol

Straightness (line) No No Two lines, parallel

Straightness (axis) No  Yes Cylinder

Flatness No No Two planes, parallel

Circularity No No Two circles, concentric

Cylindricity No No Two cylinders, concentric

Perpendicularity (surface) Yes No Two planes, parallel, and 90
   degrees to datum

Perpendicularity (axis) Yes Yes Cylinder

Angularity (surface) Yes No Two planes, parallel, and at 
   angle to datum

Angularity (axis) Yes Yes Cylinder

Parallelism (surface) Yes No Two planes, parallel, and 180
   degrees to datum

Parallelism Yes Yes Cylinder

Profi le (line) Yes No Two splines, parallel

Profi le (surface) Yes No Similar to profi le of a line, except it
   pertains to surfaces

Runout (circular) Yes No Two circles, concentric

Runout (total) Yes No Two cylinders, concentric

Concentricity Yes No Cylinder

Position Yes Yes  Cylinder, if feature is a cylinder; two
planes, if used for symmetry or if
feature is rectangular
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Animations—Many chapters include animations that 

can be downloaded and played on a computer showing 

how to visualize and understand concepts.

Stapler 3-D Modeling Project—The 3-D modeling 

project uses a real product, a stapler made by Swing-

line. The stapler is a fairly simple device with some 

challenging surfaces. The range of complexity allows 

you to begin with simple parts and move on to in-

creasingly sophisticated graphics and models as you 

become more knowledgeable and experienced in us-

ing computer graphics.

Drawing Problems—Additional drawing problems 

can be found on the online learning center to help 

you learn engineering and technical graphics 

concepts. 

Instructor Resources
Instructor’s Manual—This supplement is available 

on the online learning center and contains:

chapter objectives

chapter outlines

chapter summaries

key terms

questions for review with answers

true-false questions with answers

multiple-choice questions with answers

teaching tips and suggestions

Image Library—The image library contains all the 

images in each chapter that can be viewed, printed, or 

saved.

True or False Questions—An interactive online true 

or false test covering important topics in the chapter. 

Answers are submitted for automatic and immediate 

grading for review by the student.

▲

▲

▲

▲

•

•

•

•

•

•

•

•

▲

▲

Multiple Choice Questions—An interactive online 

quiz covering important topics in the chapter. An-

swers are submitted for automatic and immediate 

grading for review by the student.

Graphics Drawing Workbook—Contains many 

of the problems found in the text in workbook form.  

This workbook has many traditional and nontradi-

tional types of problems that are useful for visualiza-

tion exercises and 3-D modeling.

Solutions Manual—Contains answers to the end-of- 

chapter word problems, as well as the end-of-chapter 

drawing problems.  Solutions are available on the on-

line learning center.  

Interesting Web Links—Many chapters include nu-

merous website links that can be used by students and 

faculty to supplement the textbook material.

AutoCAD Problems—Some chapters contain addi-

tional mechanical, civil, and architectural AutoCAD 

problems in PDF format for viewing and printing hard 

copies.  These problems include step-by-step proce-

dures useful in drawing the problem using AutoCAD 

software.

Stapler 3-D Modeling Project—The purpose of the 

integrated 3-D modeling project is to further assist 

and motivate students to learn engineering and techni-

cal graphics concepts through a real project. The 3-D 

modeling project uses a real product, a stapler made 

by Swingline. Virtually every major topic covered in 

the text can be related to the stapler project, such as 

dimensioning, section views, multiviews, sketching, 

3-D modeling, design, working drawings, geometry, 

tolerancing, surface modeling, assemblies, pictorial 

views, simulation, and renderings.

Drawing Problems—Many of the drawing problems 

that were in the 3rd edition but replaced with new 

problems in the 4th edition can be found on the online 

learning center. 

▲

▲

▲

▲

▲

▲

▲
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Decimal and Millimeter Equivalents

     To 4 To 3 To 2 
MM

4ths 8ths 16ths 32nds 64ths Places Places Places

    33/64 .5156 .516 .52 13.097

   17/32  .5312 .531 .53 13.494

    35/64 .5469 .547 .55 13.891

  9/16   .5625 .562 .56 14.288

    37/64 .5781 .578 .58 14.684

   19/32  .5938 .594 .59 15.081

    39/64 .6094 .609 .61 15.478

 5/8    .6250 .625 .62 15.875

    41/64 .6406 .641 .64 16.272

   21/32  .6562 .656 .66 16.669

    43/64 .6719 .672 .67 17.066

  11/16   .6875 .688 .69 17.462

    45/64 .7031 .703 .70 17.859

   23/32  .7188 .719 .72 18.256

    47/64 .7344 .734 .73 18.653

 3/4     .7500 .750 .75 19.050

    49/64 .7656 .766 .77 19.447

   25/32  .7812 .781 .78 19.844

    51/64 .7969 .797 .80 20.241

  13/16   .8125 .812 .81 20.638

    53/64 .8281 .828 .83 21.034

   27/32  .8438 .844 .84 21.431

    55/64 .8594 .859 .86 21.828

 7/8    .8750 .875 .88 22.225

    57/64 .8906 .891 .89 22.622

   29/32  .9062 .906 .91 23.019

    59/64 .9219 .922 .92 23.416

  15/16   .9375 .938 .94 23.812

    61/64 .9531 .953 .95 24.209

   31/32  .9688 .969 .97 24.606

    63/64 .9844 .984 .98 25.003

     1.0000 1.000 1.00 25.400

     To 4 To 3 To 2 
MM

4ths 8ths 16ths 32nds 64ths Places Places Places

    1/64 .0156 .016 .02 .397

   1/32  .0312 .031 .03 .794

    3/64 .0469 .047 .05 1.191

  1/16   .0625 .062 .06 1.588

    5/64 .0781 .078 .08 1.984

   3/32  .0938 .094 .09 2.381

    7/64 .1094 .109 .11 2.778

 1/8    .1250 .125 .12 3.175

    9/64 .1406 .141 .14 3.572

   5/32  .1562 .156 .16 3.969

    11/64 .1719 .172 .17 4.366

  3/16   .1875 .188 .19 4.762

    13/64 .2031 .203 .20 5.159

   7/32  .2188 .219 .22 5.556

    15/64 .2344 .234 .23 5.953

 1/4     .2500 .250 .25 6.35

    17/64 .2656 .266 .27 6.747

   9/32  .2812 .281 .28 7.144

    19/64 .2969 .297 .30 7.541

  5/16   .3125 .312 .31 7.938

    21/64 .3281 .328 .33 8.334

   11/32  .3438 .344 .34 8.731

    23/64 .3594 .359 .36 9.128

 3/8    .3750 .375 .38 9.525

    25/64 .3906 .391 .39 9.922

   13/32  .4062 .406 .41 10.319

    27/64 .4219 .422 .42 10.716

  7/16   .4375 .438 .44 11.112

    29/64 .4531 .453 .45 11.509

   15/32  .4688 .469 .47 11.906

    31/64 .4844 .484 .48 12.303

     .5000 .500 .50 12.7 
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