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By any known method of appraisal it is evident that

the last seven or eight decades have produced more

changes, principally scientific, than any other period

in history. For example, consider the development of

the automobile, the airplane, radio (AM and FM),

television, advancements in optics and chemistry,

the telephone, audio equipment and techniques,

motion picture excellence in both black-and-white

and color, new methods of reproduction and copy-

ing, the computer, the portable hand calculator,

rocketry and space science including human travel

to the moon and the recent placing of scientific

instruments for measuring physical phenomena on

Mars, and also, new procedures in the humanities,

ecology, conservation, and many other areas.

Engineering drawing and graphic technology is

the principal method of communication in engineer-

ing and science and, as such, vitally concerns itself

with all new developments.

The graphics of engineering design and construc-

tion may very well be the most important course of

all studies for an engineering or technical career.

The indisputable reason why graphics is so ex-

tremely important is that it is the language of the

designer, technician, and engineer, used to commu-
nicate designs and construction details to others. An
engineer, no matter how knowledgeable concerning

the highly complex technical and scientific aspects

of the profession, would be completely ineffectual

without a command of graphics, simply because all

efforts to transmit designs to others would fail mis-

erably. All the technical people working under the

direction of an engineer must also have the same
command of the language. The language of graphics

is written in the form of drawings which represent

the shape, size, and specifications of physical ob-

jects. The language is read by interpreting drawings

so that physical objects can be constructed exactly

as originally conceived by the designer.

Recently two factors have appeared which are of

important interest to communication in design and

construction, (a) the possible adoption of the metric

system in the United States and (b) the develop-

ment of computers and calculators to facilitate

problem solving. The metric system, because of its

fundamental lOx construction, greatly facilitates

computation. Therefore the emphasis and coverage

of this text has been altered to conform. A discus-

sion of the metric system is given in Chapter 1.

Many problems have been dimensioned in the met-

ric system. Also, descriptions and a discussion of

computer methods are given in a new chapter. Hand

calculators are described in the Appendix.

With the adoption of the metric system, standards

and specifications must, of course, be changed.

These changes are presently being studied, and

some are in the process of adoption. However, it will

be some time before complete standards are avail-

able.

This textbook represents many years of study not

only in teaching, engineering experience, and writ-

ing, but also in painstaking attention to book de-

sign, principles, and usage. A carefully considered

plan to make this book more readable and readily

usable has been employed.

A book of this scope and completeness requires

cooperation between the author and all other per-

sons involved in bringing the work to fruition. The

frank, honest, and sometimes extensive discussion

with associates is highly valued, along with the col-

laboration of Professor Richard I. Hang and Eliza-

beth M. Vierck.

Charles J. Vierck

IX
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1. The Graphic Language

—

Theory and Practice.

In beginning the study ot graphics, you are embark-

ing upon a rewarding educational experience and

one that will be ot real value in your tuture career.

When you have become proficient in it, you will have

at your command a method of communication used

in all branches of technical industry, a language

unequaled for accurate description of physical ob-

jects.

The importance of this graphic language can be

seen by comparing it with word languages. All who
attend elementary and high school study the lan-

guage of their country and learn to read, write, and

speak it with some degree of skill. In high school

and college most students study a foreign language.

These word languages are highly developed systems

of communication. Nevertheless, any word language

is inadequate for describing the size, shape, and

relationship of physical objects. Study the photo-

graph in Fig. 1 and try to describe it verbally so that

someone who has not seen it can form an accurate

and complete mental picture. It is almost impossible

to do this. Furthermore, in trying to describe the

picture, you may want to use pencil and paper to

sketch all or a part in an attempt to make the word

fig. 1. Try to describe in words the shape,
the relative size, and the position of the ob-
jects in this picture.

description more complete, meaningful, and accu-

rate, or tend to use your hands, gesturing to aid in

explaining shape and relationship. From this we can

see that a word language is often without resources

for accurate and rapid communication of shape and

size and the relationships of components.

Engineering is applied science, and communi-

cation of physical facts must be complete and accu-

rate. Quantitative relationships are expressed math-

ematically. The written word completes many
descriptions. But whenever machines and structures

are designed, described, and built, graphic repre-

sentation is necessary. Although the works of artists

(or photography and other methods of reproduction)

would provide pictorial representation, they cannot

serve as engineering descriptions. Shaded pictorial

drawings and photographs are used for special pur-

poses, but the great bulk of engineering drawings

are made in line only, with separate views arranged

in a logical system of projection. To these views,

dimensions and special notes giving operations and

other directions for manufacture are added. This is

the language of graphics which can be defined as

the graphic representation of physical objects and rela-

tionships.

It is accomplished by describing shape and size.

As the foundation upon which all designing and

subsequent manufacture are based, engineering

graphics is one of the most important single

branches of study in a technical school. Every engi-

neering student must know how to make and how
to read drawings. The subject is essential in all types

of engineering practice, and should be understood

by all connected with, or interested in, technical

industry. All designs and directions for manufacture

are prepared by draftsmen, professional writers of

the language, but even one who may never make
drawings must be able to read and understand them
or be professionally illiterate. Thorough training in

engineering graphics is particularly important for the

engineer because he is responsible for and specifies

the drawings required in his work and must there-

fore be able to interpret every detail for correctness

and completeness.

Our object is to study the language of graphics
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so that we can write it, expressing ourselves clearly

to one familiar with it, and read it readily when

written by another. To do this, we must know its

basic theory and composition, and be familiar with

its accepted conventions and abbreviations. Since

its principles are essentially the same throughout

the world, a person who has been trained in the

practices of one nation can readily adapt himself

to the practices of another.

This language is entirely graphic and written, and

is interpreted by acquiring a visual knowledge of the

object represented. A student's success with it will

be indicated not alone by his skill in execution, but

also by his ability to interpret lines and symbols and

to visualize clearly in space.

In the remainder of this chapter we shall introduce

briefly the various aspects of graphics that will be

discussed at length later. It is hoped that this pre-

view will serve as a broad perspective against which

the student will see each topic, as it is studied, in

relation to the whole. Since our subject is a graphic

language, illustrations are helpful in presenting even

this introductory material; figures are used both to

clarify the text and to carry the presentation forward.

2. Essentials of Graphic Writing:
Lines and Lettering.

Drawings are made up of lines that represent the

surfaces, edges, and contours of objects. Symbols,

dimensional sizes, and word notes are added to

these lines, collectively making a complete descrip-

tion. Proficiency in the methods of drawing straight

lines, circles, and curves, either freehand or with

instruments, and the ability to letter word state-

ments are fundamental to writing the graphic lan-

guage. Furthermore, lines are connected according

to the geometry of the object represented, making

it necessary to know the geometry of plane and solid

figures and to understand how to combine circles,

straight lines, and curves to represent separate

views of many geometric combinations.

3. Methods of Expression.
There are two fundamental methods of writing the

graphic language: freehand and with instruments.

THE USE OF GRAPHIC INSTRUMENTS.
Facility in the use of instruments makes for

speed and accuracy.

beCcL.
35

LDBUJCA
LETTERING. The standard lettering for en-

gineering drawings in known as "commercial

Gothic." Both vertical and inclined styles are

used.

GRAPHIC GEOMETRY. A knowledge of, and

facility in, the construction of lines and geo-

metric figures promotes efficiency.
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Freehand drawing is done by sketching the lines

with no instruments other than pencils and erasers.

It is an excellent method during the learning process

because of its speed and because at this stage the

study of projection is more important than exactness

of delineation. Freehand drawings are much used

commercially for preliminary designing and for some
finished work. Instrument drawing is the standard

method of expression. Most drawings are made "to

scale," with instruments used to draw straight lines.

FREEHAND DRAWINGS. The freehand
method is fine for early study because it pro-

vides training in technique, form, and propor-

tion. It is used commercially for economy.

.- J ,-Ll - '
=

INSTRUMENT DRAWINGS. Because of the
necessity of drawing "to scale," most draw-
ings are made with instruments.

circles, and curves concisely and accurately. Training

in both freehand and instrument work is necessary

for the engineer so that he will develop competence

in writing the graphic language and the ability to

judge work done under his direction.

4. Methods of Shape Description.
Delineation of the shape of a part, assembly, or

structure is the primary element of graphic commu-
nication. Since there are many purposes for which

drawings are made, the engineer must select, from

the different methods of describing shape, the one

best suited to the situation at hand. Shape is de-

scribed by projection, that is, by the process of

causing an image to be formed by rays of sight taken

in a particular direction from an object to a picture

plane.

Following projective theory, two methods of repre-

sentation are used: orthographic views and pictorial

views.

For the great bulk of engineering work, the ortho-

graphic system is used, and this method, with its

variations and the necessary symbols and abbrevia-

tions, constitutes an important part of this book.

In the orthographic system, separate views arranged

according to the projective theory are made to show
clearly all details of the object represented. The

figures that follow illustrate the fundamental types

of orthographic drawings and orthographic views.

"Pictorial representation" designates the methods
of projection resulting in a view that shows the object

approximately as it would be seen by the eye. Picto-

rial representation is often used for presentation

drawings; text, operation, and maintenance book

illustrations; and some working drawings.

There are three main divisions of pictorial projec-

tion: axonometric, oblique, and perspective. Theo-

retically, axonometric projection is projection in

which only one plane is used, the object being turned

so that three faces show. The main axonometric

positions are isometric, dimetric, and trimetric.

Oblique projection is a pictorial method used prin-

cipally for objects with circular or curved features

only on one face or on parallel faces; and for such

objects the oblique is easy to draw and dimension.
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Perspective projection gives a result identical with

what the eye or a single-lens camera would record.

5. Special Practices.
These are used to simplify and clarify.

ONE-VIEW DRAWINGS. These are used

whenever views in more than one direction

are unnecessary, for example, for parts made
of thin material.

TWO-VIEW DRAWINGS. Parts such as cylin-

ders require only two views. More would du-

plicate the two already drawn.

THREE-VIEW DRAWINGS. Most objects are

made up of combined geometric solids. Three
views are required to represent their shape.

ISOMETRIC DRAWING. This method is

based on turning the object so that three

mutually perpendicular edges are equally

foreshortened.

DIMETRIC DRAWING. This method is based

on turning the object so that two mutually

perpendicular edges are equally foreshort-

ened.
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TRIMETRIC DRAWING. This method is

based on turning the object so that three

mutually perpendicular edges are all unequally

foreshortened.

OBLIQUE DRAWING. This pictorial method
is useful for portraying cylindrical parts. Pro-

jectors are oblique to the picture plane. Cava-
lier and cabinet drawings are specific forms.

AXONOMETRIC PROJECTION FROM OR-
THOGRAPHIC VIEWS. Pictorials— sometric,

dimetric, or trimetric—may be obtained

by projection from orthographic views. The
views are located by a geometric method.

OBLIQUE PROJECTION FROM ORTHOGRA-
PHIC VIEWS. In this pictorial method views

are arranged so that, by projection, an oblique

drawing results.
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PERSPECTIVE. In this method of pictorial

projection angular and parallel forms are both

used extensively.

AUXILIARIES: EDGE AND NORMAL VIEWS.
Auxiliaries are used to show the normal view
(true size and shape) of (<;) an inclined sur-

face (at an angle to two of the planes of pro-

jection) or (/)) of a skew surface (inclined to

all three planes of projection).
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SECTIONAL VIEWS. These are used to clari-

fy the representation of objects with compli-

cated internal detail.

INTERSECTIONS. Geometric surfaces or

solids often are combined so that additional

projection is needed to determine the line of

intersection between the parts.

DEVELOPMENTS. These are the projections

of geometric surfaces into a flat pattern.

6. Methods of Manufacture.
To delineate a drawing properly and give accurate

size description and specifications for manufacture,

a knowledge of processing methods is essential.

7. Methods of Size Description.
After delineation of shape, size is the second element

of graphic communication, completing the repre-

sentation of the object. Size is shown by "dimen-

sions," which state linear distances, diameters,

radii, and other necessary magnitudes.

The dimensions put on the drawing are not neces-

sarily those used in making the drawing but are

those required for the proper functioning of the part

after assembly, selected so as to be readily usable

by the workers who are to make the piece. Before

dimensioning the drawing, study the machine and

understand its functional requirements; then put

yourself in the place of the patternmaker, diemaker,

machinist, etc., and mentally construct the object

to discover which dimensions would best give the

information.
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8. Methods of Measurement
and Evaluation.
There is much more to the description of size than

learning the standards and rules for the placement

of dimensions on drawings.

First of all, the system of measurement and eval-

uation must be known and understood. History re-

cords many different evaluation systems. These are

well known and documented. Emerging from all

recorded methods two systems have withstood the

test of time—the English system (now usually con-

sidered the usual system in the United States) and

the metric system. The metric system has been

adopted and used by almost all countries except the

United States, but recently much pressure has been

put upon our government to adopt the metric sys-

tem as the standard. This has come about because

of economy and also because the metric system is

far superior from the standpoints of accuracy and
usability. Further, because the metric system is

based on multiples of ten, it lends itself easily to

computer (Chap. 20) and calculator (Appendix) cal-

culations, in addition to eliminating difficult equiva-

lent computations.

The metric system is really much easier to learn

and use, but after using the usual American system

for a long period of time, new values and concep-

tions must be learned.

The modernized metric system is known as the SI

system and is approved by the National Bureau of

Standards.

Approvals and definitions given by the National

Bureau of Standards (NBS Special Publication 330,

1972 edition) are as follows.

1.2 The three classes of SI units
SI units are divided into three classes:

base units,

derived units,

supplementary units.

From the scientific point of view division of SI

units into these three classes is to a certain extent

arbitrary, because it is not essential to the physics of

the subject.

Nevertheless the General Conference, 1 consider-

ing the advantages of a single, practical, worldwide

system for international relations, for teaching and

for scientific work, decided to base the International

System on a choice of seven well-defined units

which by convention are regarded as dimensionally

independent: the metre, the kilogram, the second,

the ampere, the kelvin, the mole, and the candela

(see 1 1.1). These SI units are called base units 2

The second class of SI units contains derived

units, i.e., units that can be formed by combining

base units according to the algebraic relations link-

ing the corresponding quantities. Several of these

algebraic expressions in terms of base units can be

replaced by special names and symbols which can

themselves be used to form other derived units

(see 11.2).

Although it might be thought that SI units can

only be base units or derived units, the 11th CGPM
(1960) admitted a third class of SI units, called sup-

plementary units, for which it declined to state

whether they were base units or derived units

(see 11.3).

The SI units of these three classes form a coher-

ent set in the sense normally attributed to the ex-

pression "coherent system of units".

The decimal multiples and sub-multiples of SI

units formed by means of SI prefixes must be given

their full name multiples and sub-multiples of SI units

when it is desired to make a distinction between
them and the coherent set of SI units.

II. SI UNITS

II. 1 Base units

1. Definitions

a) Unit of length.—The 11th CGPM (1960) re-

placed the definition of the metre based on the

'General Conference of Weights and Measures, hereinafter

called CGPM.
2 Translators' note. The spellings "metre" and "kilogram" are

used in this USA/UK translation in the hope of securing world-

wide uniformity in the English spelling of the names of the units

of the International System.
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international prototype of platinum-iridium, in

force since 1889 and amplified in 1927, by the

following definition:

The metre is the length equal to 1 650 763.73 wave-

lengths in vacuum of the radiation corresponding to

the transition between tlw levels 2p 10
and 5d

5 of the

krypton-86 atom. (11th CGPM (1960), Resolu-

tion 6)

The old international prototype of the metre which

was legalized by the 1st CGPM in 1889 is still kept at

the International Bureau of Weights and Measures

under the conditions specified in 1889.

b) Unit of mass.—The 1st CGPM (1889) legalized

the international prototype of the kilogram and de-

clared: this prototype shall henceforth be considered to

be the unit of mass.

With the object of removing the ambiguity which

still occurred in the common use of the word

"weight", the 3rd CGPM (1901) declared: the kilo-

gram is the unit of mass [and not of weight or of

force]; it is equal to the mass of the international

prototype of the kilogram.

This international prototype made of platinum-

iridium is kept at the BIPM 3 under conditions speci-

fied by the 1st CGPM in 1889.

c) Unit of time.—Originally the unit of time, the

second, was defined as the fraction 1/86 400 of the

mean solar day. The exact definition of "mean solar

day" was left to astronomers, but their measure-

ments have shown that on account of irregularities

in the rotation of the Earth the mean solar day does

not guarantee the desired accuracy. In order to

define the unit of time more precisely the 11th

CGPM (1960) adopted a definition given by the

International Astronomical Union which was based

on the tropical year. Experimental work had however

already shown that an atomic standard of time-

interval, based on a transition between two energy

levels of an atom or a molecule, could be realized

and reproduced much more accurately. Considering

that a very precise definition of the unit of time of

the International System, the second, is indispensa-

3 The International Bureau of Weights and Measures.

ble for the needs of advanced metrology, the 13th

CGPM (1967) decided to replace the definition of the

second by the following:

The second is tlw duration of 9 192 631 770 periods

of the radiation corresponding to tlw transition between

the two hyperfne levels of the ground state of the

cesium-133 atom. (13th CGPM (1967), Resolution 1)

d) Unit of electric current.— Electric units, called

"international", for current and resistance, had

been introduced by the International Electrical Con-

gress held in Chicago in 1893, and the definitions of

the "international" ampere and the "international"

ohm were confirmed by the International Confer-

ence of London in 1908.

Although it was already obvious on the occasion

of the 8th CGPM (1933) that there was a unanimous

desire to replace those "international" units by so-

called "absolute" units, the official decision to abol-

ish them was only taken by the 9th CGPM (1948),

which adopted for the unit of electric current, the

ampere, the following definition:

The ampere is that constant current which, if main-

tained in two straight parallel conductors of infinite

length, of negligible circular cross section, and placed 1

metre apart in vacuum, would produce between these

conductors a force equal to 2 X 10"7 newton per metre

of length. (CIPM (1946), Resolution 2 approved by

the 9th CGPM, 1948)

The expression "MKS unit of force" which oc-

curs in the original text has been replaced here by

"newton" adopted by the 9th CGPM (1948, Resolu-

tion 7).

e) Unit of thermodynamic temperature.—The def-

inition of the unit of thermodynamic temperature

was given in substance by the 10th CGPM (1954,

Resolution 3) which selected the triple point of water

as fundamental fixed point and assigned to it the

temperature 273.16°K by definition. The 13th

CGPM (1967, Resolution 3) adopted the name kelvin

(symbol K) instead of "degree Kelvin" (symbol °K)

and in its Resolution 4 defined the unit of thermo-

dynamic temperature as follows:

Tlw kelvin, unit of thermodynamic temperature, is

the fraction 1/273.16 of the tliermodynamic tempera-
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ture of the triple point of water. (13th CGPM (1967),

Resolution 4)

The 13th CGPM (1967, Resolution 3) also decided

that the unit kelvin and its symbol K should be used

to express an interval or a difference of tempera-

ture.

Note.— In addition to the thermodynamic temper-

ature (symbol T), expressed in kelvins, use is also

made of Celsius temperature (symbol defined by

the equation

t = T-T
where T = 273.15 K by definition. The Celsius

temperature is in general expressed in degrees Cel-

sius (symbol °C). The unit "degree Celsius" is thus

equal to the unit "kelvin" and an interval or a differ-

ence of Celsius temperature may also be expressed

in degrees Celsius.

/) Unit of amount of substance.—Since the dis-

covery of the fundamental laws of chemistry, units

of amount of substance called, for instance,

"gram-atom" and "gram-molecule", have been

used to specify amounts of chemical elements or

compounds. These units had a direct connection

with "atomic weights" and "molecular weights",

which were in fact relative masses. "Atomic

weights" were originally referred to the atomic

weight of oxygen (by general agreement taken as

16). But whereas physicists separated isotopes in

the mass spectrograph and attributed the value 16

to one of the isotopes of oxygen, chemists attributed

that same value to the (slightly variable) mixture of

isotopes 16, 17, and 18, which was for them the

naturally occurring element oxygen. Finally an

agreement between the International Union of Pure

and Applied Physics (IUPAP) and the International

Union of Pure and Applied Chemistry (IUPAC)

brought this duality to an end in 1959/60. Physi-

cists and chemists have ever since agreed to assign

the value 12 to the isotope 12 of carbon. The unified

scale thus obtained gives values of "relative atomic

mass".

It remained to define the unit of amount of sub-

stance by fixing the corresponding mass of carbon

12; by international agreement, this mass has been

fixed at 0.012 kg, and the unit of the quantity,

"amount of substance", 3 has been given the name
mole (symbol mol).

Following proposals of IUPAP, IUPAC, and ISO,

theCIPM gave in 1967, and confirmed in 1969, the

following definition of the mole, adopted by the 14th

CGPM (1971, Resolution 3):

The mole is the amount of substance of a system

which contains as mam/ elementary entities as there

are atoms in 0.012 kilogram of carbon 12.

Note. When the mole is used, the elementary entities

must be specified and mat/ be atoms, molecules, ions,

electrons, other particles, or specified groups of such

particles.

Note that this definition specifies at the same
time the nature of the quantity whose unit is the

mole. 4

g) Unit of luminous intensity.—The units of lumi-

nous intensity based on flame or incandescent fila-

ment standards in use in various countries were

replaced in 1948 by the "new candle". This decision

had been prepared by the International Commission

on Illumination (CIE) and by the CIPM before 1937,

and was promulgated by the CIPM at its meeting in

1946 in virtue of powers conferred on it in 1933 by

the 8th CGPM. The 9th CGPM (1948) ratified the

decision of the CIPM and gave a new international

name, candela (symbol cd), to the unit of luminous

intensity. The text of the definition of the candela,

as amended in 1967, is as follows.

The candela is the luminous intensity, in the perpen-

dicular direction, of a surface of 1/600 000 square

metre of a blackbody at the temperature of freezing

platinum under a pressure of 101 325 newtons per

square metre. (13th CGPM (1967), Resolution 5)

4The name of this quantity, adopted by IUPAP. IUPAC, and
ISO is in French "quantite de matiere" and in English "amount
of substance"; (the German and Russian translations are

"Stoffmenge" and "kojihicctbo BemecTBa"). The French name
recalls "quantitas materiae" by which in the past the quantity

now called mass used to be known; we must forget this old

meaning, for mass and amount of substance are entirely differ-

ent quantities.
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2. Symbols

The base units of the International System are

collected in table 1 with their names and their sym-

bols (10th CGPM (1954), Resolution 6; 11th CGPM
(1960), Resolution 12; 13th CGPM (1967), Resolu-

tion 3; 14th CGPM (1971), Resolution 3).

The general principle governing the writing of unit

symbols had already been adopted by the 9th CGPM
(1958), Resolution 7, according to which:

Roman [upright] type, in general lower case, is used

for symbols of units; ifhowever the symbols are derived

from proper names, capital roman type is used [for the

first letter]. These symbols are not followed by a full

stop [period].

Unit symbols do not change in the plural.

II.2 Derived units

1. Expressions

Derived units are expressed algebraically in terms

of base units by means of the mathematical sym-

bols of multiplication and division. Several derived

units have been given special names and symbols

which may themselves be used to express other

derived units in a simpler way than in terms of the

base units.

Derived units may therefore be classified under

three headings. Some of them are given in tables 2,

3, and 4.

Note a—The values of certain so-called dimen-

sionless quantities, as for example refractive index,

relative permeability or relative permittivity, are ex-

Table 1. SI Base Units

Table 2. Examples of SI Derived Units
Expressed in Terms of Base Units

Quantity



Table 3. SI Derived Units With
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ISO/TC 12 "Quantities, units, symbols, conversion

factors and conversion tables").

According to these recommendations:

a) The product of two or more units is preferably

indicated by a dot. The dot may be dispensed with

when there is no risk of confusion with another unit

symbol

for example: N • m or N m but not: mN

It) A solidus (oblique stroke, /), a horizontal line,

or negative powers may be used to express a derived

unit formed from two others by division

Table 6. Examples of SI Derived Units
Formed by Using Supplementary Units

Quantity
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Table 7. SI Prefixes

Factor
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U.S. METRIC

1 inch = 25.4 millime'

1 foot = 30.48

1 yard = 0.914 metre

LENGTH

METRIC U.S.

1 millimetre = 0.039 inch

1 centimetre = 0.394 inch

1 metre = 39.37 inches

1 mil = 025 millimetre THICKNESS 1 millimetre - 39.37 mils

sq. foot = 929.03 sq. centimetres AREA

!|i|l|l|ll|l|l

1 sq. centimetre = 0.155 sq. inch

—
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1 ounce (dry) = 28.35 groms WEIGHT

1 pound = .454 kilogrom WEIGHT 1 kilogram = 2.204 pounds

1 pound/sq inch = 0.703 kilogram/sq. centimetre PQCQCI IDF- ^ kilogram/sq. centimetre — 1 4 22 pounds/sq. inch

lO. The Fundamentals of Design.
The chapter on design discusses materials, proce-

dures, and the aspects of good mechanical design

and explains how a designer thinks and works.

The word "design" has many meanings. A digest

of various dictionary definitions is: to plan, conceive,

invent, and to designate so as to transmit the plan

to others. Design has many purely artistic connota-

tions. For example, the design of fabrics, clothing,

furniture, etc. In engineering, design has come to

mean that broad category of invention leading to

the production of useful devices.

Design, from the latin "designare" (to mark out),

is the process of developing plans, schemes, direc-

tions, and specifications for something new. Thus

it is within context to speak or Hitler's designs for

world conquest; the design (conception) of a book,

play, or motion picture; or the design of fabric,

clothing, furniture, appliances, or toher completely

physical objects. Design is distinguished from pro-

duction and craftsmanship; design is the creative

original plan, and the production and craftsmanship

are a part of the execution of the plan.

Design means creation in the purest sense. Spe-

cifically, design does not go beyond creation, and

it logically follows that the execution of a design,

that is, the carrying out of the plan by presentation,

action, production, manufacture, craftsmanship,

and use are not design at all but are simply and

positively the products of the design. Also, when
examining a finished product, it is proper to speak

of the design of it, and by this term of reference

we mean the original plan or scheme and not the

product itself.

11. Basic Machine Elements.
Many machine elements occur repeatedly in all

kinds of engineering work. Familiarity with these

elements is necessary so that dimensioning and

specifications on the drawings will be correct. The

material that follows introduces basic machine ele-

ments and shop processes, illustrating the prin-

ciples of graphics laid out in the previous sections.
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DESIGN DRAWING.
Vinci about 1500.

Made by Leonardo da

12. Special Fields and Practices.
The methods of projection, the choice of repre-

sentational type (shape description), and the ac-

companying size description are more or less uni-

form in all fields because these are the elements

of which all drawings are composed. However, for

most special fields certain symbols and notation,

drawing, and dimensioning practices have been

standardized, and a knowledge of these is necessary

so that drawings will be readily and efficiently un-

derstood.

The special practices or fields given in this book

include: various portions of mechanisms and sys-

tems; welding; electrical drawing; structural and

topographic practices; and commercial practices

and economies.

A "production," or "working," drawing is any

drawing used to give information for the manufac-
ture or construction of a machine or the erection of

a structure. Complete knowledge for the production

of a machine or structure is given by a set of work-

ing drawings conveying all the facts fully and ex-

plicitly so that further instructions are not required.

13. Drawings for Engineering Design
and Construction.
There are many types of drawings used in a wide

diversity of fields. Typical are drawings for pres-

entation, proposal, and design; drawings for manu-

facture, construction, and assembly; drawings giving

specialized information for a particular field; and

many others.

When a new machine or structure is designed, the

first drawings are usually in the form of freehand

sketches on which the original ideas, scheming, and

inventing are worked out. These drawings are ac-

companied or followed by calculations to prove the
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njGl juh

FASTENERS. Bolts and screws in a wide

variety of forms are used for fastenings.

Familiarity with the standard sizes available

and their drawing and specification is funda-

mental. KEYS. Keys are used to prevent cylindrical

elements such as gears and pulleys from
rotation on their shafts.

suitability of the design. Working from the sketches

and calculations, the design department produces a

design drawing. This is a preliminary pencil drawing

on which more details of the design are worked out.

It is accurately made with instruments, full size if

possible, and shows the shape and position of the

various parts. Little attempt is made to show all the

SCREW THREADS. Screw threads are used

on fasteners, on devices for making adjust-

ments, and for the transmission of power

and motion. The screw thread is the most ex-

tensively used machine element.

Ends shaped05 read.

Spring

SPRINGS. A spring is an elastic body that

stores energy when deflected. Basic forms are

illustrated.
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intricate detail; only the essential dimensions, such

as basic calculated sizes, are given. On the drawing,

or separately as a set of written notes, will be the

designer's general specifications for materials, heat-

treatments, finishes, clearances, or interferences,

etc., and any other information needed by the

draftsman in making up the individual drawings of

the separate parts.

REPRESENTATION OF WELDS. Welds are

represented by symbols standardized by the

American Welding Society (AWS) and the

American Standards Association (ASA).

t'^ T^ p Grip of

RIVETS. Rivets are permanent fasteners.

They are cylinders of metal with a head on
one end. When placed in position, the oppo-

site head is formed by impact.

JIGS AND FIXTURES. In modern high-quan-

tity production these devices are used for

holding parts during machining. Drawings are

made to conform to tool-engineering stand-

ards.

GEARS. Special practices include calcula-

tion of detailed sizes and their tabulation on
drawings.
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14. Terminology.
During any course of study in graphics the student

must become thoroughly familiar with the termi-

nology of design and construction. The glossary of

technical, structural, architectural, and welding

terms in the Appendix should be consulted as

needed. Form the habit of never passing over a word

without understanding its meaning completely.

15. Appendix Tables.
Many details of graphics depend upon specifications

for drills, bolts and screws, fits, limits, pipe sizes,

symbols, and other standards. It is important to

become well acquainted with this material, which is

given in the Appendix.

PIPING. Piping drawings are made to scale

or symbolically. Symbols for pipe, valves,

fittings, and other details are standardized

by the ANSI.

DRAWINGS OF ELECTRICAL SYSTEMS.
Most electrical drawings are made symboli-

cally, using ANSI standards.

|*27oV| F362
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16. Computer Graphics.
This is the classification given to the science of

obtaining a readout of one kind or another and

using the readout mathematically to plot information

or directly to draw a relationship, control a machine

or portion of a machine. Readouts are also used for

numerical control (see Chap. 20).

CAMS. Special practices include full-size

layouts and also calculation and dimension-

ing of points on cam surfaces.
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MAPS AND TOPOGRAPHY. Maps and topo-

graphic drawings are made up chiefly of

symbols.
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Concrete

Overhang
See Derail

Sh«A-2d

t M.-'r h Cm

STRUCTURES. Architectural standards of

the American Institute of Architects (AIA)

and structural standards of the American

Institute of Steel Construction (AISC) prevail

in the building industry.

7Drill J-20NC -2a
•4Holes'

f(~7\

-//-

A DETAIL DRAWING. This is typical of a

drawing used to manufacture a single part.

SPECIALIZED PRACTICES. These include

simplified drawing practices, special uses of

reproduction processes, photography, and

modelmaking. The figure above is a photo

drawing.
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Accurate Representation of Shape, Relationship,

and Size is Accomplished through the Use of

Instruments

This Chapter Discusses:

Selection of Instruments • Boards, Paper, Tape,

Thumbtacks • Pencils, Erasers, Pens, Ink • T

square, Triangles, Scales, Curves • Case

Instruments • The Use of T Square, Triangles,

Scales, Dividers, Compasses, Ruling Pens,

Curves, Erasers • The Alphabet of Lines •

Tangents • Problems
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1. Graphic Instruments-
Why They Are Needed.
To record information on paper (or another surface),

instruments and equipment are required. Even for

drawings made freehand, pencils, erasers, and

sometimes coordinate paper or other special items

are used.

The lines made on drawings are straight or curved

(including circles and arcs). They are made with

drawing instruments, which are the necessary tools

for laying down lines on a drawing in an accurate

and efficient manner. In order to position the lines,

a measuring device, a scale, is needed.

The various instruments will be described in detail

later, but the opening of this chapter will serve as

an introduction. To draw straight lines, the T square,

with its straight blade and perpendicular head, or

a triangle is used to support the stroke of the pencil.

To draw circles, a compass is needed. In addition

to the compass, the draftsman needs dividers for

spacing distances and a small bow compass for

drawing small circles. To draw curved lines other

than circles, a French curve is required. A scale is

used for making measurements. To complete draw-

ings in ink, the draftsman will require pens for ink-

ing and an ink bottle in holder.

or basswood, cleated to prevent warping. The work-

ing edge must be straight and should be tested with

a steel straightedge. Some boards and table tops

are supplied with a hardwood edge or a steel insert

on the working edge, thus ensuring a better wearing

surface. Figure 1 illustrates a drawing board which,

because of its design and the materials of which it

is made, is rigid, sturdy, and light.

4. Drawing Paper.
Drawing paper is made in a variety of qualities and

may be had in sheets or rolls. White drawing papers

that will not turn yellow with age or exposure are

used for finished drawings, maps, charts, and draw-

ings for photographic reproduction. For pencil lay-

outs and working drawings, cream or buff detail

papers are preferred as they are easier on the eyes

and do not show soil so quickly as white papers.

In general, paper should have sufficient grain, or

"tooth," to take the pencil, be agreeable to the eye,

and have a hard surface not easily grooved by the

pencil and good erasing qualities. Formerly im-

ported papers were considered the best, but Ameri-

can mills are now making practically all the paper

used in this country. Cheap manila papers should

be avoided.

2. Selection of Instruments.
In selecting instruments and materials for drawing,

secure the best you can afford. For one who expects

to do work of professional grade, it is a mistake to

buy inferior instruments. Sometimes a beginner is

tempted to get cheap instruments for learning, ex-

pecting to buy better ones later. With reasonable

care a set of good instruments will last a lifetime,

whereas poor ones will be an annoyance from the

start and worthless after short use. Since poor in-

struments can be difficult to distinguish from good
ones, it is well to seek trustworthy advice before

buying. Instruments have been greatly improved in

recent years.

3. Drawing Boards.
The drawing surface may be the table top itself or

a separate board. In either case the working surface

should be made of well-seasoned clear white pin°

-2 LAYERS OF BASSWOOD

fig. 1. Drawing board. This one is light and
rigid. Courtesy of Keuffel b Esser ( o
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5. Tracing Paper.
Tracing papers are thin papers, natural or trans-

parentized, on which drawings are traced, in pencil

or ink, and trom which blueprints or similar contact

prints can be made. In most drafting rooms original

drawings are penciled on tracing papers, and blue-

prints are made directly from these drawings, a

practice increasingly successful because of im-

provements both in papers and in printing. Tracing

papers vary widely in color, thickness, surface, etc.,

and the grade of pencil and the technique must be

adjusted to suit the paper; but with the proper com-

bination, good prints can be obtained from such

drawings.

6. Tracing Cloth.
Finely woven cloth coated with a special starch or

plastic is used for making drawings in pencil or ink.

The standard tracing cloth is used for inked tracings

and specially made pencil cloth for pencil drawings

or tracings. Cloth is more permanent than paper as

it will stand more handling. Tracing and duplicating

processes are described later.

7. Drafting Tape.
The paper to be used is usually attached to the

drawing board by means of Scotch drafting tape,

with a short piece stuck across each corner or with

tape along the entire edge of the paper. Drafting

tape is not the same as masking tape (made by the

same company); the latter has a heavier coating of

adhesive and does not come off the drawing paper

so cleanly as the former.

8. Thumbtacks.
The best thumbtacks are made with thin heads and

steel points screwed into them. Cheaper ones are

made by stamping. Use tacks with tapering pins of

small diameter and avoid flat-headed (often colored)

map pins, as the heads are too thick and the pins

rather large.

9. Pencils.
The basic instrument is the graphite lead pencil,

made in various hardnesses. Each manufacturer has

special methods of processing designed to make the

lead strong and yet give a smooth clear line. Figure

2 shows five varieties of pencils. At the left are two
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ordinary pencils, with the lead set in wood. («) is

of American and (/;) of foreign manufacture. Both

are fine but have the disadvantage that in use, the

wood must be cut away to expose the lead (a time-

consuming job), and the pencil becomes shorter

until the last portion must be discarded. Semiauto-

matic pencils, (c) to (e), with a chuck to clamp and

hold the lead, are more convenient, (c) has a plastic

handle and changeable tip (for indicating the grade

of lead). ((/) has an aluminum handle and indexing

tip for indication of grade, (c) is the rather elegant

Alteneder pencil with rosewood handle, hardened-

steel chuck ring, and eraser. Drawing pencils are

graded by numbers and letters from 6B, very soft

and black, through 5B, 4B, 3B, 2B, B, and HB to

F, the medium grade; then H, 2H, 3H, 4H, 5H,

6H, 7H, and 8H to 9H, the hardest. The soft (B)

grades are used primarily for sketching and ren-

dered drawings and the hard (H) grades for instru-

ment drawings.

10. Pencil Pointer.

After the wood of the ordinary pencil is cut away

with a pocketknife or mechanical sharpener, the lead

must be formed to a long, conic point. A lance-tooth

steel file, Fig. 3A, about 6 in. long is splendid for

the purpose. Some prefer the standard sandpaper

pencil-pointer pad, Fig. 3B.

11. Erasers.
The Ruby pencil eraser, Fig. 3C, large size with bev-

eled ends, is the standard. This eraser not only

removes pencil lines effectively but is better for ink

than the so-called ink eraser, as it removes ink

without seriously damaging the surface of paper or

cloth. A good metal erasing shield, Fig. 3D, aids in

getting clean erasures.

Artgum or a soft-rubber eraser, Fig. 3E, is useful

for cleaning paper and cloth of finger marks and

smears that spoil the appearance of the completed

drawing.

THUMBTACKS

G

•
o

SCOTCH
TAPE

SANDPAPER PAD

RUBY
ERASER D

ERASING
SHIELD

CLEANING ERASER

fig. 3. Accessories. These are used for fas-

tening paper, sharpening pencils, and eras-

ing.



2/GRAPHIC INSTRUMENTS AND THEIR USE 33

12. Penholders and Pens.
The penholder should have a grip of medium size,

small enough to enter the mouth of a drawing-ink

bottle easily yet not so small as to cramp the fingers

while in use. A size slightly larger than the diameter

of a pencil is good.

An assortment of pens for lettering, grading from

coarse to fine, may be chosen from those listed in

Chap. 4.

A pen wiper of lintless cloth or thin chamois skin

should always be at hand for both lettering and

ruling pens.

13. Drawing Ink.
Drawing ink is finely ground carbon in suspension,

with natural or synthetic gum added to make the

mixture waterproof. Nonwaterproof ink flows more
freely but smudges easily. Drawing ink diluted with

distilled water or Chinese ink in stick form rubbed

up with water on a slate slab is used in making wash

drawings and for very fine line work.

Bottleholders prevent the bottle from upsetting

and ruining the drawing table or floor. They are

made in various patterns; one is illustrated in Fig.

4. As a temporary substitute, the lower half of the

paper container in which the ink is sold may be

fastened to the table with a thumbtack, or a strip

of paper or cloth with a hole for the neck of the

bottle may be tacked down over the bottle. Several

companies are now supplying ink in small-necked

plastic bottles or tubes, Fig. 4, which are squeezed
to supply the ink, a drop at a time. These containers

prevent spillage and protect the ink from deterio-

ration through evaporation or contamination.

14. The T Square.
The fixed-head T square, Fig. 5, is used for all ordi-

nary work. It should be of hardwood, and the blade

should be perfectly straight. The transparent-edged

blade is much the best. A draftsman will have several

fixed-head squares of different lengths and will find

an adjustable-head square of occasional use.

15. Triangles.
Triangles, Fig. 5, are made of transparent celluloid

(f iberloid) or other plastic material. Through internal

strains they sometimes lose their accuracy. Triangles

should be kept flat to prevent warping. For ordinary

work, a 6- or 8-in. 45° and a 10-in. 30-60° are good

sizes.

)R0PPER BOTTLE IN

B0TTLEH0LDER

PLASTIC SQUEEZE DROPPER TUBE

fig. 4. Standard bottle in holder; Leroy

pen-filler cartridge. The cartridge is particu-

larly convenient.

fig. 5. T square and triangles. These are

standard equipment for drawing straight

lines.
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16. Scales.
Scales, Figs. 6 to 9, are made in a variety of gradua-

tions to meet the requirements of many different

kinds of work. For convenience, scales are classified

according to their most-common uses.

Mechanical Engineers Scale*. These are divided

and numbered so that fractions of inches represent

inches. The most common ranges are %, %, V
2 , and

1 in. to the inch. These scales are known as the size

scales because the designated reduction also repre-

sents the ratio of size, as, for example, one-eighth

size. A full- and half-size scale is illustrated in Fig.

6. Mechanical engineer's scales are almost always

"full divided"; that is, the smallest divisions run

throughout the entire length. They are often gradu-

ated with the marked divisions numbered from right

to left, as well as from left to right, as shown in

Fig. 6. Mechanical engineer's scales are used mostly

for drawings of machine parts and small structures

where the drawing size is never less than one-eighth

the size of the actual object.

Civil Engineers Scales. These are divided into

decimals with 10, 20, 30, 40, 50, 60, and 80 divi-

sions to the inch (Fig. 7). Such a scale is usually

full divided and is sometimes numbered both from

left to right and right to left. Civil engineer's scales

are most used for plotting and drawing maps, al-

though they are convenient for any work where

divisions of the inch in tenths is required.

Architect's Scales. Divided into proportional feet

and inches, these scales have divisions indicating

Vs- Vi.
3
/8 . 72- /4. 1/2- and 3 in. to the foot (Fig. 8).

nTTT TV
' V ' V

v
V;li

VTv y^-rTTTTTT^TTV ^

fig. 6. A mechanical engineer's full- and
half-size scale. Divisions are in inches to

sixteenths of an inch. (The half-size scale is

on the back of the full-size scale.)

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\V\\\\\M\W\\ \

fig. 7. A civil engineer's scale. Divisions are

10, 20, 30, 40, 50, and 60 parts to the inch.

V\\V\vY\\\\vy^\^v^iV\vu\\y\\Y\\\\vm\\\\\Y\^v\^v\\vvAuV^V^V^VvV^V^V v, V'^\

A \ \ \ A.

fig. 8. An architect's (or mechanical engi-

neer's) scale. Reduction in size is based on
proportion of a foot.
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They are usually "open divided"; that is, the units

are shown along the entire length, but only the end

units are subdivided into inches and fractions. These

scales are much used by all engineers— mechanical,

industrial, chemical, etc.— for both machine and
structural drawings and are sometimes called me-

chanical engineer's scales.

Metric Scales. Metric scales are supplied in all of

the styles and sizes and materials of other scales.

They are usually full-divided and are numbered in

meters, centimeters, or millimeters depending upon
the reduction in size. Typical size reductions are:

1:1, 1:2, 1:5, 1:10, 1:20, 1:25, 1:33.3, 1:50,

1:75, 1:80, 1 : 100, 1 : 150. Also available are metric

equivalent scales for direct conversion of English

scales. These are: metric to English measure, Eng-

lish to metric measure, and dual scales giving both

metric and English values. The best scales are en-

gine-divided. See Fig. 9.

Scales are made with various cross-sectional

shapes, as shown in Fig. 10. The triangular form, («)

and (b), has long been favored because it carries

six scales as a unit and is very stiff. However, many
prefer the flat types as being easier to hold flat to

a board and having a particular working scale more
readily available. The "opposite-bevel" scale, (c) and

(d), is easier to pick up than the "flat-bevel" scale,

(/); moreover, it shows only one graduation at a time.

The "double-bevel" scale, (<?), in the shorter lengths

is convenient as a pocket scale, but it can be had

in lengths up to 24 in.

Practically all drafting scales of good quality were

formerly made of boxwood, either plain or with white

edges of celluloid. Although metal scales have been

available for more than 30 years, they were sel-

dom used until about 1935, when drafting machines

equipped with metal scales made rather important

gains in popularity. Extruded medium-hard alumi-

num alloys are the preferred metals. The Second

World War brought a period of considerable experi-

mentation with various types of plastic for all kinds

of drafting scales. Up to the present time the white-

edge scale has retained a large measure of its popu-

larity. Another type of scale is now getting consid-

erable attention, a metal scale with a white plastic

coating that carries the graduations. Both magne-
sium and aluminum have been used successfully.

These scales have all the reading advantages of a

white-edge boxwood scale together with the stability

afforded by metal.

17. Curves.
Curved rulers, called "irregular curves" or "French

curves," are used for curved lines other than circle

'
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1:5 100mm 200 300 i
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1:10 200mm 400 600/
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fig. 9. Examples of metric scales.
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'GENERAL SHAPE

fig. 11. Irregular curves. These are used for

drawing curves where the radius of curvature

is not constant.

u

\ I \

DIVIDER COMPASS, LENGTHENING
BAR, PEN ATTACHMENT

BOW PEN, PENCIL
AND DIVIDER

PEN

fig. 12. The basic three-bow set. Large
compass and dividers; bow pen, pencil, and
dividers; ruling pen.
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1

PEN LEADS,
POINTS

FIG. 13. Large bow. It performs triple service

as dividers, pen, and pencil compass. Pen leg

in handle makes ruling pen.

ates. The design allows the legs to be moved in or

out to change the setting, after which the center

screw is used for fine adjustment.

Even though it is possible to find an instrument

that serves practically all purposes, it is convenient

to have several instruments, thus saving the time

required to convert from pencil leg to ink leg or

divider points. For this reason the newer more rigid

instruments are also made as separate pieces in

different sizes. Figure 16 shows the 6-in. dividers

and large 6-in. bow compass; three 3-in. bow com-

passes, two with pencil and one with ink leg, which

can also be used as dividers by changing attach-

ments; and pen points, which are used on the 6-in.

compass or in a handle (not shown) to make a ruling

pen.

The standard 6-in. compass will open to only

approximately 5 in. The lengthening bar of the

older-type compass (Fig. 12) will extend the radius

to about 8 in. Lengthening bars for the newer

spring-bow instruments are of the beam type. The
instrument that is shown in Fig. 17 has a center

point on the beam, thus employing the pencil and

pen of the instrument itself, while the compass that

is shown in Fig. 18 uses the center point of the

instrument and separate pen and pencil attach-

ments on the beam. A standard metal beam com-

pass for drawing circles up to 16-in. radius is shown
in Fig. 19.

Various ruling pens are shown in Fig. 20. Those

shown in (a) to (e) are standard types. Note that (<7)

uses the compass-pen leg in a handle. (/) is a con-

tour pen, (g) is a border pen for wide lines, (/i) and

(/) are "railroad" pens for double lines, and (/') and

(k) are border pens with large ink capacity.

All manufacturers supply instruments made up in

sets, with a leather, metal, or plastic case. Figure 21

shows a standard three-bow combination. Figure 22

shows a large-bow set with beam compass.

19. Lettering Devices.
The Braddock-Rowe triangle and the Ames lettering

instrument (Figs. 2a and /;) are convenient devices

used in drawing guide lines for lettering.

20. Checklist of Instruments
and Materials.
Set of drawing instruments, including: 6-in. compass

with fixed needle-point leg, removable pencil and

pen legs, and lengthening bar; 6-in. hairspring di-

viders; 3V
2
-in. bow pencil, bow pen, and bow di-

viders; two ruling pens; box of leads. Or large-bow

set containing 6y2
-in. bow compass; 4 1

/2
-in. bow

compass; 6y2
-in. friction dividers and pen attach-

ment for compass; 5 :

2
-in. ruling pen; beam compass

with extension beam; box for extra leads and points
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fig. 14. (a) A very rugged bow. Serves as

dividers, or pen or pencil compass. (/>) A
quick-action bow instrument, with pencil and
pen legs and extension bar.

BOW PENCIL
FAST-ACTION BOW

LARGE PENCIL COMPASS
WITH PEN AND
DIVIDER LEGS

fig. 15. Three different designs of large bow
instruments. All are rigid and efficient.
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**)
\J

)1] i
J

DIVIDER LARGE BOW
SMALL BOWS AND ATTACHMENTS

fig. 16. A large- and small-bow set. Com-
bines the advantages of both standard

three-bow and large-bow designs.

PENCIL ADJUSTABLE
POINT

fig. 17. Extender for large bow. This type

extends the range of its center point, with the

pen or pencil on the bow.

Drawing board

T square

45° and 30-60° triangles

Three mechanical engineer's scales, flat pattern,

or the equivalent triangular scale

Lettering instrument or triangle

French curves

Drawing pencils, 6H, 4H, 2H, H, and F

Pocketknife or pencil sharpener

Pencil pointer (file or sandpaper)

Pencil eraser (Ruby)

Artgum or cleaning rubber

Penholder, pens for lettering, and penwiper

Bottle of drawing ink and bottleholder

Scotch drafting tape or thumbtacks

Drawing paper to suit

Tracing paper and cloth

Dustcloth or brush

To these may be added:

Civil engineer's scale
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!

BEAT

';

POINT

fig. 18. Extender for large bow. This type

uses the center point of the bow and has its

own pen and pencil attachments.

PEN PENCIL

BEAM

CONNECTOR
PEN

POINT - t PENCIL

EXTENSION BEAM

fig. 19. A beam compass. This compass is

adjustable for radii of 1 to 16 inches.
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v

STANDARD PENS

(a) (/>) (r) (rf) (.)

J CONTOUR BORDERS
PEN RAILROAD

PENS
(g) CO (0

PEN

if)

fig. 20. Various ruling pens. Standard pens

are all purpose instruments. Special pens (/)
to (k) are convenient and efficient for con-

tours, double lines, and heavy lines.

Protractor

Erasing shield

Slide rule

Six-foot steel tape

Clipboard or sketchbook

Hard Arkansas oilstone

Piece of soapstone

Cleaning powder or pad

The student should mark all his instruments and

materials plainly with his initials or name as soon

as they have been purchased and approved.

21. Additional Instruments.
The instruments and materials described in this

chapter are all that are needed for ordinary practice

and are, with the exception of such supplies as

paper, pencils, ink, and erasers, what a draftsman

is as a rule expected to take with him into a drafting

room.

There are many other special instruments and

devices that are not necessary in ordinary work but

with which the draftsman should be familiar, as they

may be convenient in special cases and are often

found as a part of drafting-room equipment. Consult

manufacturers' catalogues. An example is shown in

Fig. 23.

22. The Use of Instruments.
In beginning to use drawing instruments, it is im-

portant to learn to handle them correctly. Carefully

read the instructions and observe strictly all details

of technique.

Facility will come with continued practice, but it

is essential to adhere to good form from the outset.

Bad form in drawing can be traced in every instance
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fig. 21. A three-bow set, in case. It contains

large dividers, large compass with extension

bars and pen attachment, two ruling pens,

bow pen, bow pencil, bow dividers, and bone

center.

to the formation of bad habits in the early stages

of learning. Once formed, these habits are difficult

to overcome.

It is best to make a few drawings solely to become

familiar with the handling and feel of the instru-

ments so that later, in working a drawing problem,

you will not lose time because of faulty manipu-

lation. Practice accurate penciling first, and do not

attempt inking until you have become really profi-

cient in penciling. With practice, the correct, skillful

use of drawing instruments will become a subcon-

scious habit.

For competence in drawing, accuracy and speed

are essential, and in commercial work neither is

worth much without the other. It is well to learn as

a beginner that a good drawing can be made as

quickly as a poor one. Erasing is expensive and most

of it can be avoided. The draftsman of course erases

occasionally, and a student must learn to make

fig. 22. A large-bow set, in case. It contains

large- and small-bow compasses with attach-

ments, dividers, ruling pen, and beam com-

pass.

corrections, but in beginning to use instruments,

strive for sheets without blemish or inaccuracy.

23. Preparation for Drawing.
The drawing table should be set so that the light

comes from the left, and it should be adjusted to

a convent height, that is, 36 to 40 in., for use while

sitting on a standard drafting stool or while stand-

ing. There is more freedom in drawing standing,

especially when working on large drawings. The

board, for use in this manner, should be inclined

at a slope of about 1 to 8. Since it is more tiring

to draw standing, many modern drafting rooms use

tables so made that the board can be used in an

almost vertical position and can be raised or lowered

so that the draftsman can use a lower stool with

swivel seat and backrest, thus working with comfort

and even greater freedom than when an almost

horizontal board is used.

The instruments should be placed within easy

reach, on the table or on a special tray or stand

which is located beside the table. The table, the
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fig. 23 A "technical pen." These are supplied

in single pens or in sets. A set of twelve pens
gives line widths of about l

/200 in. to about
3/
32 in.

board, and the instruments should be wiped with

a dustcloth before starting to draw.

24. The Pencil and Its Use.
The grade of pencil must be selected carefully, with

reference to the surface of the paper as well as to

the line quality desired. For a pencil layout on detail

paper of good texture, a pencil as hard as 5H or

6H may be used; for finished pencil drawings on the

same paper, 2H, 3H, or 4H pencils give the blacker

line needed. For finished pencil drawings or tracings

on vellum, softer pencils, H to 3H, are employed to

get printable lines. The F pencil is used for technical

sketching, and the H is popular for lettering. In each

case the pencil must be hard enough not to blur or

smudge but not so hard as to cut grooves in the

paper under reasonable pressure.

To sharpen a pencil, cut away the wood from the

unlettered end with a pen-knife or mechanical

sharpener, as shown in Fig. 24«, and then sharpen

the lead to make a long, conic point, as at (/?), by

twirling the pencil as the lead is rubbed with long

even strokes against the sandpaper pad or file or

placed in a special lead sharpener.

A flat or wedge point will not wear away in use

so fast as a conic point, and on that account some
prefer it tor straight-line work. The long, wedge point

illustrated at (c) is made by first sharpening, as at

(a), then making the two long cuts on opposite sides,

as shown, then flattening the lead on the sandpaper

pad or file, and finishing by touching the corners

to make the wedge point narrower than the diameter

of the lead.

Have the sandpaper pad within easy reach, and

keep the pencils sharp. Some hang the pad or file on

a cord attached to the drawing table. The profes-

sional draftsman sharpens his pencil every few

minutes. After sharpening the lead, wipe off excess

graphite dust before using the pencil. Form the habit

of sharpening the lead as often as you might dip

a writing pen into the inkwell. Most commercial and

many college drafting rooms are equipped with

Dexter or other pencil sharpeners to save time.

Not only must pencil lines be clean and sharp,

WEDGE POINT FOR STRAIGHT LINES

fig. 24. Sharpening the pencil. Wood is re-

moved first, then the point is made with

sandpaper or a file or special lead sharpener.

For semiautomatic pencils, adjust the lead to

the proper length and make the point with

sandpaper or a file.
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but for pencil drawings and tracings to be blue-

printed, it is absolutely necessary that all the lines

of each kind be uniform, firm, and opaque. This

means a careful choice of pencils and the proper

use of them. The attempt to make a dark line with

too hard a pencil results in cutting deep grooves in

the paper. Hold the pencil firmly, yet with as much

ease and freedom as possible.

Keep an even constant pressure on the pencil,

and when using a conic point, rotate the pencil as

the line is drawn so as to keep both the line and

pencil sharp. Use a draftsman's brush or soft cloth

occasionally to dust off excess graphite from the

drawing.

Too much emphasis cannot be given to the im-

portance of clean, careful, accurate penciling. Never

entertain the thought that poor penciling can be

corrected in tracing.

25. Placing the Paper.
Since the T-square blade is more rigid near the head

than toward the outer end, the paper, if much
smaller than the size of the board, should be placed

close to the left edge of the board (within an inch

or so) with its lower edge several inches from the

bottom of the board. With the T square against the

left edge of the board, square the top of the paper;

hold it in this position, slipping the T square down
from the edge, and put a thumbtack in each upper

corner, pushing it in up to the head so that the head

aids in holding the paper. Then move the T square

down over the paper to smooth out possible wrin-

kles, and put thumbtacks in the other two corners.

Drafting tape may be used instead of thumbtacks.

26. Use of the T Square.
The T square and the triangles have straight edges

and are used for drawing straight lines. Horizontal

lines are drawn with the T square, which is used

with its head against the left edge of the drawing

board and manipulated as follows: Holding the head

of the tool, as shown in Fig. 25«, slide it along the

edge of the board to a spot very near the position

desired. Then, for closer adjustment, change your

hold either to that shown at (b), in which the thumb
remains on top of the T-square head and the other

SLIDE TO POSITION

(M

HOLD IN POSITION
AS LINE IS DRAWN

fig. 25. Manipulating the T square. The
head must be firmly against the straight left

edge of the board.

fingers press against the underside of the board,

or, as is more usual, to that shown at (c), in which

the fingers remain on the T square and the thumb

is placed on the board.
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fig. 26. Drawing a horizontal line. Hold the

T square with the left hand; draw the line

from left to right; incline the pencil in the

direction of stroke, so that the pencil

"slides" over the paper.

Figure 26 shows the position of the hand and

pencil for drawing horizontal lines. Note that the

pencil is inclined in the direction the line is drawn,

that is, toward the right, and also slightly away from

the body so that the pencil point is as close as

possible to the T-square blade.

In drawing lines, take great care to keep them

accurately parallel to the guiding edge of the T

square. The pencil should be held lightly, but close

against the edge, and the angle should not vary

during the progress of the line. Horizontal lines

should always be drawn from left to right. A T-square

blade can be tested for straightness by drawing a

sharp line through two points and then turning the

square over and with the same edge drawing an-

other line through the points, as shown in Fig. 27.

27. Use of the Triangles.
Vertical lines are drawn with the triangle, which is

set against the T square with the perpendicular edge

nearest the head of the square and thus toward the

light (Fig. 28). These lines are always drawn upward,

from bottom to top.
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fig. 28. Drawing a vertical line. With the T

square and triangle in position, draw the line

from bottom to top— always away from the

body.

In drawing vertical lines, the T square is held in

position against the left edge of the board by the

thumb and little finger of the left hand while the

other fingers of this hand adjust and hold the trian-

gle. You can be sure that the T square is in contact

with the board when you hear the little double click

as the two come together, and slight pressure of

the thumb and little finger toward the right will

maintain the position. As the line is drawn, pressure

of all the fingers against the board will hold the T

square and triangle firmly in position.

As in using the T square, care must be taken to

keep the line accurately parallel to the guiding edge.

Note the position of the pencil in Fig. 28.

In both penciling and inking, the triangles must

always be used in contact with a guiding straight-

edge. To ensure accuracy, never work to the extreme

corner of a triangle; to avoid having to do so, keep

the T square below the lower end of the line to be

drawn.

With the T square against the edge of the board,

lines at 45° are drawn with the standard 45° trian-

gle, and lines at 30° and 60° with the 30-60° trian-

gle, as shown in Fig. 29. With vertical and horizontal

lines included, lines at increments of 45° are drawn

with the 45° triangle as at (/>), and lines at 30°

increments with the 30-60° triangle as at (a). The

two triangles are used in combination for angles of

15, 75, 105°, etc. (Fig. 30). Thus any multiple of

15° is drawn directly; and a circle is divided with

the 45° triangle into8 parts, with the 30-60° triangle

into 12 parts, and with both into 24 parts.

To Draa (.ha- Line Parallel to Another (Fig. 31).

Adjust to the given line a triangle held against a

straightedge, hold the guiding edge in position, and

slide the triangle on it to the required position.

To Draw a Perpendicular to Any Line (Fig. 32).

Place a triangle with one edge against the T square

(or another triangle), and move the two until the

hypotenuse of the triangle is coincident with the line,

as at position </; hold the T square in position and

turn the triangle, as shown, until its other side is

against the T square; the hypotenuse will then be

perpendicular to the original line. Move the triangle

to the required position. A quicker method is to set

the triangle with its hypotenuse against the guiding

edge, fit one side to the line, slide the triangle to

the required point and draw the perpendicular, as

shown at position h.

Never attempt to draw a perpendicular to a line

with only one triangle by placing one leg of the

triangle along the line.

Through internal strains, triangles sometimes lose

'

their accuracy. They may be tested by drawing a

perpendicular and then reversing the triangle, as

shown in Fig. 33.

28. The Left-handed Draftsman.
If you are left-handed, reverse the T square and
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fig. 29. To draw angles of 30°, 45°, 60°.

Multiples of 30° are drawn with the 30-60°

triangle, multiples of 45° with the 45° tri-

angle.

fig. 30. To draw angles of 15° and 75°.

Angles in increments of 15° are obtained

with the two triangles in combination.

J3ase
Line
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fig. 31. To draw parallel lines. With the T
square as a base, the triangle is aligned and
then moved to the required position.

fig. 32. To test a triangle for right angle,

draw a line with the triangle in each position;

twice the error is produced.

fig. 33. To draw perpendicular lines. With

the T square as a base and the triangle in

position a, the triangle is aligned, then ro-

tated and moved to perpendicular position;

for position b, only the triangle is moved.

triangles left for right as compared with the regular

right-handed position. Use the head of the T square

along the right edge of the board, and draw hori-

zontal lines from right to left. Place the triangle with

its vertical edge to the right, and draw vertical lines

from bottom to top. The drawing table should be

placed with the light coming from the right.

29. Use of the Scale.

Scale technique is governed largely by the require-

ments of accuracy and speed. Before a line can be

drawn, its relative position must be found by scaling,

and the speed with which scale measurement can

be made will greatly affect the total drawing time.

Precise layouts and developments, made to scale
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or full size, it is necessary to reduce the size of the

drawing in some regular proportion, and for this

purpose one of the standard mechanical engineer's,

civil engineer's, or architect's scales is used. Stand-

ard scales are given in Fig. 35.

The first reduction is to half size, or to the scale

of 6" = l'-O". In other words, % in. on the drawing

represents a distance of 1 in. on the object. Stated

in terms used for the architect's scales, a distance

of 6 in. on the drawing represents 1 ft on the object.

This scale is used even if the object is only slightly

larger than could be drawn full size. If this reduction

is not sufficient, the drawing is made to quarter size,

or to the scale of 3" = l'-O". If the quarter-size scale

is too large, the next reduction is eighth size, or

iy
2
" = l'-O", the smallest proportion usually sup-

plied on standard mechanical engineer's scales; but

the architect's scales are used down to 3,

32
" = l'-O",

as shown by the listings in Fig. 35.

In stating the scale used on a drawing, the infor-

mation should be given in accordance with the scale

used to make the drawing. If a standard mechanical

engineer's scale is employed, the statement may
read that the scale is (1) full size. (2) half size, (3)

quarter size, or (4) eighth size. These scales may also

be given as (1) 1" = 1", (2) %" = 1", (3) %" = 1",

or (4) %" = 1". If a standard architect's scale is

used, the statement is given in terms of inches

to the foot. Examples are (1) 3" = l'-O", (2)

l
1//' = l'-O", or (3) 1" = l'-O". In stating the scale,

the first figure always refers to the drawing and the

second to the object. Thus 3" = l'-O" means that

3 in. on the drawing represents 1 ft on the object.

Drawings to odd proportions, such as 9" = l'-O",

4" = l'-O", 5" = l'-O", are used only in rare cases

when drawings are made for reduction and the con-

ditions of size demand a special scale.

The terms "scale" and "size" have different

meanings. The scale %" = l'-O" is the usual one

for ordinary house plans and is often called by ar-

chitects the "quarter scale." This term should not

be confused with term "quarter size," as the former

means % in. to 1 ft and the latter % in. to 1 in.

The size of a circle is generally stated by giving

its diameter, while to draw it the radius is necessary.

Two scales are usually supplied together on the same

body, for example, half and quarter size. Therefore,

in drawing to half size, it is often convenient to lay

off the amount of the diameter with the quarter-size

scale and use this distance as the radius.

Small pieces are often made "double size," and

very small mechanisms, such as watch parts, are

drawn to greatly enlarged sizes: 10 to 1, 20 to 1,

40 to 1, and 50 to 1, using special enlarging scales.

For plotting and map drawing, the civil engineer's

scales of decimal parts, with 10, 20, 30, 40, 50, 60,

and 80 divisions to the inch, are used. These scales

are not used for machine or structural work but in

certain aircraft drawings.

The important thing in drawing to scale is to think

and speak of each dimension in its full size and not

in the reduced (or enlarged) size it happens to be on

the paper. This practice prevents confusion between

actual and represented size.

30. Reading the Scale.

Reading the standard mechanical engineer's scales

is rather simple, because the scale is plainly marked

in inches, and the smaller graduations are easily

recognized as the regular divisions of the inch into

% % Vt'
and x

i6-
Tnus tne scales TOr nalf size

'

quarter size, and eighth size are employed in exactly

the same manner as a full-size scale.

The architect's scales, being open-divided and to

stated reductions, such as 3" = l'-0", may require

some study by the beginner in order to prevent

confusion and mistakes. As an example, consider

the scale of 3" = l'-O". This is the first reduction

scale of the usual triangular scale; on it the distance

of 3 in. is divided into 12 equal parts, and each of

these is subdivided into eighths. This distance

should be thought of not as 3 in. but as a foot

divided into inches and eighths of an inch. Notice

that the divisions start with the zero on the inside,

the inches of the divided foot running to the left

and the open divisions of feet to the right, so that

dimensions given in feet and in inches may be read

directly, as l'-O 1/," (Fig. 36). On the other end will

be found the scale of 1V2
" = 1' 0", or eighth size,

with the distance of \\'
2

in. divided on the right of

the zero into 12 parts and subdivided into quarter

inches, with the foot divisions to the left of the zero
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fig. 36. Reading an open-divided scale. Feet

are given on one side of the zero, inches and

fractions on the other.

coinciding with the marks of the 3-in. scale. Note

again that in reading a distance in feet and inches,

for example, the 2'-7%" distance in Fig. 36, feet are

determined to the left of the zero and inches to the

right of it. The other scales, such as %" = l'-0" and

%" = l'-0", are divided in a similar way, the only

difference being in the value of the smallest gradua-

tions. The scale of 3

/32
" = l'-O", for example, can

be read only to the nearest 2 in.

31. "Laying out" the Sheet.

The paper is usually cut somewhat larger than the

desired size of the drawing and trimmed to size after

the work is finished. Suppose the finished size is

to be 11 by 17 in. with a y2 -in. border inside. Lay

the scale down on the paper close to the lower edge

and measure 17 in., marking the distance with the

pencil; at the same time mark l

/2 in. inside at each

end for the border line. Use a short dash forming

a continuation of the division line on the scale in

FIG. 37. Handling the dividers. The instru-

ment is opened and adjusted with one hand.

laying off a dimension. Do not bore a hole with the

pencil. Near the left edge mark 11- and V2 -in. border-

line points. Through these four marks on the left

edge, draw horizontal lines with the T square; and

through the points on the lower edge, draw vertical

lines, using the triangle against the T square.

32. Use of Dividers.
Dividers are used for transferring measurements

and for dividing lines into any number of equal

parts. Facility in their use is essential, and quick and

absolute control of their manipulation must be

gained. The instrument should be opened with one

hand by pinching the chamfer with the thumb and

second finger. This will throw it into correct position

with thumb and forefinger outside the legs and the

second and third fingers inside, with the head rest-

ing just above the second joint of the forefinger (Fig.

37). It is thus under perfect control, with the thumb

and forefinger to close it and the other two to open

it. Practice this motion until you can adjust the

dividers to the smallest fraction. In coming down

to small divisions, the second and third fingers must

be gradually slipped out from between the legs as

they are closed down upon them. Notice that the

little finger is not used in manipulating the dividers.

33. To Divide a Line hy Trial.

In bisecting a line, the dividers are opened at a guess

to roughly half the length. This distance is stepped

off on the line, holding the instrument by the handle

with the thumb and forefinger. If the division is

short, the leg should be thrown out to half the re-

mainder (estimated by eye), without removing the
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other leg from the paper, and the line spaced again

with this new setting (Fig. 38). If the result does not

come out exactly, the operation can be repeated.

With a little experience, a line can be divided rapidly

in this way. Similarly, a line, either straight or curved,

can be divided into any number of equal parts, say,

five, by estimating the first division, stepping this

lightly along the line, with the dividers held vertically

by the handle, turning the instrument first in one

direction and then in the other. If the last division

falls short, one-fifth of the remainder should be

added by opening the dividers, keeping one point

on the paper. If the last division is over, one-fifth

of the excess should be taken off and the line re-

spaced. If it is found difficult to make this small

adjustment accurately with the fingers, the hair-

spring may be used. You will find the bow spacers

more convenient than the dividers for small or

numerous divisions. Avoid pricking unsightly holes

in the paper. The position of a small prick point may
be preserved, if necessary, by drawing a small circle

around it with the pencil.

fig. 38. Bisecting a line. Half is estimated;

then the dividers are readjusted by estimat-

ing half the original error.

34. Use of the Compasses.
The compasses have the same general shape as the

dividers and are manipulated in a similar way. First

of all, the needle should be permanently adjusted.

Insert the pen in place of the pencil leg, turn the

needle with the shoulder point out, and set it a trifle

longer than the pen, as in Fig. 39; replace the pencil

leg, sharpen the lead to a long bevel, as in Fig. 40,

and adjust it to the needle point. All this is done

so that the needle point will be in perfect position

for using the pen; the pencil, which must be sharp-

ened frequently, can be adjusted each time to mate

in length with the needle point.

fig. 39. Adjusting the needle point of a

large compass. The point is adjusted to the

pen; the pen is then replaced by the pencil leg

and the pencil adjusted to the point.

fig. 40. Adjusting the pencil lead. The

length is adjusted so that the instrument will

be vertically centered.
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fig. 41. Setting the compass to radius size.

Speed and accuracy are obtained by adjust-

ing directly on the scale.

FIG. 42. Guiding the needle point. For accu-

racy of placement, guide with the little finger.

To Draw a Circle. Set the compass on the scale,

as shown in Fig. 41, and adjust it to the radius

needed; then place the needle point at the center

on the drawing, guiding it with the left hand (Fig.

42). Raise the fingers to the handle and draw the

circle in one sweep, rolling the handle with the

thumb and forefinger, inclining the compass slightly

in the direction of the line (Fig. 43).

The position of the fingers after the rotation is

shown in Fig. 44. The pencil line can be brightened,

if necessary, by making additional turns. Circles up

to perhaps 3 in. in diameter can be drawn with the

legs of the compass straight, but for larger sizes,

both the needlepoint leg and the pencil or pen leg

fig. 43. Starting a circle. The compass is

inclined in the direction of the stroke.

fig. 44. Completing a circle. The stroke is

completed by twisting the knurled handle in

the fingers.
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fig. 45. Drawing a large circle. Knuckle

joints are bent to make the legs perpendicu-

lar to the paper.

should be bent at the knuckle joints so as to be

perpendicular to the paper (Fig. 45). The 6-in. com-

pass may be used in this way for circles up to per-

haps 10 in. in diameter; larger circles are made by

using the lengthening bar, as illustrated in Fig. 46,

or the beam compass (Fig. 19). In drawing concen-

tric circles, the smallest should always be drawn first,

before the center hole has become worn.

fig. 47. Adjusting a bow instrument. One
hand only is needed. Center-wheel bows are

held similarly.

The bow instruments are used for small circles,

particularly when a number are to be made of the

same diameter. To avoid wear (on side-wheel instru-

ments), the pressure of the spring against the nut

can be relieved in changing the setting by holding

the points in the left hand and spinning the nut in

or out with the finger. Small adjustments should be

made with one hand with the needle point in posi-

tion on the paper (Fig. 47).

When several concentric circles are drawn, time

may be saved by marking off the several radii on

the paper from the scale and then setting the com-

pass to each mark as the circles are made. In some
cases it may be advantageous to measure and mark

fig. 46. Use of the lengthening bar. The
joints must be bent to bring the legs perpen-

dicular. Usually two hands are used because

the handle is off center.
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the radius on the paper instead of setting the com-

pass directly on the scale. This method must be used

whenever the radius is greater than the length of

the scale.

When extreme accuracy is required, the compass

is set, a light circle is drawn on the paper, and the

diameter is checked with the scale; if the size is not

satisfactory, the compass is adjusted and the opera-

tion is repeated until the size needed is obtained.

35. The Ruling Pen.
The ruling pen is for inking straight lines and non-

circular curves. Several types are illustrated in Fig.

20. The important feature is the shape of the blades;

they should have a well-designed ink space between

them, and their points should be rounded (actually

elliptical in form) equally, as in Fig. 48. If pointed,

as in Fig. 49, the ink will arch up as shown and will

be provokingly hard to start. If rounded to a blunt

point, as in Fig. 50, the ink will flow too freely,

forming blobs and overruns at the ends of the lines.

Pens in constant use become dull and worn, as

illustrated in Fig. 51. It is easy to tell whether a pen

is dull by looking for the reflection of light that

travels from the side and over the end of the point

when the pen is turned in the hand. If the reflection

can be seen all the way, the pen is too dull. A pen

in poor condition is an abomination, but a well-

sharpened one is a delight to use. Every draftsman

should be able to keep his pens in fine condition.

High-grade pens usually come from the makers

well sharpened. Cheaper ones often need sharpen-

ing before they can be used.

36. To Sharpen a Pen.
The best stone for the purpose is a hard Arkansas

knife piece. It is well to soak a new stone in oil for

several days before using. The ordinary carpenter's

oilstone is too coarse for drawing instruments.

The nibs must first be brought to the correct

shape, as in Fig. 48. Screw the nibs together until

they touch and, holding the pen as in drawing a line,

draw it back and forth on the stone, starting the

stroke with the handle at 30° or less with the stone

and swinging it up past the perpendicular as the

fig. 48. Correct shape of pen nibs. A nicely

uniform elliptical shape is best.

fig. 49. Incorrect shape of pen nibs. This

point is much too sharp. Ink will not flow well.

fig. 50. Incorrect shape of pen nibs. This

point is too flat. Ink will blob at the beginning

and end of the line.

fig. 51. Shape of worn pen nibs. This point

needs sharpening to the shape of Fig. 48.
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fig. 52. Sharpening a pen. After bringing

the point to the shape of Fig. 48. work down
the sides by a rocking motion to conform to

blade contour.

line across the stone progresses. This will bring the

nibs to exactly the same shape and length, leaving

them very dull. Then open them slightly, and

sharpen each blade in turn, on the outside only, until

the bright spot on the end has just disappeared.

Hold the pen, as in Fig. 52, at a small angle with

the stone and rub it back and forth with a slight

oscillating or rocking motion to conform to the shape

of the blade. A stone 3 or 4 in. long held in the

left hand with the thumb and fingers gives better

control than one laid on the table. Silicon carbide

cloth or paper can be substituted for the stone, and

for a fine job, crocus cloth may be used for finishing.

A pocket magnifying glass may be helpful in exam-

ining the points. The blades should not be sharp

enough to cut the paper when tested by drawing

a line across it without ink. If oversharpened, the

blades should again be brought to touch and a line

swung very lightly across the stone as in the first

operation. When tested with ink, the pen should be

capable of drawing clean sharp lines down to the

finest hairline. If these finest lines are ragged or

broken, the pen is not perfectly sharpened. It should

not be necessary to touch the inside of the blades

unless a burr has been formed, which might occur

if the metal is very soft, the stone too coarse, or

the pressure too heavy. To remove such a burr, or

wire edge, draw a strip of detail paper between the

nibs, or open the pen wide and lay the entire inner

surface of the blade flat on the stone and move it

with a very light touch.

37. Use of the Ruling Pen.
The ruling pen is always used in connection with

a guiding edge—T square, triangle, or curve. The

T square and triangle should be held in the same
positions as for penciling.

To fill the pen, take it to the bottle and touch the

quill filler between the nibs. Be careful not to get

any ink on the outside of the blades. If the newer

plastic squeeze bottle is used, place the small spout

against the sides of the nibs and carefully squeeze

a drop of ink between the nibs. Not more than 3
/u

to % in. of ink should be put in; otherwise the weight

of the ink will cause it to drop out in a blot. The

pen should be held in the fingertips, as illustrated

in Fig. 53, with the thumb and second finger against

the sides of the nibs and the handle resting on the

forefinger. Observe this hold carefully, as the tend-

ency will be to bend the second finger to the position

used when a pencil or writing pen is held. The posi-

tion illustrated aids in keeping the pen at the proper

angle and the nibs aligned with the ruling edge.

The pen should be held against the straightedge

or guide with the blades parallel to it, the screw on

the outside and the handle inclined slightly to the

right and always kept in a plane passing through

the line and perpendicular to the paper. The pen

is thus directed by the upper edge of the guide, as

fig. 53. Correct position of ruling pen. The
pen is inclined in the direction of the stroke

but held perpendicular to the paper, as in

Fig. 54.
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fig. 54. Correct pen position. Even though

the pen is inclined in the direction of the

stroke, both nibs must touch the paper

equally.

illustrated in actual size in Fig. 54. If the pen point

is thrown out from the perpendicular, it will run on

one blade and make a line that is ragged on one

side. If the pen is turned in from the perpendicular,

the ink is likely to run under the edge of the guide

and cause a blot.

A line is drawn with a steady, even arm move-

ment, the tips of the third and fourth fingers resting

on, and sliding along, the straightedge, keeping the

angle of inclination constant. Just before the end

of the line is reached, the two guiding fingers on

the straightedge should be stopped and, without

stopping the motion of the pen, the line finished

with a finger movement. Short lines are drawn with

this finger movement alone. When the end of the

line is reached, the pen is lifted quickly and the

straightedge moved away from the line. The pres-

sure on the paper should be light but sufficient to

give a clean-cut line, and it will vary with the kind

of paper and the sharpness of the pen. The pressure

against the T square, however, should be only

enough to guide the direction.

If the ink refuses to flow, it may be because it

has dried in the extreme point of the pen. If pinching

the blades slightly or touching the pen on the finger

does not start it, the pen should immediately be

wiped out and fresh ink supplied. Pens must be

wiped clean after using.

In inking on either paper or cloth, the full lines

^
FIG. 55. Inking over pencil line. Center ink

line over original layout line.

will be much wider than the pencil lines. You must
be careful to have the center of the ink line cover

the pencil line, as illustrated in Fig. 55.

Instructions in regard to the ruling pen apply also

to the compass. The compass should be slightly

inclined in the direction of the line and both nibs

of the pen kept on the paper, bending the knuckle

joints, if necessary, to effect this.

It is a universal rule in inking that circles and circle

arcs must be inked first. It is much easier to connect

a straight line to a curve than a curve to a straight

line.

38. Tangents.
It should be noted particularly that two lines are

tangent to each other when the center lines of the

lines are tangent and not simply when the lines

touch each other; thus at the point of tangency, the

width will be equal to the width of a single line (Fig.

56). Before inking tangent lines, the point of tan-

gency should be marked in pencil. For an arc tan-

gent to a straight line, this point will be on a line

fig. 56. Correct and incorrect tangents.

Lines must be the width of one line at tangent

point.
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through the center of the arc and perpendicular to

the straight line, and for two circle arcs it will be

on the line joining their centers, as described in

Sees. 5 to 16, Chap. 3.

39. The "Alphabet of Lines."
As the basis of drawing is the line, a set of conven-

tional symbols covering all the lines needed for

different purposes may properly be called an alpha-

bet of lines. Figures 57 and 58 show the alphabet

of lines adopted by the ANSI as applied to the follow-

ing:

1. Drawings made directly or traced in pencil on

tracing paper or pencil cloth, from which blueprints

or other reproductions are to be made (Fig. 57).

2. Tracings in ink on tracing cloth or tracing paper

and inked drawings on white paper for display or

photoreproductions (Fig. 58).

The ANSI recommends three widths of lines for

finished drawings: thick for visible outlines and

cutting-plane and short-break lines; medium for

hidden outlines; and thin for section, center,

extension, dimension, long-break, adjacent-part,

alternate-position, and repeat lines. The actual

FINISHED PENCI
DRAWING OR TRACING

LONG BREAK

fig. 57. The alphabet of lines for pencil

drawings.
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INKED D R AW I N G
OR TRACING

fig. 58. The alphabet of lines for inked

drawings.

widths of the three weights of lines, on average

drawings, should be about as in Figs. 57 and 58.

A convenient line gage is given in Fig. 59. If ap-

plied to Fig. 58, this gage would show the heavy

lines in ink to be between y30 and % in., the me-

dium lines y60 in., and the fine lines yi00 in. in

width. To use the line gage, draw a line about V/
2

in. long in pencil or ink on a piece of the drawing

paper and apply it alongside the gage. By this

method a good comparison can be made. Note that

the standard lines for pencil drawings are some-

what thinner than for inked drawings, the thick

line being about l

/b0 in., medium about y80 in., and

thin between yi00 and yi50 in. Study Figs. 57 and

58 carefully and try to make your drawings con-

form to these standard lines. Professional appear-

ance depends to a great extent upon the line

weights used. Line widths for layout drawings are

thin throughout because the watchword here is ac-

curacy. Layout drawings are often traced in pencil

or ink to the weights given in Figs. 57 and 58 and

are then finished drawings.
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If the curved line is symmetrical about an axis,

marks locating this axis, after it has been matched

accurately on one side, may be made in pencil on

the curve and the curve then reversed. In such a

case take exceptional care to avoid a "hump" at the

joint.

It is often better to stop a line short of the axis

on each side and close the gap afterward with an-

other setting of the curve.

When using the curve in inking, the pen should

be held perpendicular and the blades kept parallel

to the edge. The inking of curves is excellent prac-

tice.

Sometimes, particularly at sharp turns, a combi-

nation of circle arcs and curves may be used: In

inking a long, narrow ellipse, for example, the sharp

curves may be inked by selecting a center on the

major diameter by trial, drawing as much arc as will

practically coincide with the ends of the ellipse, and

then finishing the ellipse with the curve. The experi-

enced draftsman will sometimes ink a curve that

cannot be matched accurately by varying the dis-

tance of the pen point from the ruling edge as the

line progresses.

42. Erasing.
The erasing of pencil lines and ink lines is a neces-

sary technique to learn. When changing some detail,

a designer, working freely but lightly, uses a soft

pencil eraser so as not to damage the finish of the

paper. Heavier lines are best removed with a Ruby

pencil eraser. If the paper has been grooved by the

line, it may be rubbed over with a burnisher or even

with the back of the thumbnail. In erasing an ink

-
l

i

fig. 61. Use of the French curve. The
changing curvature of line and curve must
match.
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line, hold the paper down firmly and rub lightly and

patiently, with a Ruby pencil eraser, first along the

line and then across it, until the ink is removed. A
triangle slipped under the paper or cloth gives a good

backing surface.

When an erasure is made close to other lines,

select an opening of the best shape on the erasing

shield (Fig. 3d) and rub through it, holding the shield

down firmly, first seeing that both of its sides are

clean. Wipe the eraser crumbs off the paper with

a dustcloth or brush. Never scratch out a line or blot

with a knife or razor blade, and use so-called ink

erasers sparingly, if at all. A skilled draftsman

sometimes uses a sharp blade to trim a thickened

spot or overrunning end on a line.

For extensive erasing, an electric erasing machine

is a great convenience. Several successful models

are on the market.

43. Cautions in the Use of Instruments.
To complete this discussion of instruments, here are

a few points worth noting:

Never use the scale as a ruler for drawing

lines.

Never draw horizontal lines with the lower edge

of the T square.

Never use the lower edge of the T square as a

horizontal base for the triangles.

Never cut paper with a knife and the edge of

the T square as a guide.

Never use the T square as a hammer.
Never put either end of a pencil into the mouth.

Never work with a dull pencil.

Never sharpen a pencil over the drawing board.

Never jab the dividers into the drawing board.

Never oil the joints of compasses.

Never use the dividers as reamers, pincers, or

picks.

Never use a blotter on inked lines.

Never screw the pen adjustment past the con-

tact point of the nibs.

Never leave the ink bottle uncorked.

Never hold the pen over the drawing while filling.

Never put into the drawing-ink bottle a writing

pen that has been used in ordinary writing ink.

Never try to use the same thumbtack holes in

either paper or board when putting paper down a

second time.

Never scrub a drawing all over with an eraser

after finishing. It takes the life out of the lines.

Never begin work without wiping off the table

and instruments.

Never put instruments away without cleaning

them. This applies with particular force to pens.

Never put bow instruments away without open-

ing to relieve the spring.

Never work on a table cluttered with unneeded
instruments or equipment.

Never fold a drawing or tracing.

44. Exercises in the Use of Instruments.
The following problems can be used as progressive

exercises for practice in using the instruments. Do
them as finished pencil drawings or in pencil layout

to be inked. Line work should conform to that given

in the alphabet of lines (Figs. 57 and 58).

The problems in Chap. 3 afford excellent addi-

tional practice in accurate penciling.
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PROBLEMS

Group 1. Straight Lines.
1. An exercise for the T square, triangle, and scale.

Through the center of the space draw a horizontal and

a vertical line. Measuring on these lines as diameters,

lay off a 4-in. square. Along the lower side and upper

half of the left side measure y2-in. spaces with the scale.

Draw all horizontal lines with the T square and all vertical

lines with the T square and triangle.

2. An interlacement. ForT square, triangle, and dividers.

Draw a 4-in. square. Divide the left side and lower side

into seven equal parts with dividers. Draw horizontal and

vertical lines across the square through these points.

Erase the parts not needed.

3. A street-paving intersection. For 45° triangle and

scale. An exercise in starting and stopping short lines.

Draw a 4-in. square. Draw its diagonals with 45° triangle.

With the scale, lay off ^in. spaces along the diagonals

from their intersection. With 45° triangle, complete the

figure, finishing one quarter at a time.

4. A square pattern. For 45° triangle, dividers, and scale.

Draw a 4-in. square and divide its sides into three equal

parts with dividers. With 45° triangle, draw diagonal lines

connecting these points. Measure 3

8
in. on each side of

these lines, and finish the pattern as shown in the draw-

ing at the bottom of the page.

5. An acoustic pattern. For 45° triangle, T square, and

scale. Draw two intersecting 45° diagonals 4 in. long,

to form a field. With the scale lay off l

/2-in. spaces from

their intersection. Add the narrow border 3

/16 in. wide.

Add a second border l

/2 in. wide. The length of the border

blocks is projected from the corners of the field blocks.

6. Five cards. Visible and hidden lines. Five cards l
3
/4

by 3 in. are arranged with the bottom card in the center,

the other four overlapping each other and placed so that

their outside edges form a 4-in. square. Hidden lines

indicate edges covered.

7. A Maltese cross. For T square, spacers, and 45° and
30-60° triangles. Draw a 4-in. square and a l

3

8
-m.

square. From the corners of the inner square, draw lines

to the outer square at 15° and 75°, with the two triangles

in combination. Mark points with spacers % in. inside

each line of this outside cross, and complete the figure

with triangles in combination.

r
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Group 2. Straight Lines and Circles.

8. Insignia. For T square, triangles, scale, and com-

passes. Draw the 45° diagonals and the vertical and

horizontal center lines of a 4-in. square. With compass,

draw a 3

4
-in. -diameter construction circle, a 2 3

/
4
-in. circle,

and a 3%-in. circle. Complete the design by adding a

square and pointed star as shown.

9. A six-point star. For compass and 30-60° triangle.

Draw a 4-in. construction circle and inscribe the six-point

star with the T square and 30-60° triangle. Accomplish

this with 4 successive changes of position of the triangle.

10. A stamping. For T square, 30-60° triangle, and

compasses. In a 4-in. circle draw six diameters 30° apart.

Draw a 3-in. construction circle to locate the centers of

5
/

16 -in. -radius circle arcs. Complete the stamping with

perpendiculars to the six diameters as shown.

11. Insignia. The device shown is a white star with a

red center on a blue background. Draw a 4-in. circle and

a 1%-in. circle. Divide the large circle into five equal parts

with the dividers and construct the star by connecting

alternate points as shown. Red is indicated by vertical

lines and blue by horizontal lines. Space these by eye

approximately '/
16-in.

apart.

12. A 24-point star. For T square and triangles in com-

bination. In a 4-in. circle draw 12 diameters 15° apart,

using T square and triangles singly and in combination.

With same combinations, finish the figure as shown.

PROB. 8. PROB. 9. PROB. 10. PROB. 11. PROB. 12.

Group 3. Circles and Tangents.
13. Concentric circles. For compass (legs straight) and

scale. Draw a horizontal line through the center of a

space. On it mark off radii for eight concentric circles

% in. apart. In drawing concentric circles, always draw

the smallest first.

14. A four-centered spiral. For accurate tangents. Draw
a %-in. square and extend its sides as shown. With the

upper-right corner as center, draw quadrants with %- and
%-in. radii. Continue with quadrants from each corner

in order until four turns have been drawn.

15. A loop ornament. For bow compass. Draw a 2 in.

square, about center of space. Divide AE into four %-in.

spaces with scale. With bow pencil and centers A, B, C,

and D, draw four semicircles with %-in. radius, and so

on. Complete the figure by drawing the horizontal and

vertical tangents as shown.

16. A rectilinear chart. For French curve. Draw a 4-in.

field with L

/2 -in. coordinate divisions. Plot points at the

intersections shown, and through them sketch a smooth

curve very lightly in pencil. Finish by marking each point

with a l

/16 -in. circle and drawing a smooth line with the

French curve.

PROB. 13. PROB. 14. PROB. 15. PROB. 16.
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Group 4. Scales.

17. Scale practice.

(a) Measure lines A to C to the following scales: A,

full size; B. V2 size; C, 3" = l'-O"; D. 1" = l'-O"; £.

%" = l'-O"; F, %" = l'-O"; C, 3

/16" = l'-O".

(/>) Lay off distances on lines H to IV as follows: H.

3 3
/1(,", full size; /, 7", l

/2 size; ./,
2'-6", 1%" = l'-O";

K, 7'-5y
2
", %" = l'-O"; L. lO'-ll", 3

/8
" = l'-O"; M,

28'-4", %" = l'-O"; .V. 40'10", 3
/J2

" = l'-O".

(c) For engineer's scale. Lay off distances on lines H
to N as follows: //. 3.2", full size; /, 27'-0", 1" = lO'-O";

/,
66'-0", 1" = 20'-0"; k, 105'-0", 1" = 30'-0"; L.

156'-0", l"=40'-0"; M, 183'0", 1" = 50'-0"; N,

214'-0", 1" = 60'-0".

A H

B H

PROB. 17.

Group 5. Combinations.
18. A telephone dial plate. Draw double size.

19. A film-reel stamping. Draw to scale of 6" = l'-O".

20. Box cover. Make a one-view drawing for rectangular

stamping 3 by 4 in., corners rounded with V2
-in. radius.

Four holes, one in each corner, V16 -in. diameter, 3 and

2 in. center to center, for fasteners. Rectangular hole

in center, 3

8
by 1 in., with 1-in. side parallel to 4-in. side.

Two slots l

A
in. wide, 2 in. long with semicircular ends,

midway between center and 4-in. edges, with 2-in. side

parallel to 4-in. side and centered between 3-in. edges.

21. Spacer. Make a one-view drawing for circular

stamping 4 in. OD (outside diameter), 2 in. ID (inside

diameter). Six %-in. -diameter holes equally spaced on

3-in. -diameter circle, with two holes on vertical center line.

Two semicircular notches 180° apart made with %-in.

radius centered at intersections of horizontal center line

and 4-in.-0D circle.

22. Blank for wheel. Make a one-view drawing for

stamping 5 in. OD; center hole l

/2 in. in diameter; eight

spokes 3
/
8

in. wide connecting l'/
2
-in. -diameter center

portion with V2-in. rim. Eight %-in. -diameter holes with

centers at intersection of center lines of spokes and

4'/
2
-in. circle; '/

8
-in. fillets throughout to break sharp

corners.

prob. 18. A telephone dial plate. prob. 19. A film-reel stamping.
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23. Cover plate. Make a one-view drawing for rectan-

gular stamping 3 by 4 in., corners beveled l

/2 in. each

way. Four holes, one in each corner, %-in. diameter, 3

and 2 in. center to center, for fasteners. Rectangular hole

in center, '/
2
by 1 in. with 1-in. side parallel to 4-in. side.

Two holes, 3
/4 -in. diameter, located midway between the

slot and short side of rectangle on center line through

slot.

24. Drawing of fixture base. Full size. Drill sizes specify

the diameter (see Glossary).

25. Drawing of gage plate. Scale, twice size. Drill sizes

specify the diameter (see Glossary).

26. Drawing of milling fixture plate. Scale, twice size.

Drill size specifies diameter (see Glossary).

27. Drawing of dial shaft. Use decimal scale and draw

10 times size.

28. Drawing of inner toggle for temperature control. Use

decimal scale and draw 10 times size.

i-

S^r=^F

prob. 24. Fixture base.

prob. 26. Milling fixture plate.

.025-

.025

--
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29. Drawing of mounting surface— control. Scale,

twice size.

30. Drawing of mounting leg— control. Scale, full size.

31. Drawing of cooling fin and tube support. Full size.

32. Drawing of cone, sphere, and cylinder combina-

tions. Scale, half size.

33. Drawing of cone-and-ball check. Scale, four times

size.

34. Drawing of bell crank. Stamped steel. Scale, full

size.

35. Drawing of control plate (aircraft hydraulic system).

Stamped aluminum. Scale, full size.

36. Drawing of torque disk (aircraft brake). Stamped
steel. Scale, half size.

37. Drawing of brake shoe. Stamped steel with molded

asbestos composition wear surface. Scale, full size.

jg Emboss (2

35 0, 6 Hole

r

'

O '

1

is ~H;

prob. 29. Mounting surface: control. prob. 30. Mounting leg: control.

prob'. 31. Cooling fin and tube support. prob. 32. Cone, sphere, and cylinder com-
binations.
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prob. 33. Cone and ball check.

-I04D

prob. 34. Bell crank.

-50D 4- Holes

f. \| U} (

3 00-

• 6-00—

T&

prob. 35. Control plate. 750 D 4 Holes

06 R-

prob. 36. Torque disk. prob. 37. Brake shoe.
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1. Graphic Geometry-
Comparison and Classification.

Strict interpretation of constructional geometry al-

lows use of only the compass and an instrument

for drawing straight lines, and with these the geom-

eter, following mathematical theory, accomplishes

his solutions. In graphics the principles of geometry

are employed constantly, but instruments are not

limited to the basic two as T square, triangles,

scales, curves, etc., are used to make constructions

with speed and accuracy. Since there is continual

application of geometric principles, the methods

given in this chapter should be mastered thoroughly.

It is assumed that students using this book under-

stand the elements of plane geometry and will be

able to apply their knowledge.

The constructions given here afford excellent

practice in the use of instruments. Remember that

the results you obtain will be only as accurate as

your skill makes them. Take care in measuring and

in drawing so that your work will be accurate and

professional in appearance.

For easy reference, the various geometric figures

are given in Fig. 101 at the end of this chapter.

This chapter is divided, for convenience and logi-

cal arrangement, into four parts: Line Relationships

^1.

fig. 1. To draw a line through two points.

Use the pencil as a pivot and align the trian-

gle or T square with the second point.

fig. 2. To draw a line through two points

(alternate method). Carefully align the triangle

or T square with the points, and draw the

required line.

fig. 3. To draw a line parallel to another.

Align a triangle with the given line AB using

a base as shown; move it to position through

the given point P and draw the required line.

fig. 4. To draw a line parallel to and a given

distance from a line. Space the distance with

circle arc R; then align a triangle on a base

as shown, move to position tangent to the

circle arc, and draw the required line.
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and Connections, which represent the bulk of the

geometry needed in everyday work; Geometry of

Straight-line Figures; Geometry of Curved Lines; and

Constructions for Lofting and Large Layouts.

LINE RELATIONSHIPS
AND CONNECTIONS

2. To Draw Straight Lines
(Figs. 1 and 2).

Straight lines are drawn by using the straight edge

of the T square or one of the triangles. For short

lines a triangle is more convenient. Observe the

directions for technique in Sees. 2, 3, and 4.

To draw a straight line through two points (Fig.

1), place the point of the pencil at Q and bring the

triangle ( or T square) against the point of the pencil.

Then, using this point as a pivot, swing the triangle

until its edge is in alignment with point P, and draw

the line.

To draw a straight line through two points, alter-

nate method (Fig. 2), align the triangle or T square

with points P and Q, and draw the line.

3. To Draw Parallel Lines
(Figs. 3 and 4).

Parallel lines may be required in any position. Paral-

lel horizontals or verticals are most common. Hori-

zontals are drawn with T square alone, verticals with

T square and triangle. The general cases (odd

angles) are shown in Figs. 3 and 4.

To draw a straight line through a point, parallel

to another line (Fig. 3), adjust a triangle to the given

line AB, with a second triangle as a base. Slide the

aligned triangle to its position at point P and draw

the required line.

To draw a straight line at a given distance from

and parallel to another line (Fig. 4), draw an arc with

the given distance R as radius and any point on the

given line AB as center. Then adjust a triangle to

line AB, with a second triangle as a base. Slide the

aligned triangle to position tangent to the circle arc

and draw the required line.

fig. 5. To draw a line perpendicular to an-

other (when the given line is horizontal). Place

the triangle on the T square and draw the

required line.

fig. 6. To draw a line perpendicular to an-

other (general position). Align a triangle with

the given line as shown; slide it (on another

triangle as a base) to position of perpendicu-

lar and draw the required line.

4. To Draw Perpendicular Lines
(Figs. 5 and 6).

Perpendiculars occur frequently as horizontal-to-

vertical (Fig. 5) but also often in other positions (Fig.

6). Note that the construction of a perpendicular

utilizes the 90° angle of a triangle.

To erect a perpendicular to a given straight line

(alien the given line is horizontal. Fig. 5), place a

triangle on the T square as shown and draw the

required perpendicular.

To erect a perpendicular to a given straight line

(general position. Fig. 6), set a triangle with its hypot-
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enuse against a guiding edge and adjust one side

to the given line. Then slide the triangle so that the

second side is in the position of the perpendicular

and draw the required line.

5. Tangents (Figs. 7 to 20).

A tangent to a curve is a line, either straight or

curved, that passes through two points on the curve

infinitely close together. One of the most frequent

geometric operations in drafting is the drawing of

tangents to circle arcs and the drawing of circle arcs

tangent to straight lines or other circles. These

should be constructed accurately, and on pencil

drawings that are to be inked or traced the points

of tangency should be located by short cross marks

to show the stopping points for the ink lines. The

method of finding these points is indicated in the

following constructions. Note in all the following

tangent constructions that the location of tangent

points is based on one of these geometric facts: (1)

the tangent point of a straight line and circle will

lie at the intersection of a perpendicular to the

straight line that passes through the circle center,

and (2) the tangent point of two circles will lie on

the circumferences of both circles and on a straight

line connecting the circle centers. See Fig. 7.

6. Tangent Points (Fig. 7).

To find the point of tangency for line AB and a circle

with center D, draw DC perpendicular to line AB.

Point C is the tangent point.

To find the tangent point for two circles (Fig. 7)

with centers at D and E, draw DE, joining the cen-

ters. Point P is the tangent point.

7. To Draw a Circle of Given Size

Tangent to a Line and Passing
through a Point (Fig. 8).

Draw a line AB, the given radius distance R away

from and parallel to the given line. Using the given

point S as center, cut line AB at O with the given

radius. O is the center of the circle. Note that there

are two possible positions for the circle.

fig. 7. Tangent points. The tangent point

of a straight line and circle is on the perpen-

dicular from the circle center. The tangent

point of two circles is on a line connecting

their centers.

fig. 8. A circle tangent to a line and passing

through a point. The circle center must be

equidistant from the line and the point.

fig. 9. A circle tangent to a line at a point

and passing through a second point. The
circle center is at the intersection of the

bisector of the chord connecting the points

and the perpendicular from the point on the

line tangent.
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8. To Draw a Circle Tangent
to a Line at a Point and Passing
through a Second Point (Fig. 9).

Connect the two points P and S and draw the per-

pendicular bisector AB (see Sec. 38). Draw a per-

pendicular to the given line at P. The point where

this perpendicular intersects the line AB is the cen-

ter O of the required circle.

9. To Draw a Tangent to a Circle

at a Point on the Circle

(Fig. lO).

Given the arc ABC, draw a tangent at the point C.

Arrange a triangle in combination with the T square

(or another triangle) so that its hypotenuse passes

through center O and point C. Holding the T square

firmly in place, turn the triangle about its square

corner and move it until the hypotenuse passes

through C. The required tangent then lies along the

hypotenuse.

lO. To Draw a Tangent to a Circle

from a Point Outside (Fig. 11).

Given the arc ACB and point P, arrange a triangle

in combination with another triangle (or T square)

so that one side passes through point P and is tan-

gent to the circle arc. Then slide the triangle until

the right-angle side passes through the center of the

circle and mark lightly the tangent point C. Bring

the triangle back to its original position and draw

the tangent line.

1 1 . To Draw a Circle Arc
of Given Radius Tangent
to Two Lines at Right Angles
to Each Other (Fig. 12).

Draw an arc of radius R, with center at corner A,

cutting the lines AB and AC at T and T
1

. Then with

T and T
1
as centers and with the same radius R,

draw arcs intersecting at O, the center of the re-

quired arc.

fig. 10. A tangent at a point on a circle.

The tangent line must be perpendicular to

the line from the point to the center of the

circle.

fig. 11. A tangent to a circle from a point

outside. The line is drawn by alignment

through the point and tangent to the circle;

the tangent point is then located on the per-

pendicular from the circle center.

fig. 12. An arc tangent at right-angle cor-

ner. The arc center must be equidistant from

both lines.
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12. To Draw an Arc of Given
Radius Tangent to Two
Straight Lines (Fig. 13).
Given the lines AB and CD, set the compass to

radius R, and at any convenient point on the given

lines draw the arcs R and Rv With the method of

Fig. 4, draw parallels to the given lines through the

limits of the arcs. These parallels are the loci of the

centers of all circles of radius R tangent to lines AB
and CD, and their intersection at point O will be

the center of the required arc. Find the tangent

points by erecting perpendiculars, as in Fig. 11, to

the given lines through the center O. The figure

above shows the method for an obtuse angle, below

for an acute angle.

13. To Draw a Tangent to Two
Circles (Fig. 14, Open Belt).

Arrange a triangle in combination with a T square

or triangle so that one side is in the tangent position.

Move to positions 2 and 3, marking lightly the tan-

gent points 7"j and T
2

. Return to the original position

and draw the tangent line. Repeat for the other side.

14. To Draw a Tangent to Two
Circles (Fig. 15, Crossed Belt).

Arrange a triangle in combination with a T square

or triangle so that one side is in the tangent position.

Move to positions 2 and 3, marking lightly the tan-

gent points l\ and T
2

. Return to the original position

and draw the tangent line. Repeat for the other side.

15. To Draw a Circle of Radius R
Tangent to a Given Circle and
a Straight Line (Fig. 16).
Let AB be the given line and R

1
the radius of the

given circle. Draw a line CD parallel to AB at a

distance R from it. With O as center and radius

R + Rv swing an arc intersecting CD at X, the

desired center. The tangent point for AB will be on
a perpendicular to AB from V; the tangent point for

the two cfrcles will be on a line joining their centers

.V and O.

fig. 13. An arc tangent to two straight lines.

The arc center must be equidistant from both

straight lines.

fig. 14. Tangents to two circles (open belt).

Tangent lines are drawn by alignment with

both circles. Tangent points lie on perpen-
dicular lines from circle centers.
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fig. 15. Tangents to two circles (crossed

belt). Tangent lines are drawn by alignment

with both circles. Tangent points lie on per-

pendicular lines trom circle centers.

fig. 16. An arc tangent to a straight line and
a circle. The arc center must be equidistant

from the line and the circle.

fig. 17. An arc tangent to two circles. The
arc center must be equidistant from both

circles.

17. To Draw a Reverse, or Ogee,
Curve (Fig. 18).

Given two parallel lines AB and CD, join B and C
by a straight line. Erect perpendiculars at B and C.

Any arcs tangent to lines AB and CD at B and C
must have their centers on these perpendiculars. On

16. To Draw a Circle of Radius R

Tangent to Two Given Circles.

First Case (Fig,. 17, Top). The centers of the given

circles are outside the required circle. Let R
x
and

R
2
be the radii of the given circles and O and P their

centers. With O as center and radius H + R
1

, de-

scribe an arc. With P as center and radius R + R
2 ,

swing another arc intersecting the first arc at Q,

which is the center sought. Mark the tangent points

in line with OQ and QP.

Second Case (Fig. 17, Bottom). The centers of the

given circles are inside the required circle. With O
and P as centers and radii R — R

t
and R — R

2 ,

describe arcs intersecting at the required center Q.

fig. 18. An ogee curve. It is made of circle

arcs tangent to each other and to straight

lines.
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fig. 19. Ogee applications. Note that the

circle arcs are tangent on a line connecting

the centers.

the line BC assume point E, the point through which

it is desired that the curve shall pass. Bisect BE and

EC by perpendiculars. Any arc to pass through B

and E must have its center somewhere on the per-

pendicular from the middle point. The intersection,

therefore, of these perpendicular bisectors with the

first two perpendiculars will be the centers for arcs

BE and EC. This line might be the center line for

a curved road or pipe. The construction may be

checked by drawing the line of centers, which must

pass through E. Figure 19 illustrates the principle

of reverse-curve construction in various combina-

tions.

fig. 20. Reverse curve tangent to three

lines. Note that the arc centers must lie on

a line perpendicular to the tangent line at the

point of tangency.

18. To Draw a Reverse Curve
Tangent to Two Lines and to

a Third Secant Line at

a Given Point (Fig. 20).

Given two lines AB and CD cut by the line EF at

points E and F, draw a perpendicular JH to EF
through a given point P on EF. With E as center and

radius EP, intersect CD at G. Draw a perpendicular

from G intersecting /// at //. With F as center and

radius FP, intersect AB at K. Draw a perpendicular

to AB from K intersecting /// at /. H and / will be

the centers for arcs tangent to the three lines.

GEOMETRYOF STRAIGHT-LINE
FIGURES

19. To Bisect a Line (Fig. 21).

With Compass. From the two ends of the line, swing

arcs of the same radius, greater than one-half the

length of the line, and draw a line through the arc

intersections. This line bisects the given line and

is also the perpendicular bisector. Many geometric

problems depend upon this construction.

With T Square and Triangles (Fig. 22). At two

points, A and B, on the line, draw lines AC and BC
at equal angles with AB. A perpendicular CD to AB
then cuts AB at D, the midpoint, and CD is the

perpendicular bisector of AB.
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FIG. 21. To bisect a line (with compass). The
intersections of equal arcs locate two points

on the perpendicular bisector.

fig. 22. To bisect a line (with T square and
triangle). Equal angles locate one point on

the perpendicular bisector.

fig. 23. To trisect a line (with compass).

Construction is based on the geometry of an

equilateral triangle.

20. To Trisect a Line.
Trisection of a line is not nearly so often needed

as bisection, but will occasionally be required.

Witli Compasses and Straightedge (Fig. 23). On

given line AB and with radius AB, draw two arcs

of somewhat more than quarter circles, using A and

B as centers. These arcs will intersect at C. Using

the same radius AB and with C as center cut the

first arcs at D and E. Then draw DA and EB, which

intersect at O. Using OA (or OB) as radius and A
and B as centers, cut AD and BE at R and S, extend

these arcs to intersect at T. Then draw RT and ST,

which will intersect AB at third points U and V. You

will recognize, upon analysis, that this construction

is based on the geometry of an equilateral triangle

inscribed in a circle, where the diameter of the circle

is equal to one side of the triangle.

With T Square and Triangles (Fig. 24). The above

construction can be accomplished with less detail

by using a 30-60° triangle to obtain the needed

angles. From A and B draw lines at 30° to intersect

at C. Then at 60° to AB draw lines from C that

intersect AB at V and V, the third points.

21. To Divide a Line into 2, 3, 4,

6, 8, 9, 12, or 16 Parts
(Figs. 25 and 26).
Divisions into successive halves, 2, 4, 8, etc., are

the most common. The principle of Fig. 22 can easily

be applied to accomplish the division. As shown in

Fig. 25, equal angles from A and B locate C, and

the perpendicular from C to AB then gives the mid-

point. Successive operations will give 4, 8, 16, etc.,

parts.

The principles of bisection (Fig. 22) and trisection

(Fig. 24) can be combined to get 6, 9, or 12 parts.

As indicated in Fig. 26, lines at 30° to AB from A
and B locate C, and lines at 60° to AB from C locate

D and E, the third points. Then 30° lines from A
and D will bisect AD at F, giving sixth divisions; or

trisecting by the principle of Fig. 24 as from D and

E, giving G and H, will produce ninth points; or as

from E and B, the half point located at /, and again

the half points of EJ and BJ located at K and L,

give twelfth divisions of AB.
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fig. 24. To trisect a line (with T square and

triangle). Third points are located by 30° and
60° angles.

fig. 25. To divide a line into 2, 4, 8, or 16

parts. Equal angles locate a point for bisec-

tion.

fig. 26. To divide a line into 3, 6, 9, or 12
parts. The 30-60° triangle is used to obtain

third points.

22. To Divide a Line into

Any Number of Parts.

First Method (Fig. 27). To divide a line AB into, say,

five equal parts, draw any line BC of indefinite

length. On it measure, or step off, five divisions of

convenient length. Connect the last point with A,

and using two triangles as shown in Fig. 3, draw

lines through the points parallel to CA intersecting

AB.

Second Method {Figs. 28 and 29). Draw a perpen-

dicular AC from A. Then place a scale so that five

convenient equal divisions are included between B
and the perpendicular, as in Fig. 28. With a triangle

and T square draw perpendiculars through the

points marked, dividing the line AB as required.

Figure 29 illustrates an application in laying off stair

risers. This method can be used for dividing a line

into any series of proportional parts.

23. To Lay Out a Given Angle.
Tangent Method (Fig. 30). The trigonometric tan-

gent of an angle of a triangle is the ratio of the

length of the side opposite the angle divided by the

length of the adjacent side. Thus, tan A — Y/X, or

X tan A = Y. To lay out a given angle, obtain the

value of the tangent from a table of natural tan-

gents (see the Appendix), assume any convenient

distance X, and multiply X by the tangent to get

distance Y. Note that the angle between the sides

X and V must be a right angle.

24. To Lay Out a Given Angle.
Chordal Method (Fig. 31 ). If the length of a chord

is known for an arc of given radius and included

angle, the angle can be accurately laid out. Given

an angle in degrees, to lay out the angle, obtain the

chord length for a l-in. circle arc from the table in

the Appendix. Select any convenient arc length R
and multiply the chord length for a l-in. arc by this

distance, thus obtaining the chord length C for the

radius distance selected. Lay out the chord length

on the arc with compass or dividers and complete

the sides of the angle.

The chord length for an angle can be had from

a sine table by taking the sine of one-half the given

angle and multiplying by two.

25. To Lay Out an Angle of 45°
(Fig. 32).

Angles of 45° occur often, and are normally drawn

with the 45° triangle. However, for large con-

structions or when great accuracy is needed, the

method of equal legs is valuable (tangent 45° =
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fig. 27. To divide a line. Equal divisions on

any line BC are transferred to AB by parallels

to AC.

fig. 28. To divide a line. Scale divisions are

transferred to given line AB.

fig. 29. To divide a line. Scale divisions

divide (in this case) the vertical space.

1.0). With any distance AB on the given line, with

center B and radius AB draw more than a quarter

circle. Erect a perpendicular at B (to AB) which

intersects the arc at point C. Then CA makes 45°

with AB.

26. To Lay Out Angles of 30°, 60°,
90°, 120°, etc. (Fig. 33).
As with 45° angles, angles in multiples of 30° may
also be needed for large constructions or when great

accuracy is required. On a given line, with any con-

venient radius AB, swing an arc with A as center.
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With the same radius and B as center cut the original

arc at C. The included angle CAB is 60° and by

bisection (equal arcs from C and B to locate £) 30°

is obtained at CAE and EAB. For 120°, AB laid off

again from C to D gives DAB as 120°, and by

bisecting DAC, 90° is given at FAB.

27. To Bisect an Angle (Fig. 34).

Given angle SOR, using any convenient radius

shorter than OR or OS, swing an arc with O as

center, locating A and B. Then with the same radius

or another radius longer than one-half the distance

from A to B, swing arcs with A and B as centers,

locating C. The bisector is CO. With repeated bisec-

tion, the angle can be divided into 4, 8, 16, 32, 64,

etc., parts.

28. To Divide an Angle (Fig. 35).
Sometimes an angle must be divided into some
number of parts, say 3, 5, 6, 7, or 9, that cannot

be obtained by bisection. It is possible to trisect an

angle by employing a movable scale, but this method

is more complicated and not as accurate as dividing

an arc with the dividers and is of no use for odd

parts such as 5 and 7.

fig. 34. To bisect an angle. Equal arcs from
A and B locate C on the bisector.

fig. 35. To divide an angle into equal parts.

Equal divisions (chords) are stepped off on
an arc of the angle.

To divide an angle into, for example, 5 parts (Fig.

35), draw any arc across the angle as shown, and

use the bow dividers to divide the arc into equal

parts. Lines through these points to the apex are

the required divisions.

29. To Construct a Triangle
Having Given the Three Sides
(Fig. 36).
Given the lengths A, B, and C. Draw one side A in

the desired position. With its ends as centers and

radii B and C, draw two intersecting arcs as shown.

This construction is used extensively in develop-

ments by triangulation.

30. To Locate the Geometric Center
of an Equilateral Triangle
(Fig. 37).

With A and B as centers and radius AB, draw arcs

as shown. These will intersect at C, the third corner.

fig. 36. To construct a triangle. The legs are

laid off with a compass.

fig. 37. To locate the geometric center of

an equilateral triangle. Perpendicular bisec-

tors of the sides intersect at the center.
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With center C and radius AB cut the original arcs

at D and E. Then AD and BE intersect at O, the

geometric center.

31. To Transfer a Polygon to

a New Base.
By Triangulation (Fig. 38). Given polygon ABCDEF
and a new position of base A'B', consider each point

as the vertex of a triangle whose base is AB. With

centers A' and B' and radii AC and BC, describe

intersecting arcs locating the point C". Similarly, with

radii AD and BD locate D'. Connect B'C and CD'
and continue the operation always using A and B
as centers.

Box or Offset Method {Fig. 39). Enclose the polygon

in a rectangular "box." Draw the box on the new
base and locate the points ABCEF on this box. Then

set point D by rectangular coordinates as shown.

-i

(c) (rf)

fig. 40. Uses of the diagonal. The diagonals

will locate the center of any regular or sym-

metrical geometric shape that has an even

number of sides.

fig. 38. To transfer a polygon: by triangula-

tion. All corners are located by triangles

having a common base.

fig. 39. To transfer a polygon: by "boxing."

Each corner is located by its position on a

rectangle.

32. Uses of the Diagonal.
The diagonal is used in many ways to simplify con-

struction and save drafting time. Figure 40 illus-

trates the diagonal used at (a) for locating the center

of a rectangle, at (/>) for enlarging or reducing a

geometric shape, at (<•) for producing similar figures

having the same base, and at (</) for drawing in-

scribed or circumscribed figures.

33. To Construct a Regular
Hexagon, Given the Distance
across Corners.

First Method (Fig. 41). Draw a circle with AB as

a diameter. With the same radius and A and B as

centers, draw arcs intersecting the circle and con-

nect the points.

Second Method (without Compass). Draw lines with

the 30-60° triangle in the order shown in Fig. 42.

Given the Distance across Flats.

The distance across flats is the diameter of the

inscribed circle. Draw this circle, and with the 30-60
n

triangle draw tangents to it as in Fig. 43.
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36. To Construct a Regular
Polygon, Given One Side (Fig. 46).
Let the polygon have seven sides. With the side AB
as radius and A as center, draw a semicircle and

divide it into seven equal parts with dividers.

Through the second division trom the lett draw radial

line A-2. Through points, 3, 4, 5, and 6' extend radial

lines as shown. With AB as radius and B as center,

cut line A-6 at C. With C as center and the same
radius, cut A-5 at D, and so on at E and F. Connect

the points or, after A-2 is found, draw the circum-

scribing circle. Another method is to guess at CF
and divide the circle by trial; this is more common
than the geometric method because the inter-

sections of arcs are sometimes difficult.

GEOMETRY OF CURVED LINES
37. Definitions.

A curved line is generated by a point moving in a

constantly changing direction, according to some
mathematical or graphic law. Curved lines are clas-

sified as single-curved or double-curved.

A single-curved line is a curved line having all

points of the line in a plane. Single-curved lines are

often called "plane curves."

A double-curved line is a curved line having no four

consecutive points in the same plane. Double-curved

lines are also known as "space curves."

We have defined (Sec. 5) a tangent to a curved

line as a line, either straight or curved, that passes

through two points on the curve that are infinitely

close together. Note that this definition of tangency

places the tangent in the plane of the curve for

single-curved lines and in an instantaneous plane

of the curve for double-curved lines.

A normal is a line (or plane) perpendicular to a

tangent line of a curve at the point of tangency. A
normal to a single-curved line will be a line in the

plane of the curve and perpendicular to a straight

line connecting two consecutive points on the curve.

38. Arc and Circle Centers
(Figs. 47 to 50).
The center of any arc must lie on the perpendicular

bisector of any and all chords of the arc. Thus, in
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Fig. 47, through two points (> and /', an infinite

number of arcs may be drawn but all will have

centers such as R and S which lie on the perpen-

dicular bisector AB of chord OP. This construction

is used in Fig. 9 where the circle is required to pass

through points S and P.

Using the above principle, only one circle can be

drawn through three points, as illustrated in Fig. 48.

The center must lie on the perpendicular bisectors

of both chords, AB and BC. Incidentally, the center

will also lie on the perpendicular bisector of chord

AC. This construction can be used as a check on

accuracy.

Any diameter of a circle and a third point on the

circumference, connected to form a triangle, will

produce two chords of the circle that are perpen-

dicular to each other. Therefore, the center of a circle

may be found, as in Fig. 49, by selecting any two

points such as A and B, drawing the perpendicular

chords AC and BD and then the two diameters CB
and DA, which cross at center O. Note in Fig. 50

that all chords connecting the diameter AB—AD
and l)B, AC and CB, AE and EB, AE and FB—form

a right angle between the chords.

39. To Inscribe a Circle in an
Equilateral Triangle (Fig. 51).
With center A and radius AB, draw an arc as shown.

With B and C as centers and radius AB, cut this

arc at D and E. Then EC and DB intersect at O,

the geometric center, and the radius of the sub-

scribing circle is OG and/or OF.

fig. 49. To locate the center of a circle.

Perpendicular chords to chord AB produce

diameters HC and AD.

fig. 50. Chords connecting a diameter.

Chords from a point, connected to a diame-

ter, form a right angle between the chords.

40. To Inscribe an Equilateral
Triangle in a Circle (Fig. 52).

Using the radius of the circle and starting at A, the

known point of orientation, step off distances AB,

BC, CD, and DE. The equilateral triangle is ACE.

Note that six chords equal in length to the radius

will give six equally spaced points on the circumfer-

ence.

fig. 51. To inscribe a circle in an equilat-

eral triangle. Construction (to get perpendic-

ular bisectors of two sides) locates the circle

center.
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fig. 52. To inscribe an equilateral triangle

in a circle. By stepping off the radius twice,

corners are located. Compare with Fig. 41.

fig. 53. To inscribe a circle in

Diagonals locate the circle center.

fig. 54. To inscribe a square in a circle. The
perpendicular bisector of one diameter lo-

cates the two corners to be found.

41. To Inscribe a Circle
in a Square (Fig. 53).
Given the circle ABCI), draw diagonals AC and BD,

which intersect at point O, the center. ()/' is the

radius of the circle.
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is between 45° and 90°, a closer approximation will

result by making AC equal to the chord of half the

arc instead of half the chord of the arc.

The usual way of rectifying an arc is to set the

dividers to a space small enough to be practically

equal in length to a corresponding part of the arc.

Starting at B, step along the arc to the point nearest

A and without lifting the dividers step off the same
number of spaces on the tangent, as shown in

Fig. 57.

45. To Lay Off on a Given Circle
the Approximate Length of a
Straight Line (Fig. 58).
Given the line AB tangent to the circle at A. Lay

off AC equal to one-fourth AB. With C as center and

radius CB, draw an arc intersecting the circle D. The
line AD is equal in length to AB (very nearly). 1

If

arc AD is greater than 60°, solve for one-half AB.

46. Plane Curves:
the Conic Sections.
In cutting a right-circular cone (a cone of revolution)

by planes at different angles, we obtain four curves

called "conic sections" (Fig. 59). These are the circle,

cut by a plane perpendicular to the axis; the ellipse.

cut by a plane making a greater angle with the axis

than do the elements; the parabola, cut by a plane

making the same angle with the axis as do the

elements; the hyperbola, cut by a plane making a

smaller angle than do the elements.

47. The Ellipse: Major and Minor
Diameters (Fig. 60).
An ellipse is the plane curve generated by a point

moving so that the sum of its distances from two
fixed points (F

1
and F

2 ), called "focuses," is a con-

stant equal to the major axis, 2 or major diameter, AB.

The minor axis, or minor diameter, DE, is the line

through the center perpendicular to the major diam-

2 "Major axis" and "minor axis" are the traditional terms.

However, because of the confusion between these and the

mathematical X and V axes and the central axis (axis of rota-

tion), the terms "ma|or diameter" and "minor diameter" will

be used in this discussion.
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eter. The focuses may be determined by cutting the

major diameter with an arc having its center at an

end of the minor diameter and a radius equal to

one-half the major diameter.

Aside from the circle, the ellipse is met with in

practice much more often than any of the other

conies, so it is important to be able to construct it

readily. Several methods are given for its con-

struction, both as a true ellipse and as an approxi-

mate curve made by circle arcs. In the great majority

of cases when the curve is required, its major and

minor diameters are known.

The mathematical equation of an ellipse with the

origin of rectilinear coordinates at the center of the

ellipse is.x
2 /a 2 + y

2/b2 = 1, where ms the intercept

on the X axis and b is the intercept on the Y axis.

48. The Ellipse: Conjugate
Diameters (Fig. 61).
Any line through the center of an ellipse may serve

as one of a pair of conjugate diameters. Each of a

pair of conjugate diameters is always parallel to the

tangents to the curve at the extremities of the other.

For example, AB and CD are a pair of conjugate

diameters. AB is parallel to the tangents MX and

PQ; and CD is parallel to the tangents MP and NQ.
Also, each of a pair of conjugate diameters bisects

all the chords parallel to the other. A given ellipse

may have an unlimited number of pairs of conjugate

diameters.

To Determine the Major and Minor Diameters, Given

the Ellipse and a Pair of Conjugate Diameters. First

Method (Fig. 62). The conjugate diameters are CX
and JG. With center O and radius OJ, draw a semi-

circle intersecting the ellipse at P. The major and

minor diameters will be parallel to the chords GP
and JP. respectively.

fig. 60. The ellipse: major and minor diam-

eters. These are perpendicular to each other.

fig. 61. The ellipse: conjugate diameters.

Each is parallel to the tangent at the end of

the other.

fig. 62. Determination of major and minor

diameters from conjugate diameters. Curve

is given.
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fig. 63. Determination of major and minor

diameters from conjugate diameters. Curve

is not given.

Second Method: When the Cane Is Not Given (Fig.

63). The conjugate diameters CN and JG are given.

With center O and radius OJ, describe a circle and

draw the diameter OR at right angles to JG. Bisect

the angle QCR. The major diameter will be parallel

to this bisector and equal in length to CR + CO;

that of the minor diameter will be CR — CQ.

49. Ellipse Construction: Pin-and-
string Method.
This well-known method, sometimes called the

"gardener's ellipse," is often used for large work

and is based on the definition of the ellipse. Drive

pins at the points D, F
x

, and F
2

(Fig. 60), and tie

an inelastic thread or cord tightly around the three

pins. If the pin D is removed and a marking point

moved in the loop, keeping the cord taut, it will

describe a true ellipse.

50. Ellipse Construction:
Trammel Method for Major and
Minor Diameters.
First Method (Fig. 64). On the straight edge of a strip

of paper, thin cardboard, or sheet of celluloid, mark
the distance ao equal to one-half the major diameter

and do equal to one-half the minor diameter. If the

strip is moved, keeping a on the minor diameter

and d on the major diameter, o will give points on

the ellipse. This method is convenient as no con-

struction is required, but for accurate results great

care must be taken to keep the points a and d

exactly on the major and minor diameters.

Second Method (Fig. 65). On a strip— as used in

the first method—mark the distance do equal to

one-half the minor diameter and oa equal to one-

half the major diameter. If this strip is moved,

keeping a on the minor diameter and d on the major

diameter, o will give points on the ellipse. This ar-

rangement is preferred where the ratio between the

major and minor diameters is small.

51. Ellipse Construction: Triangle
Trammel for Conjugate Diameters
(Fig. 66).
The conjugate diameters AB and DE are given. Erect

the perpendicular AC to the diameter ED and lay

off distance AC from E to locate point G. Erect the

perpendicular EF to the diameter AB. Transfer to

a piece of paper, thin cardboard, or sheet of cellu-

loid, and cut out the triangle EFG. If this triangle

is moved, keeping f on AB and g on ED, e will give

points on the ellipse. Extreme care must be taken

to keep points f and g on the conjugate diameters.

52. Ellipse Construction:
Concentric-circle Method for

Major and Minor Diameters
(Fig. 67).
This is perhaps the most accurate method for deter-

mining points on the curve. On the two principal

diameters, which intersect at O, describe circles.

From a number of points on the outer circle, as P

and Q, draw radii OP, OQ, etc., intersecting the inner

circle at P', Q', etc. From P and Q draw lines parallel

to OD, and from P' and Q' draw lines parallel to

OB. The intersection of the lines through P and F
gives one point on the ellipse, the intersection of

the lines through Q and C" another point, and so

on. For accuracy, the points should be taken closer

together toward the major diameter. The process

may be repeated in each of the four quadrants and

the curve sketched in lightly freehand; or one quad-

rant only may be constructed and repeated in the

remaining three by marking the French curve.
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r-^Mir,

\~2 Major Oia

fig. 64. An ellipse by trammel (first

method). Points on the curve are plotted.

fig. 65. An ellipse by trammel (second
method). Points on the curve are plotted.

fig. 66. An ellipse by triangle trammel
(conjugate diameters). Points are plotted at

the apex of the triangle.

53. Ellipse Construction:
Circle Method for Conjugate
Diameters (Fig. 68).
The conjugate diameters AB and DE are given. On
the conjugate diameter AB, describe a circle; then

from a number of points, as P, Q, and S, draw
perpendiculars as PF, QO, and SS' to the diameter

AB. From S and P, etc., draw lines parallel to {~)D,

and from S' and F draw lines parallel to OD. The
intersection of the lines through P and F gives one

fig. 67. An ellipse by concentric-circle

method. Major- and minor-diameter circles

and construction give points on the curve.

fig. 68. An ellipse by circle method (con-

jugate diameters). After first construction,

parallels plot points on the curve.
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point on the ellipse, the intersection of the lines

through S and S' another point, and so on.

54. Ellipse Construction:
Parallelogram Method
(Figs. 69 and 70).

This method can be used either with the major and

minor diameters or with any pair of conjugate diam-

eters. On the given diameters construct a parallelo-

gram. Divide AO into any number of equal parts

and AG into the same number of equal parts, num-

bering points from A. Through these points draw

lines from D and E, as shown. Their intersections

will be points on the curve.

^C
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fig. 71. Tangents to an ellipse at a point

and parallel to a given line. Focuses are used

in construction.

fig. 72. Tangents to an ellipse trom an out-

side point. Tangent points T, and IV, are

accurately located.

fig. 73. Tangent and normal to an ellipse.

The concentric-circle method is used.

at G and intersecting DE produced (if necessary)

at H. Make OC equal to OC, and OH' equal to OH.

Then G, G', //, and H' will be centers for four tan-

gent circle arcs forming a curve approximating the

shape of an ellipse.

Another mehtod is shown in Fig. 75. This should

be used only when the minor diameter is at least

two-thirds the length of the major diameter.

58. To Draw an Eight-centered
Approximate Ellipse (Fig. 76).

When a closer approximation is desired, the eight-

centered ellipse, the upper half of which is known

in masonry as the "five-centered arch," may be

constructed. Draw the rectangle AFDO. Draw the

diagonal AD and a line from F perpendicular to it,

intersecting the extension of the minor diameter at

H. Lay off OK equal to OD, and, on AK as a diame-

ter, draw a semicircle intersecting the extension of

the minor diameter at L. Make OM equal to LD.

With center H and radius HM, draw the arc MN.
From A, along AB, lay off AQ equal to OL. With P

as center and radius PO, draw an arc intersecting

MN at N; then P, N, and H are centers for one-

quarter of the eight-centered approximate ellipse.

It should be noted that an ellipse changes its

radius of curvature at every successive point and

that these approximations are therefore not ellipses,

but simply curves of the same general shape and,

incidentally, not nearly so pleasing in appearance.

59. To Draw Any Noncircular Curve
(Fig. 77).
This may be approximated by drawing tangent circle

arcs: Select a center by trial, draw as much of an

arc as will practically coincide with the curve, and

then, changing the center and radius, draw the next

portion, remembering always that if arcs are to be

tangent, their centers must lie on the common normal

at the point of tangency.

Curves are sometimes inked in this way in prefer-

ence to using irregular curves.

60. The Parabola.
The parabola is a plane curve generated by a point

so moving that its distance from a fixed point, called

the "focus," is always equal to its distance from a

straight line, called the "directrix." Among its prac-

tical applications are searchlights, parabolic reflec-
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fig. 74. A four-centered approximate ellipse.

Four tangent circle arcs give elliptical shape.

OF and OG = AB-DE

OH and 01 = |oG

fig. 75. A four-centered approximate ellipse.

This method works best when major and
minor diameters are nearly equal.

fig. 76. An eight-centered approximate el-

lipse. This gives a much better approximation
than the four-center methods but requires

more construction.

fig. 77. A curve constructed with circle arcs.

Note that lines through pairs of centers locate

the tangent points of arcs.

tors, some loud-speakers, road sections, and certain

bridge arches.

The mathematical equation for a parabola with

the origin of rectilinear coordinates at the intercept

of the curve with the X axis and the focus on the

axis is i/
2 = 2 px, where /) is twice the distance from

the origin to the focus.

To draw a parabola when the focus F and the

directrix AB are given (Fig. 78), draw the axis

through F perpendicular to AB. Through any point

D on the axis, draw a line parallel to AB. With the
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same number of equal parts. Number the divisions

from O and B and connect the corresponding num-

bers. The tangent curve will be a portion of a parab-

ola— but a parabola whose axis is not parallel to

either coordinate.

64. The Hyperbola.
The hyperbola is a plane curve generated by a point

moving so that the difference of its distances from

two fixed points, called the "focuses," is a constant.

(Compare this definition with that of the ellipse.)

The mathematical equation for a hyperbola with

the center at the origin of rectilinear coordinates and

the focuses on the X axis is x2 /a 2 - ij
2 /b 2 = 1,

where a is the distance from the center to the X
intercept and b is the corresponding Y value of the

asymptotes, lines that the tangents to the curve

meet at infinity.

To Draw a Hyperbola When the Focuses F
1
and F

2

and the Transverse Axis AB (Constant Difference) Arc

Given (Fig. 82). With F
x
and F

2
as centers and any

radius greater than F
X
B, as F

X
P, draw arcs. With the

same centers and any radius F
X
P — AB, strike arcs

intersecting these arcs, giving points on the curve.

To Draw a Tangent at Amj Point P. Bisect the

angle F
1
PF

2
.

65. Equilateral Hyperbola.
The case of the hyperbola of commonest practical

interest to the engineer is the equilateral, or rectan-

gular, hyperbola referred to its asymptotes. With it,

the law PV = c, connecting the varying pressure and

volume of a portion of steam or gas, can be graphi-

cally presented.

To Draw an Equilateral Hyperbola (Fig. 83). Let

OA and OB be the asymptotes of the curve and P
any point on it (this might be the point of cutoff

on an indicator diagram). Draw PC and PD. Mark

any points 1, 2, 3, etc., on PC, and through these

points draw a system of lines parallel to OA and

a second system through the same points converg-

fig. 82. A hyperbola. From any point, the

difference in distance to the focuses is a

constant.

fig. 83. An equilateral hyperbola. The

asymptotes are perpendicular to each other.
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ing at O. From the intersections of the lines of the

second system with PD extended, draw perpen-

diculars to OA. The intersections of these perpen-

diculars with the corresponding lines of the first

system give points on the curve.

66. Cycloid Curves.
A cycloid is the curve generated by the motion of

a point on the circumference of a circle rolled in

a plane along a straight line. If the circle is rolled

on the outside of another circle, the curve generated

is called an "epicycloid"; if rolled on the inside, it

is called a "hypocycloid." These curves are used in

drawing the cycloid system of gear teeth.

The mathematical equation for a cycloid (para-

metric form) is x = r6 — r sin 6, y = r — rcosO,

where r is the radius of a moving point and is the

turned angle, in radians, about the center from zero

position.

To Draw a Cycloid (Fig. 84). Divide the rolling

circle into a convenient number of parts (say, eight),

and, using these divisions, lay off on the tangent

AB the rectified length of the circumference. Draw

through C the line of centers CD, and project the

division points up to this line by perpendiculars to

AB. Using these points as centers, draw circles rep-

resenting different positions of the rolling circle, and

project, in order, the division points of the original

circle across to these circles. The intersections thus

determined will be points on the curve. The epi-

cycloid and hypocycloid are drawn similarly, as

shown in Fig. 85.

fig. 84. A cycloid. A point on the circum-

ference of a rolling wheel describes this curve.'

^^—-
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67. The Involute.

An involute is the spiral curve traced by a point on

a taut cord unwinding from around a polygon or

circle. Thus the involute of any polygon can be

drawn by extending its sides, as in Fig. 86, and, with

the corners of the polygon as successive centers,

drawing arcs terminating on the extended sides.

The equation of the involute of a circle (parametric

form) is x = r (sin f) - 6 cos 6), y = r (cos +
sin 0), where r is the radius of the circle and is

the turned angle for the tangent point.

In drawing a spiral in design, as for example of

bent ironwork, the easiest way is to draw it as the

involute of a square.

A circle may be conceived of as a polygon of an

infinite number of sides. Thus to draw the involute

of a circle (Fig. 87), divide it into a convenient num-

ber of parts, draw tangents at these points, lay off

on these tangents the rectified lengths of the arcs

from the point of tangency to the starting point, and

connect the points by a smooth curve. The involute

of the circle is the basis for the involute system of

spur gearing.

68. The Spiral of Archimedes.
The spiral of Archimedes is the plane curve gener-

ated by a point moving uniformly along a straight

line while the line revolves about a fixed point with

uniform angular velocity.

To Draw a Spiral of Archimedes that Makes One

Turn in a Given Circle (Fig. 88). Divide the circle

into a number of equal parts, drawing the radii and

numbering them. Divide the radius 0-8 into the same
number of equal parts, numbering from the center.

With O as center, draw concentric arcs intersecting

the radii of corresponding numbers, and draw a

smooth curve through these intersections. The

Archimedean spiral is the curve of the heart cam
used for converting uniform rotary motion into uni-

form reciprocal motion.

The mathematical equation is p = aO (polar form).

fig. 86. An involute of a pentagon. A point

on a cord unwound from the pentagon de-

scribes this curve.

fig. 87. An involute of a circle. As a taut

cord is unwound from the circle, it forms a

series of tangents to the circle.

fig. 88. The spiral of Archimedes. This curve

increases uniformly in distance from the

center as rotation (angular velocity) is con-

stant.

69. Other Plane Curves.
The foregoing paragraphs discuss common plane

curves that occur frequently in scientific work. Other

curves, whenever needed, can be found in any good

textbook of analytic geometry and calculus. Typical

of the curves that may be met with are the catenary,

cardioid, sine curve, cosine curve, logarithmic spiral,
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reciprocal (hyperbolic) spiral, parabolic spiral, loga-

rithmic curve, exponential curve, and curves of ve-

locity and acceleration.

70. Double-curved Lines.

The scarcity of geometric double-curved lines, by

comparison with the numerous single-curved lines,

is surprising. There are only two double-curved lines,

the cylindrical and the conic helix, much used in

engineering work. Double-curved lines will, however,

often occur as the lines of intersection between two

curved solids or surfaces. These lines are not geo-

metric but are double-curved lines of general form.

71. The Helix.

The helix is a space curve generated by a point

moving uniformly along a straight line while the line

revolves uniformly about another line as an axis. If

the moving line is parallel to the axis, it will generate

a cylinder. The word "helix" alone always means a

cylindrical helix. If the moving line intersects the axis

at an angle less than 90°, it will generate a cone,

and the curve made by the point moving on it will

be a "conic helix." The distance parallel to the axis

through which the point advances in one revolution

is called the "lead." When the angle becomes 90°,

the helix degenerates into the Archimedean spiral.

72. To Draw a Cylindrical Helix
(Fig. 89).
Draw the two views of the cylinder (see Chap. 5),

and then measure the lead along one of the contour

elements. Divide this lead into a number of equal

parts (say, 12) and the circle of the front view into

the same number. Number the divisions on the top

view starting at point 1 and the divisions on the front

view starting at the front view of point 1. When the

generating point has moved one-twelfth of the dis-

tance around the cylinder, it has also advanced

one-twelfth of the lead; when halfway around the

cylinder, it will have advanced one-half the lead.

Thus points on the top view of the helix can be found

T"

3
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by projecting the front views of the elements, which

are points on the circular front view of the helix,

to intersect lines drawn across from the corre-

sponding divisions of the lead. If the cylinder is

developed, the helix will appear on the development

as a straight line inclined to the base at an angle,

called the "helix angle," whose tangent is L/irD,

where L is the lead and D the diameter.

73. To Draw a Conic Helix (Fig. 90).

First make two views of the right-circular cone (see

Chap. 5) on which the helix will be generated. Then

lay out uniform angular divisions in the view showing

the end view of the axis (in Fig. 90, the top view)

and divide the lead into the same number of parts.

Points can now be plotted on the curve. Each plotted

point will lie on a circle cut from the cone by a plane

dividing the lead and will also lie on the angular-

division line. Thus, for example, to plot point 14,

draw the circle diameter obtained from the front

FIG. 90. The conic helix. A point traverses

the surface of the cone while moving at a

constant rate both around and along the axis.

view, as shown in the top view. Point 14 in the top

view then lies at the intersection of this circle and

radial-division line 14. Then locate the front view by

projection from the top view to plane 14 in the front

view.

CONSTRUCTIONS FOR LOFT-
ING AND LARGE LAYOUTS

74.
There are cases when the regular drafting instru-

ments are impractical, either because of size limita-

tions or when extreme accuracy is necessary. The

geometric methods for common cases of parallel-

ism, perpendicularity, and tangency are given in the

following paragraphs.

75. To Draw a Line through a Point
and Parallel to a Given Line
(Fig. 91).
With the given point P as center and a radius of

sufficient length, draw an arc CE intersecting the

given line AB at C. With C as center and the same

radius, draw the arc PD. With C as center and radius

DP, draw an arc intersecting CE at E. Then EP is

the required line.

76. To Draw a Line Parallel to

Another at a Given Distance.

For Straight Lines (Fig. 92). With the given distance

as radius and two points on the given line as centers

(as far apart as convenient), draw two arcs. A line

tangent to these arcs will be the required line.

Fur Curved Lines (Fig. 93). Draw a series of arcs

with centers along the line. Draw tangents to these

arcs with a French curve (see Fig. 60, Chap. 2).

77. To Erect a Perpendicular from a
Point to a Given Straight Line
(Fig. 94).

With point P as center and any convenient radius

Rj, draw a circle arc intersecting the given line at

A and B. With any convenient radius R
2
and with
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fig. 91. Parallel lines. Two points determine

the parallel.

FIG. 92. Parallel lines. The parallel is drawn
tangent to a pair of arcs.

fig. 93. Curved parallel lines. The curves are

drawn tangent to circle arcs.

centers at A and B, draw intersecting arcs locating

Q. The required perpendicular is PQ, with S the

intersection of the perpendicular and the given line.

78. To Erect a Perpendicular from a
Point on a Given Straight Line.
First Method (Fig. .95). With point F on the line as

center and any convenient radius R
1

, draw circle

arcs to locate points A and B equidistant from P.

With any convenient radius K
2
longer than Rj and

with centers at A and B, draw intersecting arcs

locating (). PQ is the required perpendicular.

Second Method (Fig. 96). With any convenient

center C and radius CP, draw somewhat more than

a semicircle from the intersection of the circle arc

with the given line at A. Draw AC extended to meet

the circle arc at Q. PQ is the required perpendicular.

79. To Draw a Tangent to a Circle at

a Point on the Circle (Fig. 97).

Given the arc ABC and to draw a tangent at point

C, draw the extended diameter CD and locate point

M. Then with any convenient radius R
x

, locate point

P equidistant from C and M. With P as center and
the same radius R v draw somewhat more than a

semicircle and draw the line MPQ. The line QC is

a tangent to the circle at point C.

80. To Draw a Tangent to a Circle
from a Point Outside (Fig. 98).
Connect the point P with the center of the circle O.

Then draw the perpendicular bisector of OP, and
with the intersection at D as center, draw a semi-

circle. Its intersection with the given circle is the

point of tangency. Draw the tangent line from P.

81. To Draw a Tangent to Two Circles.

First Case: Open Belt (Fig. .99). At center O draw

a circle with radius R
:
- R

2
. From Pdraw a tangent

to this circle by the method of Fig. 98. Extend OT
to Tv and draw PP

2
parallel to OTv Join 7"j and T

2 ,

giving the required tangent.

Second Case: Crossed Belt (Fig. 100). Draw OA and

OjB perpendicular to OOv From P, where AB
crosses OOv locate tangents as in Fig. 98.
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fig. 94. A perpendicular from a point out-

side. Equal radii determine the perpendicular.

fig. 95 (left). A perpendicular from a point

on a line. Equal radii determine a point on

the perpendicular.

fig. 96 (right). A perpendicular from a point

on a line. Geometrically, perpendicular chords

of a circle produce this solution.

fig. 97. To draw a tangent at a point on
a circle. This solution sets up two right-angle

chords of a circle. One chord passes through

the center of the given circle.

fig. 98. To draw a tangent from an outside

point. Here, as in Fig. 97, perpendicular

chords determine the solution.

fig. 99. Tangent lines (open belt). The
difference in radius of the two circles is the

geometric basis. Then perpendicular chords

are used.

fig. 100. Tangent lines (crossed belt). A
duplicate of Fig. 99, except for position of the

tangent lines.



3/GRAPHIC GEOMETRY 103

TRIANGLES

ACUTE OBTUSE

QUADRILATERALS

SQUARE RECTA -1BOID TRAPEZOK

REGULAR POLYGONS

HEXAGON HEPTAGON OCTAGON NONAGON DECAGON DODECAGON

THE FIVE REGULAR SOLIDS

DRON OCTAHEDRON DODECAHEDRON ICOSAHEDRON

PRISMS

f/\ rw\ m
SQUARE CUBE OBLIQUE RIGHT OBLIQUE

R TRIANGULAR F

PYRAMIDS

CYLINDERS

tIGHT OBLIQUE RIGHT OBLIQUE FRUSTUM TRUNCATED SQUARE ROUND

DOUBLE-CURVED SURFACES

fig. 101. Geometric shapes. These plane

figures, solids, and surfaces should be stud-

ied and remembered.
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PROBLEMS
To be of value both as drawing exercises and as solutions,

geometric problems must be worked accurately. Keep

your pencil sharp, and use comparatively light lines.

Locate a point by two intersecting lines; indicate the

length of a line by short dashes across it.

Group 1. Lines and Plane Figures.

1. Near the center of the working space, draw a hori-

zontal line 4'/
2

in. long. Divide it into seven equal parts

by the method of Fig. 27.

2. Draw a vertical line 1 in. from the left edge of the

space and 3% in. long. Divide it into parts proportional

to 1, 3, 5, and 7.

3. Construct a polygon as shown in the problem illus-

tration, drawing the horizontal line AK (of indefinite

length) % in. above the bottom of the space. From A
draw and measure AB. Proceed in the same way for the

remaining sides. The angles can be obtained by proper

combinations of the two triangles (see Figs. 28 and 29,

Chap. 2).

4. Draw a line AK making an angle of 15° with the

horizontal. With this line as base, transfer the polygon

of Prob. 3.

5. Draw a regular hexagon having a distance across

corners of 4 in.

6. Draw a regular hexagon, distance across flats 3% in.

7. Draw a regular dodecagon, distance across flats

3% in.

AB -- /£



12. Draw an arc of a circle having a radius of 3 13
/16 in.,

with its center !

/2 in. from the top of the space and 1%
in. from the left edge. Find the length of an arc of 60°

by construction; compute the length arithmetically, and

check the result.

13. Front view of washer. Draw half size.
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15. Front view of rod guide. Draw full size.

prob. 13. Washer.

14. Front view of shim. Draw full size.

s
-iDnll. Jho/es

prob. 15. Rod guide.

16. Front view of a star knob. Radius of circumscribing

circle, 2 3

/8 in. Diameter of hub, 2'/
2

in. Diameter of hole,

3
/4 in. Radius at points, 3

/8 in. Radius of fillets, % in. Mark

tangent points in pencil.

prob. 14. Shim.

17. Front view of sprocket. OD, 4% in. Pitch diameter,

4 in. Root diameter, 3% in. Bore, l'/4 in. Thickness of

tooth at the pitch line is
9
/16 in. Splines, % in. wide by

% in. deep. Mark tangent points in pencil. See Glossary

for terms.

prob. 17. Sprocket.
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18. Front view of a fan. Draw full size.

3f>
.

20. Front view of an eyelet. Draw full size.

prob. 18. Fan.

19. Front view of a level plate. Draw full size.

-io

4_D, 2holes

prob. 19. Level plate.

prob. 20. Eyelet.

21. Front view of a stamping. Draw full size

prob. 21. Stampin



22. Front view of spline lock. Draw full size.

prob. 22. Spline lock.

23. Front view of gage cover plate. Draw full size.

Scale Detail

jDrill. 4Holes -

prob. 23. Gage cover plate.
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24. Drawing of heater tube. Draw twice size.

prob. 24. Heater tube.

25. Drawing of exhaust-port contour. Draw twice size.

'1

prob. 25. Exhaust-port contour.

26. Drawing of toggle spring for leaf switch. Use decimal

scale and draw 20 times size.

-.043 T >— 008

prob. 26. Toggle spring for leaf switch.
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27. Drawing of pulley shaft. Draw full size.

&R Neck
16

7

prob. 27. Pulley shaft.

Group 3. Plane Curves.
29. The conjugate diameters of an ellipse measure 3

and 4 in., the angle between them being 60°. Construct

the major and minor diameters of this ellipse and draw

the ellipse.

30. Using the pin-and-string method, draw an ellipse

having a major diameter of 6 in. and a minor diameter

of 4% in.

31. Using the trammel method, draw an ellipse having

a major diameter of 4 l

/2 in. and a minor diameter of

3 in.

32. Using the trammel method, draw an ellipse having

a major diameter of 4 1
/2 in. and a minor diameter of

4 in.

33. Using the concentric-circle method, draw an ellipse

having a major diameter of 4% in. and a minor diameter

of l
l

/2 in.

34. Draw an ellipse on a major diameter of 4 in. One
point on the ellipse is l

l

/2 in. to the left of the minor

diameter and % in. above the major diameter.

35. Draw an ellipse having a minor diameter of 2 3

/16 in.

and a distance of 3'/
4
in. between focuses. Draw a tangent

at a point 1% in. to the right of the minor diameter.

28. Drawing of cam for type A control. Plot cam contour

from the polar coordinates given. Use decimal scale and

draw five times size.

prob. 28. Cam for type A control.

36. Draw an ellipse whose major diameter is 4 in. A

tangent to the ellipse intersects the minor diameter 1%
in. from the center, at an angle of 60°.

37. Draw a five-centered arch with a span of 5 in. and

a rise of 2 in.

38. Draw an ellipse having conjugate diameters of 4 3
/4

in. and 2 3
/4 in., making an angle of 75° with each other.

Determine the major and minor diameters.

39. Draw the major and minor diameters for an ellipse

having a pair of conjugate diameters 60° apart, one

horizontal and 6% in. long, the other 3% in. long.

40. Using the circle method, draw an ellipse having a

pair of conjugate diameters, one making 15° with the

horizontal and 6 in. long, the other making 60° with the

first diameter and 2V
2

in. long.

41. Using the triangle-trammel method, draw an ellipse

having a pair of conjugate diameters 60° apart, one
horizontal and 6 in. long, the other 4 in. long.

42. Using the triangle-trammel method, draw an ellipse

having a pair of conjugate diameters 45° apart, one

making 15° with the horizontal and 6 in. long, the other

3 in. long.
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43. Draw a parabola, axis vertical, in a rectangle 4 by

2 in.

44. Draw a parabolic arch, with 6-in. span and a 2%-in.

rise, by the offset method, dividing the half span into

eight equal parts.

45. Draw an equilateral hyperbola passing through a

point P,
l

/2 in. from OB and 2 l

/2 in. from OA. (Reference

letters correspond to Fig. 83.)

46. Draw two turns of the involute of a pentagon whose
circumscribed circle is

l

/2 in. in diameter.

47. Draw one-half turn of the involute of a circle 3%
in. in diameter whose center is 1 in. from the left edge

of the space. Compute the length of the last tangent and
compare with the measured length.

48. Draw a spiral of Archimedes making one turn in

a circle 4 in. in diameter.

49. Draw the cycloid formed by a rolling circle 2 in. in

diameter. Use 12 divisions.

50. Draw the epicycloid formed by a 2 in. diameter

circle rolling on a 15-in. -diameter directing circle. Use 12

divisions.

51. Draw the hypocycloid formed by a 2-in. -diameter

circle rolling inside a 15-in. -diameter directing circle. Use

12 divisions.

52. Front view of cam. Draw full size.

prob. 52. Front view of cam.

53. Front view of fan base. Draw full size.

prob. 53. Front view of fan base.

54. Front view of trip lever. Draw half size.

Quarter ellipse

Major axis 24'

Mmoraxis 7

Front view of trip lever.
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Group 4. Problems for Calculator and Mathematical Tables.
55. Find the altitude of an equilateral triangle, each side

of which is 4 in.

56. Find the value of one-third of an angle of 231 °4'2".

57. A tank is 31 in. in diameter and 4 ft 7V
2

in. long.

Find the capacity in liters.

58. A 4-in. -diameter cold-rolled steel bar is 96 cm long.

What is the weight in pounds? In grams?

59. A circle of 12 5
/8 -in. diameter used as a target for

optical devices is to be compared in area with a lens of

80 mm diameter. What percentage is the lens area to

the target area?

60. A guided missile is fired, hits a target 841 miles

away, and during flight rises to a height of 91 miles. What
are these distances in kilometers?

61. Find one side of a square whose equivalent area

is a circle of 6%-in. diameter. Answer in centimeters.

62. An ellipse has a major axis of 14 in. and a minor

axis of 8V2 in. How far from the geometric center is each

focus? What is the equivalent distance in centimeters?

63. A certain pressure is recorded by a column of water

2 ft 4'/
2

in. high. What is the equivalent pressure in inches

of mercury?

64. Find the area of a tract of land designated by a

traverse that is an equilateral triangle each side of which

is 228 ft 4 in. long. Answer in square miles. Also calculate

the area in square kilometers.

65. A square is inscribed in a circle of 4-in. diameter.

What is the area of the square?

66. An equilateral triangle is inscribed in a circle of

9 3

/8 -in. diameter. What is the sum of the sides of the

triangle? What is the circumference of the circle? What
is the area of the triangle and of the circle?

67. A round copper bar 2 in. in diameter and 4 ft long

is to be balanced in weight by a cube of aluminum. What

is the size of the cube?

68. If a 2-in. round bar of steel 2 ft 6 in. long is to

be replaced by a bar of Bakelite, what will be the differ-

ence in weight?

69. A circular opening 6 in. in diameter is to be replaced

by openings 0.70 cm in diameter. How many openings

must be used to give an equivalent area?

70. A 3%-in. cube of aluminum is to be replaced by

steel. What is the percentage difference in weight?

71. A vertical water tank 4 ft in. square holds 980
gallons. What is the pressure, per square inch, on the

bottom of the water tank?
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1. Lettering—Word Supplements
on Drawings.
Graphic representation of the shape of a part,

machine, or structure gives one aspect of the infor-

mation needed for its construction. To this must be

added, to complete the description, figured dimen-

sions, notes on material and finish, and a descriptive

title— all lettered, freehand, in a style that is per-

fectly legible, uniform, and capable of rapid execu-

tion. As far as the appearance of a drawing is con-

cerned, the lettering is the most important part. But

the usefulness of a drawing, too, can be ruined by

lettering done ignorantly or carelessly, because il-

legible figures are apt to cause mistakes in the work.

In a broad sense, lettering is a branch of design.

Students of lettering fall into two general classes:

those who will use letters and words to convey infor-

mation on drawings, and those who will use lettering

in applied design, for example, art students, artists,

and craftsmen. The first group is concerned mainly

with legibility and speed, the second with beauty of

form and composition. In our study of engineering

graphics we are concerned only with the problems

of the first group. The engineering student takes

up lettering as an early part of his work in graphics

and continues its practice throughout his course,

becoming more and more skillful and proficient.

2. Single-stroke Lettering.
By far the greatest amount of lettering on drawings

is done in a rapid single-stroke letter, either vertical

or inclined, and every engineer must have absolute

command of these styles. The ability to letter well

can be acquired only by continued and careful prac-

tice, but it can be acquired by anyone with normal
muscular control of his fingers who will practice

faithfully and intelligently and take the trouble to

observe carefully the shapes of the letters, the se-

quence of strokes in making them, and the rules

for their composition. It is not a matter of artistic

talent or even of dexterity in handwriting. Many
persons who write poorly letter very well.

The term "single-stroke," or "one-stroke," does
not mean that the entire letter is made without

lifting the pencil or pen but that the width of the

stroke of the pencil or pen is the width of the stem

of the letter.

3. General Proportions.
There is no standard for the proportions of letters,

but there are certain fundamental points in design

and certain characteristics of individual letters that

must be learned by study and observation before

composition into words and sentences should be

attempted. Not only do the widths of letters in any

alphabet vary, from /, the narrowest, to W, the

widest, but different alphabets vary as a whole.

Styles narrow in their proportion of width to height

are called "COMPRESSED," or "CONDENSED," and are used

when space is limited. Styles wider than the normal

are called "EXTENDED."
The proportion of the thickness of stem to the

height varies widely, ranging from y3 to y20 . Letters

with heavy stems are called "BOLDFACE," or

"BLACKFACE," those with thin stems "LIGHT-

FACE."

4. The Rule of Stability.

In the construction of letters, the well-known optical

illusion in which a horizontal line drawn across the

middle of a rectangle appears to be below the middle

must be provided for. In order to give the appear-

ance of stability, such letters as B, E, K, S, X, and

Z and the figures 3 and 8 must be drawn smaller

at the top than at the bottom. To see the effect of

this illusion, turn a printed page upside down and

notice the appearance of the letters mentioned.

5. Guide Lines.
Always draw light guide lines for both tops and

bottoms of letters, using a sharp pencil. Figure 1

shows a method of laying off a number of equally

spaced lines. Draw the first base line; then set the

bow spacers to the distance wanted between base

lines and step off the required number of base lines.

Above the last line mark the desired height of the

letters. With the same setting, step down from this

upper point, thus obtaining points for the top of each

line of letters.

The Braddock-Rowe triangle (Fig. 2a) and the Ames
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^w

FIG. 1. To space guide lines. Bow dividers

are spaced for the distance between base
lines; this distance stepped off from capital

and base lines locates successive lines of

lettering.

lettering instrument (Fig. 2b) are convenient devices

for spacing lines of letters. In using these instru-

ments, a sharp pencil is inserted in the proper row

of countersunk holes, and the instrument, guided

by a T-square blade, is drawn back and forth by the

pencil, as indicated by Fig. 3. The holes are grouped

for capitals and lower case, the numbers indicating

the height of capitals in thirty-seconds of an inch;

thus no. 6 spacing of the instrument means that

the capitals will be 6
/32 , or 3

/16 , in. high.

6. Lettering in Pencil.

Good technique is as essential in lettering as in

drawing. The quality of the lettering is important

whether it appears on finished work to be repro-

duced by one of the printing processes or as part

of a pencil drawing to be inked. In the first case,

the penciling must be clean, firm, and opaque; in

the second, it may be lighter. The lettering pencil

should be selected carefully by trial on the paper.

In one instance, the same grade may be chosen as

Direction for

slont lettering

Direction for

slant lettering

SLANT
d> (V

FIG. 2. (a) Braddock-Rowe triangle. Num-
bered sets of holes locate capital, waist (see

Fig. 18), and base lines of successive lines

of lettering, (b) Ames lettering instrument. A
center disk, adjusted to letter-height number,
gives equal spaces or 2:3 and 3:5 waist-line

proportion for successive lines of lettering.
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that used for the drawing; in another, a grade or

two softer may be preferred. Sharpen the pencil to

a long, conic point, and then round the lead slightly

on the end so that it is not so sharp as a point used

for drawing.

The first requirement in lettering is the correct

holding of the pencil or pen. Figure 4 shows the

pencil held comfortably with the thumb, forefinger,

and second finger on alternate flat sides and the

third and fourth fingers on the paper. Vertical,

slanting, and curved strokes are drawn with a

steady, even, finger movement; horizontal strokes

are made similarly but with some pivoting of the

hand at the wrist (Fig. 5). Exert pressure that is firm

and uniform but not so heavy as to cut grooves in

the paper. To keep the point symmetrical, form the

habit of rotating the pencil after every few strokes.

"Neckj^R x-L n
_& Both ends
4

n . ii

fig. 3. Using the Ames lettering instrument.

Lines are drawn as the pencil moves the

instrument along the T square (or triangle).

fig. 4. Vertical strokes. These are made
entirely by finger movement.

fig. 5. Horizontal strokes. These are made
by pivoting the whole hand at the wrist; fin-

gers move slightly to keep the stroke perfectly

horizontal.

7. Single-stroke Vertical Capitals.
The vertical, single-stroke, commercial Gothic letter

is a standard for titles, reference letters, etc. As for

the proportion of width to height, the general rule

is that the smaller the letters are, the more extended

they should be in width. A low extended letter is

more legible than a high compressed one and at
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the same time makes a better appearance.

For proficiency in lettering it is essential to learn

the form and peculiarity of each of the letters. Al-

though lettering must be based on a careful regard

for the fundamental letter forms, this is not to say

that it will be without character. Individuality in let-

tering is often nearly as marked as in handwriting.

8. Order of Strokes.
In the following figures an alphabet of slightly ex-

tended vertical capitals has been arranged in family

groups. Study the shape of each letter, with the order

and direction of the strokes forming it, and practice

it until its form and construction are perfectly famil-

iar. Practice it first in pencil to large size, perhaps
3
/8 in. high, then to smaller size, and finally directly

in ink.

To bring out the proportions of widths to heights

and the subtleties in the shapes of the letters, they

are shown against a square background with its

sides divided into sixths. Several of the letters in this

alphabet, such as A and T, fill the square; that is,

they are as wide as they are high. Others, such as

H and D, are approximately five spaces wide, or their

width is five-sixths of their height. These proportions

must be learned visually so well that letters of various

heights can be drawn in correct proportion without

hesitation.

Tlie I-H-T Group (Fig. 6). The letter / is the foun-

dation stroke. You may find it difficult to keep the

stems vertical. If so, draw direction lines lightly an

inch or so apart to aid the eye. The // is nearly

square (five-sixths wide), and in accordance with the

rule of stability, the cross-bar is just above the cen-

ter. The top of the T is drawn first to the full width

of the square, and the stem is started accurately

as its middle point.

The L-E-F Group (Fig. 7). The L is made in two

strokes. The first two strokes of the E are the same
as for the L; the third, or upper, stroke is slightly

shorter than the lower; and the last stroke is two-

thirds as long as the lower and just above the mid-

dle. F has the same proportions as E.

The N-Z-X-Y Group (Fig. 8). The parallel sides

of N are generally drawn first, but some prefer to
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The M-W Group (Fig. 10). These are the widest

letters. M may be made in consecutive strokes or

by drawing the two vertical strokes tirst, as with the

N. W is tormed of two narrow V's, each two-thirds

of the square in width. Note that with all the pointed

letters the width at the point is the width of the

stroke.

The O-Q-C-G Group (Fig. 11). In this extended

alphabet the letters of the O family are made as

full circles. The O is made in two strokes, the left

side a longer arc than the right, as the right side

is harder to draw. Make the kern of the Q straight.

A large-size C and G can be made more accurately

with an extra stroke at the top, whereas in smaller

letters the curve is made in one stroke (Fig. 19).

Note that the bar on the G is halfway up and does

not extend past the vertical stroke.

The D-U-J Group (Fig. 12). The top and bottom

strokes of D must be horizontal. Failure to observe

this is a common fault with beginners. In large

letters U is formed by two parallel strokes, to which

the bottom stroke is added; in smaller letters, it may
be made in two strokes curved to meet at the bot-

tom. / has the same construction as L7, with the first

stroke omitted.

The P-R-B Group (Fig. 13). With P, R, and B, the

number of strokes depends upon the size of the

letter. For large letters the horizontal lines are

started and the curves added, but for smaller letters

only one stroke for each lobe is needed. The middle

lines of P and R are on the center line; that of B
observes the rule of stability.

The S-8-3 Group [Fig. 14). The S, 8, and 3 are

closely related in form, and the rule of stability must

be observed carefully. For a large S, three strokes

are used; for a smaller one, two strokes; and for

a very small size, one stroke only is best. The 8 may
be made on the S construction in three strokes, or

in "head and body" in four strokes. A perfect 3 can

be finished into an 8.

The 0-6-9 Group (Fig. 15). The cipher is an ellipse

five-sixths the width of the letter O. The backbones

of the 6 and 9 have the same curve as the cipher,

and the lobes are slightly less than two-thirds the

height of the figure.

fig. 10. The M-W group. M is one-twelfth

wider than it is high; W is one-third wider

than it is high.

/ \

fig. 11. The O-Q-C-G group. All are based

on the circle.

fig. 12. The D-U-J group. These are made
with combinations of straight and curved

strokes.

fig. 13. The P-R-B group. Note the rule of

stability with regard to R and B.

The 2S-7-& Group (Fig. 16). The secret in making

the 2 lies in getting the reverse curve to cross the

center of the space. The bottom of 2 and the tops

of 5 and 7 should be horizontal straight lines. The

second stroke of 7 terminates directly below the

middle of the top stroke. Its stiffness is relieved by

curving it slightly at the lower end. The ampersand

(&) is made in three strokes for large letters and

two for smaller ones and must be carefully balanced.

The Fraction Group (Fig. 17). Fractions are always

made with horizontal bar. Integers are the same



4/LETTERING 119

fig. 14. The S-8-3 group. A perfect S and 3

can be completed to a perfect 8.

fig. 15. The 0-6-9 group. The width is five-

sixths of the height.

fig. 16. The 2S-7-& group. Note the rule of

stability. The width is five-sixths of the height.

3=^^
?^4Hfi-R
fig. 17. Fractions. The total height of a

fraction is twice that of the integer.

height as capitals. The total fraction height is best

made twice the height of the integer. The numerator

and denominator will be about three-fourths the

height of the integer. Be careful to leave a clear

space above and below the horizontal bar. Guide

lines for fractions are easily obtained with lettering

instruments by using the set of uniformly spaced

holes or by drawing the integer height above and

below the center, the position of the horizontal bar.

Wo/sr bne—\

or
^j

fig. 18. Basic forms for lower-case letters.

For standard letters, the waist-line height is

two-thirds of capital height; capital line and
drop line are therefore one-third above and
one-third below the body of the letter.

9. Vertical Lower-case Letters.

The single-stroke, vertical lower-case letter is not

commonly used on machine drawings but is used

extensively in map drawing. It is the standard letter

for hypsography in government topographic draw-

ing. The bodies are made two-thirds the height of

the capitals with the ascenders extending to the

capital line and the descenders dropping the same
distance below. The basic form of the letter is the

combination of a circle and a straight line (Fig. 18).

The alphabet, with some alternate shapes, is shown

in Fig. 19, which also gives the capitals in alphabetic

order.

10. Single-stroke Inclined Capitals.

Many draftsmen use the inclined, or slant, letter in

preference to the upright. The order and direction

of strokes are the same as in the vertical form.

After ruling the guide lines, draw slanting "direc-

tion lines" across the lettering area to aid the eye

in keeping the slope uniform. These lines may be

drawn with a special lettering triangle of about

67y2 °, or the slope of 2 to 5 may be fixed on the

paper by marking two units on a horizontal line and

five on a vertical line and using T square and triangle

as shown in Fig. 20. The Braddock-Rowe triangle

and the Ames instrument (Fig. 2a and b) both

provide for the drawing of slope lines. The form

taken by the rounded letters when inclined is illus-

trated in Fig. 21, which shows that curves are sharp

in all upper right-hand and lower left-hand corners

and flattened in the other two corners. Take particu-

lar care with the letters that have sloping sides, such
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BaBCicJDiE F

j LM i

-' rp>

S LJ

v^
£2 re

C )

otaiacd efg;^fejjjk. I m
n o p q r s t uvwxyyz

fig. 19. Single-stroke vertical capitals and
lower case. Note the alternate strokes for

small-size capitals and the alternate shapes

for lower-case a, g. and y.

IHT
RE 8LAOB

fig. 20. Slope guide lines. The standard
slope angle of 67% ° (see Fig. 2o and b)

can be approximated by a slope of 2 to 5.

OO GDRB
FIG. 21. Form of curved-stroke inclined capi-

tals. The basic shape is elliptical.

BWMM
fig. 22. Form of straight-stroke inclined

capitals. The "center line" must be a slope

line.
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jBii

SssTUuVWMSZ

a at cdefg ^hjjjmm-

fig. 23. Single-stroke inclined capitals and
lower case. Note the alternate strokes for

small-size capitals and the alternate shapes
for the lower case a, g, and ij.

as A, V, and \V. The sloping sides of these letters

must be drawn so that they appear to balance about

a slope guide line passing through each vertex, as

in Fig. 22. The alphabet is given in Fig. 23. Study

the shape of each letter carefully.

Professional appearance in lettering is due to

three things: (1) keeping to a uniform slope, (2)

having the letters full and well shaped, and (3)

keeping them close together. The beginner invari-

ably cramps the individual letters and spaces them

too far apart.

11. Single-stroke, Inclined
Lower-case Letters.

The inclined lower-case letters (Fig. 23) have bodies

two-thirds the height of the capitals with the as-

cenders extending to the capital line and the de-

scenders dropping the same distance below the base

line. Among older engineers, particularly civil engi-

neers, this letter is generally known as the "Rein-

hardt letter," in honor of Charles W. Reinhardt, who
first systematized its construction. It is legible and

effective and, after its swing has been mastered,

can be made rapidly. The lower-case letter is suitable

for notes and statements on drawings because it

is much more easily read than all capitals, since we
read words by the word shapes, and it can be done

much faster.

All the letters of the Reinhardt alphabet are based

on two elements, the straight line and the ellipse,

and have no unnecessary hooks or appendages.

They may be divided into four groups, as shown in
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Figs. 24 to 27. The dots of i and / and the top of

the t are on the "t line," halfway between the waist

line and the capital line. The loop letters are made
with an ellipse whose long axis is inclined about 45°

in combination with a straight line. In lettering rap-

idly, the ellipse tends to assume a pumpkin-seed

form; guard against this.

The c, e, and o are based on an ellipse of the shape

of the capitals but not inclined quite so much as

the loop-letter ellipse. In rapid small work, the o is

often made in one stroke, as are the e, v, and w.

The s is similar to the capital but, except in letters

more than l

/B in. high, is made in one stroke. In the

hook-letter group, note particularly the shape of the

hook.

The single-stroke letter may, if necessary, be

much compressed and still be clear and legible (Fig.

28). It is also used sometimes in extended form.

12. For Left-handers Only.
The order and direction of strokes in the preceding

alphabets have been designed for right-handed per-

sons. The principal reason that left-handers some-

times find lettering difficult is that whereas the

right-hander progresses away from the body, the

left-hander progresses toward the body; conse-

quently his pencil and hand partially hide the work

he has done, making it harder to join strokes and

vwxyz
fig. 24. The straight-line inclined lower-case

letters. Note that the center lines of the let-

ters follow the slope angle.

fig. 25. The loop letters. Note the graceful

combination of elliptical body, ascenders, and
descenders.

ESED
fig. 26. The ellipse letters. Their formation
is basically elliptical.

ihnmnrao
fig. 27. The hook letters. They are combi-

nations of ellipses and straight lines.
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JKLL
STTUU
! 3 4 5 5 6 7 8

a b c c d e ffg h i j k I m n o o p
qrsttuvwxyz

fig. 29. Strokes for left-handers. Several

alternate strokes are given. Choose the one
that is most effective for you.

to preserve uniformity. Also, in the case of inclined

lettering, the slope direction, instead of running

toward his eye, runs off into space to the left of

his body, making this style so much harder for him

that he is strongly advised to use vertical letters

exclusively.

For the natural left-hander, whose writing position

is the same as a right-hander except reversed left

for right, a change in the sequence of strokes of

some of the letters will obviate part of the difficulty

caused by interference with the line of sight. Figure

29 gives an analyzed alphabet with an alternate for

some letters. In E the top bar is made before the

bottom bar, and M is drawn from left to right to

avoid having strokes hidden by the pencil or pen.

Horizontal portions of curves are easier to make

from right to left; hence the starting points for O,

Q, C, G, and U differ from the standard right-hand

stroking. S is the perfect letter for the left-hander

and is best made in a single smooth stroke. The

figures 6 and 9 are difficult and require extra prac-

tice. In the lower-case letters a, d, g, and q, it is better

to draw the straight line before the curve even

though it makes spacing a little harder.

The hook-wrist left-handed writer, who pushes his

strokes from top to bottom, finds vertical lettering

more difficult than does the natural left-hander. In

Fig. 29, where alternate strokes are given for some

of the letters, the hook-wrist writer will probably find

the second stroking easier than the first. Some pre-

fer to reverse all the strokes, drawing vertical strokes

from bottom to top and horizontal strokes from right

to left.

By way of encouragement it may be said that

many left-handed draftsmen letter beautifully.

13. Composition.
Composition in lettering has to do with the selection,

arrangement, and spacing of appropriate styles and

sizes of letters. On engineering drawings the selec-

tion of the style is practically limited to vertical or

inclined single-stroke lettering, so composition here

means arrangement into pleasing and legible form.

After the shapes and strokes of the individual letters



124 LETTERING/4

LETTERING
LETT E R I N G

fig. 30. Background areas. Equal areas be-

tween letters produce spacing that is visually

uniform.

have been learned, the entire practice should be on

composition into words and sentences, since proper

spacing of letters and words does more for the

appearance of a block of lettering than the forms

of the letters themselves. Letters in words are not

spaced at a uniform distance from each other but

are arranged so that the areas of white space (the

irregular backgrounds between the letters) are ap-

proximately equal, making the spacing appear ap-

proximately uniform. Figure 30 illustrates these

background shapes. Each letter is spaced with ref-

erence to its shape and the shape of the letter

preceding it. Thus adjacent letters with straight sides

would be spaced farther apart than those with

curved sides. Sometimes combinations such as LT
or AV may even overlap. Definite rules for spacing

are not successful; it is a matter for the draftsman's

judgment and sense of design. Figure 31 illustrates

word composition. The sizes of letters to use in any

particular case can be determined better by sketch-

ing them lightly than by judging from the guide lines

alone. A finished line of letters always looks larger

than the guide lines indicate. Avoid the use of a

coarse pen for small sizes and one that makes thin

wiry lines for large sizes. When capitals and small

capitals are used, the height of the small capitals

should be about four-fifths that of the capitals.

In spacing words, a good principle is to leave the

space that would be taken by an assumed letter /

connecting the two words into one, as in Fig. 32.

The space would never be more than the height of

the letters.

The clear distance between lines may vary from

'/
2
to l'/

2
times the height of the letter but for the

sake of appearance should not be exactly the same
as the letter height. The instruments in Figs. 2 and

3 provide spacing that is two-thirds of the letter

height. Paragraphs should always be indented.

14. Titles.

The most important problem in lettering composi-

tion is the design of titles. Every drawing has a

descriptive title that is either all hand-lettered or

filled in on a printed form. It gives necessary infor-

mation concerning the drawing, and the information

that is needed will vary with the different kinds of

drawings.

The usual form of lettered title is the symmetrical

title, which is balanced or "justified" on a vertical

center line and designed with an elliptical or oval

outline. Sometimes the wording necessitates a pyra-

mid or inverted-pyramid ("bag") form. Figure 33
illustrates several shapes in which titles can be com-
posed. The lower right-hand corner of the sheet is,

from long custom and because of convenience in

filing, the usual location for the title, and in laying

COMPOSITION IN LETTERING
REQUIRES CAREFUL SPACING, NOT ONLY
OF LETTERS BUT OF WORDS AND LINES

fig. 31. Word composition. Careful spacing

of letters and words and the proper emphasis
of size and weight are important.
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WORDS
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Leonardt 516 F:506 F
HUNT 5I2-.ESTERBROOK968
EsterbrooK 1000 Spencerian No .

I

Gill Ott 404: Gillott 303 Eslerbrook 356 and 355

fig. 35. Pen strokes, full size. These are

used principally for average-size lettering on

working drawings.

the center line on the drawing, and draw the final

letters directly below the sketches. Or draw the let-

ters along the edge of the scratch paper, using the

upper or lower edge as one of the guide lines. Or
letter the title on scratch paper, cut it apart and
adjust until satisfactory, and then trace it.

16. Notes and Filled-in Titles.

By far the principal use of lettering on engineering

drawings occurs on working drawings, where the

dimensions, explanatory notes, record of drawing

changes, and title supplement the graphic descrip-

tion of the object.

Styles vary, but the trend is toward the use of

capital letters exclusively. Most draftsmen are able

to letter in capital letters with greater readability and

fewer mistakes than in lower case. However, for

some structural drawings and others where space

may be at a premium, lower case is used.

On any working drawing the accuracy of the infor-

mation conveyed is paramount. For this reason it

is important to make the shapes of the letters pre-

cisely correct with no personal flourishes, embellish-

ments, or peculiarities. For example, a poorly made
3 may read as an 8 or vice versa. A poorly made
5 may be misconstrued as a 6. Strive for a smooth,

professional appearance with, above all, perfect

readability. The problems of Group 5 at the end of

this chapter give practice in the lettering of notes.

17. Lettering Pens.
There are many steel writing pens that are adaptable

to or made especially for lettering. The size of the

strokes of a few popular ones is shown in full size

in Fig. 35. Several special pens made in sets of

graded sizes have been designed for single-stroke

lettering; among them are those illustrated in Fig.

36. These are particularly useful for large work. The

ink-holding reservoir of the Henry tank pen (Fig. 37)

assists materially in maintaining uniform weight of

line. A similar device can be made by bending a

fig. 36. Barch-Payzant, Speedball, Edco,

and Leroy pens. These are used principally

for displays, large titles, and number blocks.
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brass strip from a paper fastener, a piece of an-

nealed watch spring, or— perhaps best— a strip cut

from a piece of shim brass into the shape shown

in Fig. 38 and inserting it in the penholder so that

the curved end just touches the pen nib.

To remove the oil film, always wet a new pen and

wipe it thoroughly before using. A lettering pen well

broken in by use is worth much more than a new

one. It should be kept with care and never lent. A

pen that has been dipped into writing ink should

never be put into drawing ink. When in use, a pen

should be wiped clean frequently with a cloth pen-

wiper.

18. Using the Pen.
Use a penholder with cork grip (the small size) and

set the pen in it firmly. Many prefer to ink a pen

with the quill filler, touching the quill to the under-

side of the pen point, rather than dipping the pen

in the ink bottle. If the pen is dipped, the surplus

ink should be shaken back into the bottle or the pen

touched against the neck of the bottle as it is with-

drawn. Lettering with too much ink on the pen gives

the results shown in Fig. 39.

In lettering, the penholder is held in the fingers

firmly but without pinching, in the position shown

in Fig. 40. The strokes of the letters are made with

a steady, even motion and a slight, uniform pressure

on the paper that will not spread the nibs of the

pen.

19. Other Lettering Styles.

This chapter has been devoted entirely to the com-

mercial Gothic letter because this style predominates

in all types of commercial drawings. However, other

letter styles are used extensively on architectural

drawings and on maps, in design and for display,

and for decorative letters on commercial products.

Some traditional letter styles and their uses are

given in the Appendix.

fig. 37. Henry tank pen. The reservoir is

designed to prevent spreading of the nibs.

fig. 38. Ink holder. This helps to avoid heavy

flow of ink when the pen is full.

EHMNWTZ
fig. 39. Too much ink. Fill the pen sparingly

and often.

fig. 40. Holding the pen. Note that the

thumb, forefinger, and second finger make
a three-point support.
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PROBLEMS

Group 1. Single-stroke Vertical Capitals.

1. Large letters in pencil for careful study of the shapes

of the individual letters. Starting 9
/16 in. from the top

border, draw guide lines for five lines of 3

8
-in. letters.

Draw each of the straight-line letters /, H, T, L, E,

F, X, Z. V, V, A, M, W, and X, four times in pencil

only, studying carefully Figs. 6 to 10. The illustration is

a full-size reproduction of a corner of this exercise.

2. Same as Prob. 1 for the curved-line letters O, Q, C,

G, D, U, 7, B, P, R, and S. Study Figs. 11 to 14.

3. Same as Prob. 1 for the figures 3, 8, 6, 9, 2, 5, %,

% %.
7

i6.
and 9

32- stud y F|g s
-
14 to 17 -

4. Composition. Same layout as for Prob. 1. Read Sec.

13 on composition; then letter the following five lines

in pencil: {a) WORD COMPOSITION, [b) TOPOGRAPHIC

SURVEY, (<) TOOLS AND EQUIPMENT, (</) BRONZE

BUSHING, (e) JACK-RAFTER DETAIL.

5. Quarter-inch vertical letters in pencil and ink. Starting

% in. from the top, draw guide lines for nine lines of

%-in. letters. In the group order given, draw each letter

r~

four times in pencil and then four times directly in ink,

as shown in the illustration.

6. Composition. Make a three-line design of the quota-

tion from Benjamin Lamme on the Lamme medals: "THE
ENGINEER VIEWS HOPEFULLY THE HITHERTO UN-

ATTAINABLE."

7. One-eighth-inch vertical letters. Starting % in. from

the top, draw guide lines for 18 lines of %-in. letters.

Make each letter and numeral eight times directly in ink.

Fill the remaining lines with a portion of Sec. 13 on

composition.

8. Composition. Letter the following definition: "Engi-

neering is the art and science of directing and controlling

the forces and utilizing the materials of nature for the

benefit of man. All engineering involves the organization

of human effort to attain these ends. It also involves an

appraisal of the social and economic benefits of these

activities."

1 1 I I H H H H 1Z.

LLLLEEEE
PROB. 1.

3-LLLL
IHHHHHHiH
LLLLEEE

PROB. 5.

Group 2. Single-stroke Inclined Capitals.

9 to 16. Same spacing and specifications as for Probs.

1 to 8, but for inclined letters. Study Sec. 10 and Figs.

20 to 23.
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Group 3. Single-stroke Inclined Lower Case.

17. Large letters in pencil for use with %-in. capitals.

The bodies are % in., the ascenders % in. above, and

the descenders % in. below. Starting % in. from the top,

draw guide lines for seven lines of letters. This can be

done quickly by spacing l

/6 in. uniformly down the sheet

and bracketing capital and base lines. Make each letter

of the alphabet four times in pencil only. Study Figs. 23

to 27.

18. Lower case for 3
/lt -in. capitals. Starting % in. from

the top, draw capital, waist, and base lines for 13 lines

of letters (Braddock or Ames no. 6 spacing). Make each

letter six times in pencil and then six times in ink.

19. Composition. Same spacing as Prob. 18. Letter the

opening paragraph of this chapter.

20. Letter Sec. 4.

Group 4. Titles.

21. Design a title for the assembly drawing of a rear

axle, drawn to the scale of 6 in. = 1 ft, as made by the

Chevrolet Motor Co., Detroit. The number of the drawing

is C82746. Space allowed is 3 by 5 in.

22. Design a title for the front elevation of a power-

house, drawn to %-in. scale by Burton Grant, Architect,

for the Citizens Power and Light Company of Punxsu-

tawney, Pennsylvania.

Group 5. Notes.
23 to 25. Vertical capitals. Copy each note in no. 6

(Ames or Braddock) spacing; then in no. 4 spacing.

26 to 28. Inclined capitals. Copy in no. 5 or no. 4

spacing.

29 to 31. Vertical lower case. Copy in no. 5 spacing.

32 to 34. Inclined lower case. Copy in no. 4 spacing.

35. For extra practice, select any of Probs. 23 to 34

and letter in a chosen style and size.

PAINT WITH METALLIC THIS PRINT IS AMERICAN
SEALER AND TWO COATS THIRD-ANGLE PROJECTION

LACQUER AS PER CLIENT prob. 24.

COLOR ORDER.
PROB. 23.

CUTOFF BURR MUST
NOT PROUFCT BE-
YOND THIS SURFACE.

PROB. 26.

Flatten ear on this

side to make piece No,

51367. See detail.

PROB. 29.

Material: #19 Go (0. 024)
C R Steel Temper to Rock-
well B- 40 to 65.

PROB. 32.

A L TERNA TE MA TERIA L

:

1ST. RED BRASS 85% CU.

2^d. COMM. BRASS 90 % CU.

3RD. COMM. BRASS 95% CU.

PROB. 27.

Deburring slot must

be centered on

0.625 hole within

±0.001, prob. 30.

This length varies from

0.245 to 0.627.

See table (A) below.
PROB. 33.

TO BE REMOVED
AFTER MACHINING
AND BEFORE
ASSEMBLY,

PROB. 25.

THIS HOLE IN

PIECE NO. 821

ONLY. REMOVE
BURR ON UPPER
SIDE. prob. 28.

Pivot point for high

pressure bellows.

PROB. 31.

Extrude to 0.082
± .002 Dia.

3-56 Class 2 tap.

PROB. 34.
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THEORY

1. Methods of Projection-
Classification .

The previous chapters have been preparatory to the

real subject of graphics as a language. Typically,

engineers design and develop machines and struc-

tures and direct their construction. Furthermore, to

design and then communicate every detail to manu-
facturinggroups, descriptions must be prepared that

show every aspect of the shape and size of each part

and of the complete machine or structure. Because

of this necessity, graphics is the fundamental

method of communication. Only as a supplement,

for notes and specifications, is the word language

used.

In this chapter and Chap. 8 we are concerned with

the methods of describing shape. Chapter 10 dis-

cusses size description.

Shape is described by projection, that is, by the

process of causing an image to be formed by rays

of sight taken in a particular direction from an object

to a picture plane. 1 Methods of projection vary ac-

cording to the direction in which the rays of sight

are taken to the plane. When the rays are perpen-

dicular to the plane, the projective method is ortho-

graphic. If the rays are at an angle to the plane, the

projective method is called oblique. Rays taken to

a particular station point result in perspective projec-

tion. By the methods of perspective the object is

represented as it would appear to the eye.

Projective theory is the basis of background infor-

mation necessary for shape representation. In

graphics, two fundamental methods of shape repre-

sentation are used:

(1). Orthographic views, consisting of a set of two

or more separate views of an object taken from

different directions, generally at right angles to each

other and arranged relative to each other in a

definite way. Each of the views shows the shape of

the object for a particular view direction and collec-

tively the views describe the object completely. Ortho-

graphic projection only is used.

'Only in projective geometry, a highly theoretical graphic sub-

ject, are surfaces other than a plane used.

(2). Pictorial views, in which the object is oriented

behind and projected upon a single plane. Either

orthographic, oblique, or perspective projection is

used.

Since orthographic views provide a means of de-

scribing the exact shape of any material object, they

are used for the great bulk of engineering work.

2. Theory of Orthographic Projection.
Let us suppose that a transparent plane has been

set up between an object and the station point of

an observer's eye (Fig. 1). The intersection of this

plane with the rays formed by lines of sight from

the eye to all points of the object would give a picture

that is practically the same as the image formed in

the eye of the observer. This is perspective projec-

tion.

If the observer would then walk backward from

the station point until he reached a theoretically

infinite distance, the rays formed by lines of sight

from his eye to the object would grow longer and

finally become infinite in length, parallel to each

other, and perpendicular to the picture plane. The
image so formed on the picture plane is what is

known as "orthographic projection." See Fig. 2.

3. Definition.

Basically, orthographic 2 projection could be defined

as any single projection made by dropping perpen-

diculars to a plane. However, it has been accepted

through long usage to mean the combination of two

or more such views, hence the following definition:

Orthographic projection is the method of representing

the exact shape of an object by dropping perpendiculars

from two or more sides of the object to planes, generally

at right angles to each other; collectively, the views on

these planes describe the object completely. (The term

"orthogonal" 3
is sometimes used for this system of

drawing.)

4. Orthographic Views.
The rays from the picture plane to infinity may be

discarded and the picture, or "view," thought of as

2
Literally, "right writing."

'Meaning right-angled.
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fig. 2. Orthographic projection. The station

point is at infinity, making the rays parallel

to each other. The rays are perpendicular to

the picture plane.

being found by extending perpendiculars to the

plane from all points of the object, as in Fig. 3. This

picture, or projection on a frontal plane, shows the

shape of the object when viewed from the front, but

it does not tell the shape or distance from front to

rear. Accordingly, more than one projection is re-

quired to describe the object.

In addition to the frontal plane, imagine another

transparent plane placed horizontally above the ob-

ject, as in Fig. 4. The projection on this plane, found

by extending perpendiculars to it from the object,

will give the appearance of the object as if viewed

from directly above and will show the distance from
front to rear. If this horizontal plane is now rotated

into coincidence with the frontal plane, as in Fig.

5, the two views of the object will be in the same
plane, as if on a sheet of paper. Now imagine a third

plane, perpendicular to the first two (Fig. 6). This

plane is called a "profile plane," and a third view

can be projected on it. This view shows the shape

of the object when viewed from the side and the
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fig. 3. The frontal plane of projection. This

produces the front view of the object.

fig. 4. The frontal and horizontal planes of

projection. Projection on the horizontal plane

produces the top view of the object. Frontal

and horizontal planes are perpendicular to

each other.

distance from bottom to top and front to rear. The

horizontal and profile planes are shown rotated into

the same plane as the frontal plane (again thought

of as the plane of the drawing paper) in Fig. 7. Thus

related in the same plane, they give correctly the

three-dimensional shape of the object.

In orthographic projection the picture planes are

called "planes of projection"; and the perpen-

diculars, "projecting lines" or "projectors."

In looking at these theoretical projections, or

fig. 5. The horizontal plane rotated into the

same plane as the frontal plane. This makes
it possible to draw two views of the object

on a plane, the drawing paper.

views, do not think of the views as flat surfaces on

the transparent planes, but try to imagine that you

are looking through the transparent planes at the

object itself.

5. The Six Principal Views.
Considering the matter further, we find that the

object can be entirely surrounded by a set of six

planes, each at right angles to the four adjacent to

it, as in Fig. 8. On these planes, views can be ob-

tained of the object as it is seen from the top, front,

right side, left side, bottom, and rear.

Think now of the six sides, or planes, of the box

as being opened up, as in Fig. 9, into one plane,

the plane of the paper. The front is already in the

plane of the paper, and the other sides are, as it

were, hinged and rotated into position as shown.

The projection on the frontal plane is the front view,

Dertical projection, or front elevation; that on the

horizontal plane, the top view, horizontal projection,

or plan; that on the side, or "profile," plane, the



5/ORTHOGRAPHIC DRAWING AND SKETCHING 135

fig. 6. The three planes of projection:

frontal, horizontal, and profile. Each is per-

pendicular to the other two.

fig. 7. The horizontal and profile planes

rotated into the same plane as the frontal

plane. This makes it possible to draw three

views of the object on a plane, the drawing
paper.

fig. 8. "The transparent box." This en-

closes the object with another frontal plane
behind, another horizontal plane below, and
another profile plane to the left of the object.

fig. 9. The transparent box as it opens and
all planes rotate to the plane of the frontal

plane. Note that horizontal and profile planes
are hinged to the frontal plane and that the

"rear-view" plane is hinged to the left profile

plane.

side view, profile projection, side elevation, or some-

times end view or end elevation. By reversing the

direction of sight, a bottom view is obtained instead

of a top view, or a rear view instead of a front view.

In comparatively rare cases a bottom view or rear

view or both may be required to show some detail
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6. Combination of Views.
The most usual combination selected from the six

possible views consists of the top. front, and right-

side views, as shown in Fig. 11, which, in this case,

best describes the shape of the given block. Some-

times the left-side view helps to describe an object

more clearly than the right-side view. Figure 12

shows the arrangement of top. front, and left-side

views for the same block. In this case the right-side

view would be preferred, as it shows no hidden

edges (see Sec. 12 on hidden features). Note that

the .side view of the front face of the object is adjacent

to the front view and that the side view of any point

will be the same distance from the front surface as
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fig. 16. Alternate-position views. Study this

figure carefully in conjunction with Fig. 15.

FRONT VIEW

fig. 17. Right-side view in alternate position.

Note the saving in paper area (compared with

regular position) for this broad, flat object.

Compare with Fig. 11.

for drawing purposes to define these dimensions

and to fix their direction.

Height is the difference in elevation between any

two points, measured as the perpendicular distance

between a pair of horizontal planes that contain the

points, as shown in Fig. 19. Edges of the object may
or may not correspond with the height dimensions.

Edge AB corresponds with the height dimension,

while edge CD does not, but the space heights of

A and C are the same, as are B and D. Height is

1 1 1

1
1 1

1 L_ J
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fig. 19. Definition of height. This is the

difference in elevation between two points.

fig. 20. Definition of width. This is the

difference from left to right between two
points.

fig. 21. Definition of depth. This is the

difference from front to rear between two
points.

fig. 22. Location of points in space. Height,

width, and depth must be designated.

planes, one at the front of the object containing

points / and L, the other at the rear containing

points K and M. The relative depth separating the

front and rear of the object is the perpendicular

distance between the planes as shown.

Any point can be located in space by giving its

height, width, and depth relative to some other

known point. Figure 22 shows a cube with four

identified corners A, B, C, and D. Assuming that the

plane containing points A and B is the front of the

object, height, width, and depth would be as marked.

Assuming also that point A is fixed in space, point

B could be located from point A by giving the width

dimension, including the statement that height and

depth measurements are zero. C could be located

from A by giving width, height, and zero depth. D
could be located from A by giving width, height, and

depth measurements.

9. The Relationship of Planes, View
Directions, and Space Dimensions.
As explained in Sees. 4 and 5, the object to be drawn

may be thought of as surrounded by transparent

planes upon which the actual views are projected.

The three space dimensions— height, width, and

depth—and the planes of projection are unchange-

ably oriented and connected with each other and

with the view directions (Fig. 23). Each of the planes

of projection is perpendicular, respectively, to its

own view direction. Thus the frontal plane is per-

pendicular to the front-view direction, the horizontal

plane is perpendicular to the top-view direction, and

the profile plane is perpendicular to the side-view

direction. The two space measurements for a view

are parallel to the plane of that view and perpen-

dicular to the view direction. Therefore height and

width are parallel to the frontal plane and perpen-
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fig. 23. The relationship between space di-

rections and the planes of projection. View

directions are perpendicular to their planes

of projection. Height is parallel to frontal and

profile planes, width is parallel to frontal and

horizontal planes, and depth is parallel to

horizontal and profile planes.

dicular to the front-view direction; width and depth

are parallel to the horizontal plane and perpen-

dicular to the top-view direction; height and depth

are parallel to the profile plane and perpendicular

to the side-view direction. Note that the three planes

of projection are mutually perpendicular, as are the

three space measurements and the three view di-

rections. Carefully study the views in Figs. 11 to 17

and note the space dimensions marked on each

figure.

lO. Classification of Surfaces
and Lines.
Any object, depending upon its shape and space

position, may or may not have some surfaces paral-

lel or perpendicular to the planes of projection.

Surfaces are classified according to their space

relationship with the planes of projection (Fig. 24).

Horizontal, frontal, and profile surfaces are shown

at (a). When a surface is inclined to two of the planes

of projection (but perpendicular to the third), as at

(b), the surface is said to be auxiliary or inclined.

If the surface is at an angle to all three planes, as

at (c), the term oblique or skew is used.

The edges (represented by lines) bounding a sur-

face may, because of the shape or position of the

(a) - Horizontal, frontal, and

profile surfaces

(fc)-One auxiliary surface

(c)-One oblique surface

fig. 24. Classification of surface positions.

object, also be in a simple position or inclined to

the planes of projection. A line in, or parallel to, a

plane of projection takes its name from the plane.

Thus a horizontal line is a line in a horizontal plane,

a frontal line is a line in a frontal plane, and a profile

line is a line in a profile plane. When a line is parallel

to two planes, the line takes the name of both

planes, as horizontal-frontal, horizontal-profile, or

frontal-profile. A line not parallel to any plane of

projection is called an oblique or skew line. Figure

25 shows various positions of lines.

An edge appears in true length when it is parallel

to the plane of projection, as a point when it is

perpendicular to the plane, and shorter than true

length when it is inclined to the plane. Similarly, a



5 ORTHOGRAPHIC DRAWING AND SKETCHING 141

Lines inclined by
object shape

A frontal line

A horizontal-profile line

Lines inclined by
object position

A profile line

A frontal-profile line

I 1
—

I

1

A horizontal line

A horizontal-frontal line

An oblique line

fig. 25. Classification of line positions.

surface appears in true shape when it is parallel to

the plane of projection, as a line when it is per-

pendicular to the plane, and foreshortened when it

is inclined to the plane. As an example, Fig. 24«

shows an object with its faces parallel to the planes

of projection; top, front, and right-side surfaces are

shown in true shape; and the object edges appear

either in true length or as points. The inclined sur-

face of the object at (/;) does not show in true shape

in any of the views but appears as an edge in the

front view. The front and rear edges of the inclined

surface are in true length in the front view and

foreshortened in the top and side views. The top

and bottom edges of the inclined surface appear in

true length in top and side views and as points in

the front view. The oblique (skew) surface of the

object at (c) does not show in true shape in any of

the views, but each of the bounding edges shows

in true length in one view and is foreshortened in

the other two views.

11. Representation of Lines.
Although uniform in appearance, the lines on a

drawing may indicate three different types of direc-

tional change on the object. An edge view is a line

showing the edge of a receding surface that is per-

pendicular to the plane of projection. An intersection

is a line formed by the meeting of two surfaces when
either one surface is parallel and one at an angle

or both are at an angle to the plane of projection.

A surface limit is a line that indicates the reversal

of direction of a curved surface (or the series of

points of reversal on a warped surface). Figure 26
illustrates the different line meanings, and these are

further explained in Sec. 45.
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LEGEND
•Edge viewofsurface o Intersection oftwo surfaces

A Surface Limit

fig. 26. What a line indicates.

12. Hidden Features.
To describe an object completely, a drawing should

contain lines representing all the edges, inter-

sections, and surface limits of the object. In any vieiv

there will be some parts of the object that cannot be

seen from the position of the observer, as they will be

covered by portions of the object closer to the ob-

server's eye. The edges, intersections, and surface

limits of these hidden parts are indicated by a dis-

continuous line called a dashed line.
6 See the alpha-

bet of lines (Figs. 56 and 57). In Fig. 27 the drilled

hole 7 that is visible in the right-side view is hidden

in the top and front views, and therefore it is indi-

cated in these views by a dashed line showing the

hole and the shape as left by the drill point. The

milled slot (see Glossary) is visible in the front and

side views but is hidden in the top view.

The beginner must pay particular attention to the

execution of these dashed lines. If carelessly drawn,

they ruin the appearance of a drawing and make
it harder to read. Dashed lines are drawn lighter than

full lines, of short dashes uniform in length with the

space between them very short, about one-fourth

the length of the dash. It is important that they start

and stop correctly. A dashed line always starts with

a dash except when the dash would form a continu-

6The line indicating hidden features has been traditionally

known as a "dotted" line. However, in this treatise the term
"dashed" line will be used because it accurately describes the

appearance of the line. The term "hidden line," also sometimes
used, is completely inaccurate because there are no lines on the

object, and the line indicating hidden features is visible on the

drawing.

'See Glossary and Index.

Arc dash starts

at tangent

point

fig. 27. Dashed-line technique. Note espe-
cially that a dashed line begins with a space
when il continues in the same direction as a

full line.

-No space - beginning

of line

-Space here -

continuation of tit

-j-No space -beginning

of tine
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ation of a full line; in that case a space is left, as

shown in Fig. 27. Dashes always meet at corners.

An arc must start with a dash at the tangent point

except when the dash would form a continuation

of a straight or curved full line. The number of

dashes used in a tangent arc should be carefully

judged to maintain a uniform appearance (Fig. 28).

Study carefully all dashed lines in Figs. 27 and 29.

13. Center Lines.
In general, the first lines drawn in the layout of an

engineering drawing are the center lines, which are

the axes of symmetry for all symmetrical views or

portions of views: (1) Every part with an axis, such

as a cylinder or a cone, will have the axis drawn

as a center line before the part is drawn. (2) Every

circle will have its center at the intersection of two

mutually perpendicular center lines.

The standard symbol for center lines on finished

drawings is a fine line made up of alternate long

and short dashes, as shown in the alphabet of lines

(Figs. 56 and 57). Center lines are always extended

slightly beyond the outline of the view or portion of

the view to which they apply. They form the skeleton
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When a center line and cutting-plane (explained

in Chap. 7) line coincide, the one that is more im-

portant for the readability of the drawing takes

precedence over the other.

Break lines (explained in Chap. 7) should be

placed so that they do not spoil the readability of

the over-all view.

Dimension and extension lines must always be

placed so as not to coincide with other lines of the

drawing.

The following list gives the order of precedence

of lines:

1. Full line

2. Dashed line

3. Center line or cutting-plane line

4. Break lines

5. Dimension and extension lines

6. Crosshatch lines

Note the coincident lines in Fig. 30.

15. Exercises in Projection.

The principal task in learning orthographic projec-

tion is to become thoroughly familiar with the theory

and then to practice this theory by translating from

a picture of the object to the orthographic views.

Figures 31 and 32 contain a variety of objects shown

by a pictorial sketch and translated into orthographic

~t±

fig. 30. Coincident-line study. Coincident

lines are caused by the existence of features

of identical size or position, one behind the

other.

views. Study the objects and note (1) how the object

is oriented in space, (2) why the orthographic views

given were chosen, (3) the projection of visible fea-

tures, (4) the projection of hidden features, and (5)

center lines.

WRITING THE GRAPHIC
LANGUAGE

16. Objectives.

The major objective of a student of the graphic

language is to learn orthographic drawing. In addi-

tion to an understanding of the theory of ortho-

graphic projection, several aspects of drawing are

necessary preliminaries to its study. These have

been discussed in the preceding chapters and in-

clude skill and facility in the use of instruments

(Chap. 2), a knowledge of applied geometry (Chap.

3), and fluency in lettering (Chap. 4). In writing the

graphic language, a topic we will now take up, always

pay careful attention to accuracy and neatness.

17. Object Orientation.

An object can, of course, be drawn in any of several

possible positions. The simplest position should be

used, with the object oriented so that the principal

faces are perpendicular to the sight directions for

the views and parallel to the planes of projection,

as shown in Fig. 33. Any other position of the object,

with its faces at some angle to the planes of projec-

tion, would complicate the drawing, foreshorten the

object faces, and make the drawing difficult to make

and to read.

18. Selection of Views.
In practical work it is important to choose the com-

bination of views that will describe the shape of an

object in the best and most economical way. Often

only two views are necessary. For example, a cylin-

drical shape, if on a vertical axis, would require only

a front and top view; if on a horizontal axis, only

a front and side view. Conic and pyramidal shapes
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(a) (/.) (c)

(d)

era

(»)

LLD

(/)

u____
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fig. 33. Object orientation. Use the simplest

position. It will give the clearest possible rep-

resentation and be the easiest to draw.

simple shapes is described and its relation to the

others is shown, the object will be fully represented.

In the majority of cases the three regular views

—

top, front, and side— are sufficient to do this.

Sometimes two views are proposed as sufficient

for an object on the assumption that the contour

in the third direction is of the shape that would

naturally be expected. In Fig. 36, for example, the

figure at («) would be assumed to have a uniform

cross section and be a square prism. But the two
views might be the top and front views of a wedge,
as shown in three views at (//). Two views of an
object, as drawn at (c), do not describe the piece

at all. The object at («) might be assumed to be

square in section, but it could as easily be round,

triangular, quarter-round, or of another shape, which

(h)

(. ) W
fig. 34. Two-view drawings. These are suffi-

cient for any object having a third view iden-

tical with or similar to one of the two views

given.

fig. 35. Geometric shapes combined. Even
the most complicated objects can be analyzed
as combined geometric shapes.

should have been indicated by a side view. Sketch

several different front views for each top view, Fig.

37« to c.

With the object preferably in its functioning posi-

tion and with its principal .surfaces parallel to the

planes of projection, visualize the object, mentally
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(a)

Two views do not

describe the object

(<)

Top view

not needed

Side view

needed

fig. 36. A study of views. Two views do not

describe a rectangular object (a), but a wedge
shape (b) or quarter round (c) is described

by two views.

(a) (<)

fig. 37. Top views given. One view does not

describe an object unless some additional

explanation is given. Sketch several front

views for (a), (b), and (c).

1
i
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advantage, but it should not be necessary, in any

case, to sketch all possible views in order to make

a selection.

Study the drawings in Fig. 39 and determine why

each view was chosen.

19. Drawing Sizes.

Standard sizes for sheets of drawing paper, based

on multiples of 8% by 11 in. and 9 by 12 in., are

specified for drawings by the ANSI. Trimmed sizes

of drawing paper and cloth, with suitable border and

title dimensions in the final chapter.

20. Spacing the Views.
View spacing is necessary so that the drawing will be

balanced within the space provided. A little prelimi-

nary measuring is necessary to locate the views. The

following example describes the procedure: Suppose

the piece illustrated in Fig. 40 is to be drawn full

size on an 11- by 17-in sheet. With an end-title strip,

the working space inside the border will be lO 1
/^ by

15 in. The front view will require 7n/16 in., and the

side view 2% in. This leaves 5V16 in. to be distributed

between the views and at the ends.

This preliminary planning need not be to exact

fig. 39. Selection-ofview study. Determine

in each case (a to k) why the views shown
are the best choice.
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fig. 40. Spacing the views on the paper. This

is done graphically. Study the text carefully

while referring to this figure and go through

the steps by laying out the given object on

a standard 11- x 17-in. sheet.

dimensions, that is, small fractional values, such as
15,

64 in. or 31
/
32

in., can be adjusted to % and 1 in.,

respectively, to speed up the planning. In this case

the 7n/u -in. dimension can be adjusted to 7% in.

Locate the views graphically and quickly by mea-

suring with your scale along the bottom border line.

Starting at the lower right corner, lay off first 2%
in. and then 7% in. The distance between views can

now be decided upon. It is chosen by eye to separate

the views without crowding, yet placing them suffi-

ciently close together so that the drawing will read

easily (in this case V/
2

in.). Measure the distance;

half the remaining distance to the left corner is the

starting point of the front view. For the vertical

location: the front view is 4 in. high, and the top

view 2% in. deep. Starting at the upper-left corner,

lay off first 2% in. and then 4 in.; judge the distance

between views (in this case 1 in.), and lay it off;

then a point marked at less than half the remaining

space will locate the front view, allowing more space

at the bottom than at the top for appearance.

Block out lightly the spaces for the views, and study

the over-all arrangement, because changes can

easily be made at this stage. If it is satisfactory,

select reference lines in each view from which the

space measurements of height, width, and depth

that appear in the view can be measured. The refer-

ence line may be an edge or a center line through

some dominant feature, as indicated on Fig. 40 by

the center lines in the top and side views and the
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medium-weight lines in all the views. The directions

for height, width, and depth measurements for the

views are also shown.

21. Projecting the Views.
After laying out the views locate and draw the vari-

ous features of the object. In doing this, carry the

views along together, that is, do not attempt to com-

plete one view before proceeding to another. Draw

first the most characteristic view of a feature and

then project it and draw it in the other views before

going on to a second feature. As an example, the

vertical hole of Fig. 41 should be drawn first in the

top view, and then the dashed lines representing

the limiting elements or portions should be projected

and drawn in the front and side views.

In some cases, one view cannot be completed

before a feature has been located and drawn in

another view. Study the pictorial drawing in Fig. 41,

and note from the orthographic views that the hori-

zontal slot must be drawn on the front view before

the edge AB on the slanting surface can be found

in the top view.

Projections (horizontal) between the front and

side views are made by employing the T square to

draw the required horizontal line (or to locate a

required point), as in Fig. 42.

Projections (vertical) between the front and top

views are made by using the T square and a triangle

as in Fig. 43.

Projections between the top and side views cannot

be projected directly but must be measured and

transferred or found by special construction. In car-

rying the top and side views along together, it is

usual to transfer the depth measurement from one

to the other with dividers, as in Fig. 44a, or with

a scale, as at (&). Another method, used for an

irregular figure, is to "miter" the points around,

using a 45° line drawn through the point of inter-

section of the top and side views of the front face,

extended as shown in Fig. 45. The method of Fig.

45, however, requires more time and care than the

methods of Fig. 44 and is, therefore, not recom-

mended.
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(a)

(fc)

fig. 44. Transferring depth measurements.

Depth cannot be projected. Transfer the nec-

essary distances with dividers, as at (a), or

with scale, as at (/>)•

22. Projections of Surfaces Bounded
by Linear Edges.
In drawing projections of inclined surfaces, in some

cases the corners of the bounding edges may be

used, and in other cases the bounding edges them-

selves may be projected. In illustration of these

methods, Fig. 46« shows a vertical hexagonal hole

that is laid out from specifications in the top view.

Then the front view is drawn by projecting from the

six corners of the hexagon and drawing the four

fig. 45. Projecting depth measurements. A
"miter line" at 45°, with horizontal and ver-

tical projectors, transfers the depth from top

to side view (or vice versa).
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dashed lines to complete the front view. To get the

side view, a horizontal projection is made from each

corner on the front view to the side view, thus lo-

cating the height of the points needed on the side

view. Then measurements D
x

, D2 , and D
3
taken

from the top view and transferred to the side view

locate all six corners in the side view. The view is

completed by connecting these corners and drawing

the three vertical dashed lines. The object in Fig.

46/; shows a horizontal slot running out on an in-

clined surface. In the front view the true width and

height of this slot is laid out from specifications. The
projection to the side view is a simple horizontal

projection for the dashed line, indicating the top

surface of the slot. To get the top view, the width

is projected from the front view and then the posi-

tion of the runout line is measured (distance /},)

and transferred to the top view.

In summary, it may be stated that, if a line ap-

pears at some angle on a view, its two ends must
be projected; if a line appears parallel to its path

of projection, the complete line can be projected.

23. Projections of an
Elliptical Boundary.
The intersection of a cylindrical hole (or cylinder)

with a slanting (inclined or skew) surface, as shown

in Fig. 47, will be an ellipse, and some projections

of this elliptical edge will appear as another ellipse.

The projection can be made as shown in Fig. 47«

by assuming a number of points on the circular view

and projecting them to the edge view (front) and

then to an adjacent view (side). Thus points 1 to

4 are located in the top view and projected to the

front view, and the projectors are then drawn to the

side view. Measurements of depth taken from the

top view (as D
2
) will locate the points in the side

view. Draw a smooth curve through the points, using

a French curve.

For an ellipse on an inclined surface, the projec-

tion can also be made by establishing the major and

minor diameters of the ellipse, as shown in Fig. 47b.

A pair of diameters positioned so as to give the

largest and smallest extent of the curve will give the

required major and minor diameters. Thus, AB will

(a)
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fig. 48. Projection of an elliptical boundary

by employing conjugate diameters. Refer to

Sec. 53 and Fig. 68, both in Chap. 3.

24. Projections of a
Curved Boundary.
Any nongeometric curve (or a geometric curve not

having established axes) must be projected by lo-

cating points on the curve. If the surface is in an

inclined position, as in Fig. 49a, points may be

assumed on the curve laid out from data (assumed

in this case to be the top view) and projected first

to the edge view (front) and then to an adjacent

view (side). Measurements, such as 1, 2, etc., from

the top view transferred to the side view complete

the projection. A smooth curve is then drawn

through the points.

If the surface is skew, as in Fig. 49b, elements

of the skew surface, such as l'-l, 2'-2, etc., located

in an adjacent view (by drawing the elements paral-

lel to some known line of the skew surface, such

as AB) make it possible to project points on the

curve 1, 2, etc., to the adjacent view, as shown.

the straight-line boundary of the skew surface. Thus

the line 1-2 located in the front view and intersected

by projection of A TBT from the top view locates AFBF .

Similarly, lines 3-4 and 5-6 at the ends of the axis

CD locate CFDF .

25. Projections by Identifying
Corners.
In projecting orthographic views or in comparing the

views with a picture, it is helpful in some cases to

letter (or number) the corners of the object and, with

these identifying marks, to letter the corresponding

fig. 49. Projection of a curved boundary.

Points are plotted and a smooth curve is

drawn through them.
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points on each of the views, as in Fig. 50. Hidden

points directly behind visible points are lettered to

the right of the letter of the visible point, and in

this figure, they have been further differentiated by

the use of "phantom," or dotted, letters. Study Fig.

51, and number or letter the corners of the three

views to correspond with the pictorial view.

26. Order of Drawing.
The order of working is important, as speed and
accuracy depend largely upon the methods used in

laying down lines. Avoid duplications of the same
measurement and keep to a minimum changing

from one instrument to another. Naturally, all

measurements cannot be made with the scale at

one time or all circles and arcs drawn without laying

down the compass, but as much work as possible

should be done with one instrument before shifting

to another. An orderly placement of working tools

on the drawing table will save time when changing

instruments. The usual order of working is shown
in Fig. 52.

1. Decide what combination of views will best

describe the object. A freehand sketch will aid in

choosing the views and in planning the general

arrangement of the sheet.

2. Decide what scale to use, and by calculation

or measurement find a suitable standard sheet size;

fig. 51. Projection study. Number the cor-

ners of the orthographic views to correspond
with the numbers on the picture.
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fig. 52. Stages in penciling, (a) block out

the views; (/>) locate center lines; (r) start

details, drawing arcs first; (cl) draw dominant
details; (e) finish. See text for explanation.

or pick one of the standard drawing-sheet sizes and

find a suitable scale.

3. Space the views on the sheet, as described in

Sec. 20.

4. Lay off the principal dimensions, and then

block in the views with light, sharp, accurate outline

and center lines. Draw center lines for the axes of

all symmetrical views or parts of views. Every cylin-

drical part will have a center line—the projection

of the axis of the piece. Every circle will have two

center lines intersecting at its center.

5. Draw in the details of the part, beginning with

the dominant characteristic shape and progressing

to the minor details, such as fillets and rounds. Carry

the different views along together, projecting a

characteristic shape, as shown in one view to the

other views, instead of finishing one view before

starting another. Use a minimum of construction

and draw the lines to finished weight, if possible,

as the views are carried along. Do not make the

drawing lightly and then "heavy" the lines later.

6. Lay out and letter the title.

7. Check the drawing carefully.

27. Order of Tracing.
If the drawing is to be traced in ink as an exercise

in the use of instruments or for a finished ortho-

graphic drawing without dimensions, the order of

working is as follows:

1. Place the pencil drawing to be traced on the

drawing board, carefully align it with the T square,

and put thumbtacks in the two upper corners. Then

place the tracing paper or cloth (dull side up) over

the drawing. Holding the cloth in position, lift the

tacks one at a time and replace them to hold both

sheets. Then put tacks in the two lower corners.

2. To remove any oily film, prepare the surface

of the cloth or paper by dusting it lightly with pre-

pared pounce or soft white chalk. Then wipe the

surface perfectly clean with a soft cloth.

3. Carefully set the pen of the compass to the

correct line width, and ink all full-line circles and

circle arcs, beginning with the smallest. Correct line

weights are given in Fig. 57, Chap. 2.

4. Ink dashed circles and arcs in the same order

as full-line circles.

5. Carefully set the ruling pen to draw a line
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exactly the same width as the line in the full-line

circles. The best way to match the straight lines to

the circles is to draw with the compass and ruling

pen outside the trim line of the sheet or on another

sheet of the same kind of paper and adjust the ruling

pen until the lines match.

6. Ink irregular curved lines.

7. Ink straight full lines in this order: horizontal

(begin at the top of the sheet and work down),

vertical (from the left side of the sheet to right), and

inclined (uppermost first).

8. Ink straight dashed lines in the same order.

Be careful to match these lines with the lines in the

dashed circles.

9. Ink center lines.

10. Crosshatch all areas representing cut surfaces.

11. Draw pencil guide lines and letter the title.

12. Ink the border.

13. Check the tracing for errors and omissions.

28. Orthographic Freehand Drawing.
Facility in making freehand orthographic drawings

is an essential part of the equipment of every engi-

neer, and since ability in sketching presupposes

some mastery of other skills (as we have seen in

Chaps. 1 to 4), practice should be started early.

Although full proficiency in freehand drawing is

synonymous with mastery of the graphic language

and is gained only after acquiring a background of

knowledge and skill in drawing with instruments,

sketching is an excellent method for learning the

fundamentals of orthographic projection and can be

used by the beginner even before he has had much
practice with instruments. In training, as in profes-

sional work, time can be saved by working freehand

instead of with instruments, as with this method
more problems can be solved in an allotted amount
of time.

Although some experienced teachers advocate the

making of freehand sketches before practice in the

use of instruments, some knowledge of the use of

instruments and especially of applied geometry is

a great help because the essentials of line tangents,

connections, and intersections as well as the basic

geometry of the part should be well defined on a

freehand drawing. Drawing freehand is, of course,

an excellent exercise in accuracy of observation.

Figure 53 is an example of a good freehand drawing.

29. Line Quality for Freehand Work.
Freehand drawings are made on a wide variety of

papers, ranging from inexpensive notebook or writ-

ing grades to the finer drawing and tracing papers

and even pencil cloth. The surface texture—smooth,

medium, or rough—combined with the grade of

pencil and pressure used will govern the final result.

If a bold rough effect is wanted for a scheming or

idea sketch, a soft pencil and possibly rough paper

would be employed. For a working sketch or for

representation of an object with much small or intri-

cate detail, a harder pencil and smoother paper

would help to produce the necessary line quality.

Figure 54 is a photograph (reproduced about half

size) showing lines made with pencils of various

grades with medium pressure on paper of medium
texture. Note that the 6B pencil gives a rather wide

and rough line. As the hardness increases from 5B
to 4B, etc., up to 2H, the line becomes progressively

narrower and lighter in color. This does not mean
that a wide line cannot be made with a fairly hard

pencil, but with ordinary sharpening and with uni-

form pressure the softer grades wear down much
faster than the harder grades. Unless a soft pencil

such as 6B, 5B, or 4B is sharpened after each short

stroke, fine lines are impossible. Also, the harder

grades such as F, H, and 2H, once sharpened, will

hold their point for some time, and fairly fine lines

can be obtained without much attention to the point.

With ordinary pressure and normal use the soft

grades give bold rough results, and the harder

grades give light smooth lines.

30. Range of Pencil Grades.
The 6B grade is the softest pencil made and gives

black, rough lines. With normal pressure, the line

erases easily but is likely to leave a slight smear.

The 6B, 5B, and 4B pencils should be used when
a rather rough line is wanted, for example, for

scheming or idea sketches, architectural renderings,

and illustrations. The range from 3B to HB, inclu-

sive, is usually employed for engineering sketches

on medium-textured paper. For example, a sketch
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To show the difference in line quality produced

by paper texture, Fig. 56 shows the same firm pres-

sure used in Fig. 55, but this time on smooth paper.

In Fig. 57 the same pressure has been used on

rough paper. Figure 58 is given to aid in comparing

the effect of pressure and texture. On the left is the

medium pressure on medium-textured paper; at («),

(/>), and (c) firm pressure has been used but at (a)

on medium-, at (b) on smooth-, and at (c) on rough-

textured paper.

6B

5B

4B

3B

2B

B

HB

F

H

2H

fig. 54. Different pencil grades, using me-

dium pressure on paper of medium texture.

6B

5B

4B

3B

2B

B

HB

F

H

2H

fig. 56. Different pencil grades, using firm

pressure on smooth paper.

6B -

5B -

4B -

3B -

2B

B -

HB -

F

H

2H

fig. 55. Different pencil grades, using firm

pressure on paper of medium texture.

6B

5B

4B

3B

2B

B

HB

F

H

2H

fig. 57. Different pencil grades, using firm

pressure on rough paper.
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6B

5B

4B

3B

2B

B

HB

F

H

2H

fig. 58. Comparison of different pencil

pressures and paper surfaces. Medium pres-

sure on medium paper— left column. Firm

pressure on medium paper at (a), on smooth
at (b), and on rough at (r).

(a) (M (c)

33. Kinds of Paper.
Plain and Coordinate. Sketches are made for many
purposes and under a variety of circumstances, and

as a result on a number of different paper types

and surfaces. A field engineer in reporting informa-

tion to the central office may include a sketch made
on notebook paper or a standard letterhead. On the

other hand, a sketch made in the home office may
be as important as any instrument drawing and for

this reason may be made on good-quality drawing

or tracing paper and filed and preserved with other

drawings in a set. Figure 59 is an example of a

sketch made on plain paper, which might be the

letterhead paper of the field engineer or a piece of

fine drawing or tracing paper. The principal difficulty

in using plain paper is that proportions and projec-

tions must be estimated by eye. A good sketch on

plain paper requires better-than-average ability and

experience. Use of some variety of coordinate paper

is a great aid in producing good results. There are

many kinds of paper and coordinate divisions avail-

able, from smooth to medium texture and coordi-

nate divisions of % or l

/lQ to % in., printed on tracing

paper or various weights of drawing paper. Usually

one coordinate size on tracing paper and another

(or the same) on drawing paper will supply the needs

of an engineering office. Figure 60 is an example

of a sketch on paper with coordinate divisions of

% in. Figure 61 has divisions of % in. Figure 62 is

a sketch made on %-in. coordinate paper, actual

size.

The paper type, tracing or regular, is another
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fig. 59. A freehand drawing on plain paper.

This drawing was made by an expert of long

experience. More "roughness" or "waviness"

of lines is permissible on freehand than on

instrument drawings, but care should be

taken to keep all details concise and read-

able.

fig. 60. A freehand drawing on coordinate

tracing paper. The coordinates, on the back
of the paper, aid greatly in making projec-

tions, in keeping the right proportions, and
in drawing straight and accurate lines.

fig. 61. A freehand drawing on coordinate
notebook paper. Coordinates are '/

4 in. apart.

factor to be considered. Reproduction by any of the

transparency methods demands the use of tracing

paper. If coordinate paper is used, it may be de-

sirable to obtain prints on which the coordinate

divisions do not show. Figure 60 is an example of

a sketch on tracing paper with the coordinate divi-

sions printed on the back of the paper in faint

purplish-blue ink. Since the divisions are on the

back, erasures and corrections can be made without

erasing the coordinate divisions. Normally the divi-

sions will not reproduce, so prints give the appear-

ance of a sketch made on plain paper. Figure 61

is a sketch on standard, three-hole notebook paper

with %-in. divisions in pale blue ink.

The use of coordinate paper is a great aid in

freehand drawing, and speeds up the work consid-

erably. Projections are much easier to make on it

than on plain paper, and to transfer distances from

top to side view, the divisions can be counted.

34. Technique.
The pencil is held with freedom and not close to

the point. Vertical lines are drawn downward with

a finger movement in a series of overlapping

strokes, the hand somewhat in the position of Fig.
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fig. 62. A freehand drawing on coordinate

paper (actual size). Note the bold but concise

technique.

--f-—r—

h

63. Horizontal lines are drawn with the hand shifted

to the position of Fig. 64, using a wrist motion for

short lines and a forearm motion for longer ones.

In drawing any straight line between two points, keep

your eyes on the point to which the line is to go rather

than on the point of the pencil. Do not try to draw

the whole length of a line in a single stroke. It may
be helpful to draw a very light line first, as in Fig.

65A, and then to sketch the finished line, correcting

the direction of the light line and bringing the line

to final width and blackness by using strokes of

convenient length, as at (B). The finished line is

shown at (C). Do not be disturbed by any nervous

waviness. Accuracy of direction is more important

than smoothness of line.

35. Straight Lines.
Horizontal lines are drawn from left to right as in

Fig. 66, vertical lines from top to bottom as in

Fig. 67.

Inclined lines running downward from right to left

(Fig. 68) are drawn with approximately the same
movement as vertical lines, but the paper may be

turned and the line drawn as a vertical (Fig. 69).

Inclined lines running downward from left to right

(Fig. 70) are the hardest to draw because the hand
is in a somewhat awkward position; for this reason,

the paper should be turned and the line drawn as

a horizontal, as in Fig. 71.

The sketch paper can easily be turned in any

direction to facilitate drawing the lines because there

is no necessity to fasten the paper to a drawing-table

top. The paper may, of course, be taped to a drawing

board or attached to a clip board.

It is legitimate in freehand drawing to make long

vertical or horizontal lines using the little finger as
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fig. 63. Sketching a vertical line. Draw
downward with finger movement, overlapping

the strokes for long lines.

fig. 64. Sketching a horizontal line. Draw
from left to right with wrist pivot for short

lines and forearm movement for long lines.

Overlap strokes if necessary.

®
®
© N

fig. 65. Technique of sketching lines, (a) set

direction with a light construction line; (b)

first stroke; (c) complete line with a series

of overlapping strokes.

^S
fig. 66. Sketching a horizontal line. Draw
from left to right.

fig. 67. Sketching a vertical line. Draw from
top to bottom.

a guide along the edge of the pad or clip board. The
three important things about a straight line are that

it (1) be essentially straight, (2) be the right length,

and (3) go in the right direction.

36. Circles.

Circles can be drawn by marking the radius on each

side of the center lines. A more accurate method
is to draw two diagonals in addition to the center

lines and mark points equidistant from the center

of the eight radii; at these points, draw short arcs
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fig. 68. Sketching an inclined line sloping

downward from right to left. This line may
be drawn in either direction, whichever is

more convenient by personal preference.

fig. 69. Turning the paper to sketch an

inclined line as a vertical line. This is often

a great help because of the awkward position

of the inclined line. An alternate turn is to

the position of Fig. 71.

:%,



5/0RTH0GRAPHIC DRAWING AND SKETCHING 165

holding two pencils and using one as a pivot about

which to rotate the paper. Another way ot drawing

a circle is to sketch it in its circumscribing square.

37. Projection.

In making an orthographic sketch, remember and

apply the principles ot projection and applied geom-

etry. Sketches are not made to scale but are made
to show fair proportions of objects sketched. It is

legitimate, however, when coordinate paper is used,

to count the spaces or rulings as a means of propor-

tioning the views and as an aid in making projec-

tions. Take particular care to have the various details

of the views in good projection from view to view.

It is an inexcusable mistake to have a detail sketched

to a different size on one view from that on another.

When working on plain paper, projections between

the top and front views or between the front and

side views are easily made by simply "sighting"

between the views or using very light construction

lines, as in Fig. 73. Projections between the top and

side views are laid off by judging the distance by

I

(a) (M

fig. 72. Method of drawing freehand circles.

(«) draw center lines; (b) draw diagonals; (c)

space points on the circle with light, short lines

(by eye); (rf) correct and begin filling in; (c)

finish.

fig. 73. Freehand projections. Judge the

projections by eye (aided by coordinate lines

if lined paper is used). Judge the measure-
ments (A and B) by eye; or measure the

distances with a pencil or by marking on a

strip of paper.

eye, by measuring the distance by holding the finger

at the correct distance from the end of the pencil

and transferring to the view, or by marking the

distance on a small piece of paper and transferring

to the view. Note in Fig. 73 that distances A, B, and

others could be transferred from the top to the side

view by the methods just mentioned.

Even though freehand lines are somewhat "wavy"

and not so accurate in position as ruled lines, a good

freehand drawing should present the same clean

appearance as a good instrument drawing.

38. Method.
Practice in orthographic freehand drawing should be

started by drawing the three views of a number of

simple pieces, developing the technique and the

ability to "write" the orthographic language, while

exercising the constructive imagination in visualizing

the object by looking at the three projections. Ob-

serve the following order of working:

1. Study the pictorial sketch and decide what

combination of views will best describe the shape

of the piece.

2. Block in the views, as in Fig. 74a, using a very

light stroke of a soft pencil (2B, B, HB, or F) and

spacing the views so as to give a well-balanced ap-

pearance to the drawing.
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fig. 74. Stages in making an orthographic

freehand drawing, (a) block in view spaces;

(/;) locate principal features with light lines;

(c), ((/). and (r) finish progressively to final

weight, working from dominant to smaller

details.

3. Build up the detail in each view, carrying the

three views along together as at (£>).

4. Brighten the outline of each view with bold

strokes as at (c).

5. Brighten the detail with bold strokes, thus

completing the full lines of the sketch as at (d).

6. Sketch in all dashed lines, using a stroke of

medium weight and making them lighter than the

full lines, as at (e), thus completing the shape de-

scription of the object.

7. Check the drawing carefully. Then cover the

pictorial sketch and visualize the object from the

three views.

After drawing a number of simple pieces free-

hand, try more complicated problems such as Probs.

27 to 55. Faintly ruled coordinate paper (illustrated

in Fig. 60) may be used if desired.

39. Shop Processes.
Shop processes are properly a part of dimensioning

and specification for working drawings and in this

text are given in Chap. 9, preceding dimensioning

and tolerancing, screw threads and fasteners, and

working drawings. However, in order to read the

pictorial drawings (problems) to be drawn in ortho-

graphic projection, some knowledge of processing

fundamentals is necessary. Therefore, Chap. 9,

Methods Used in Manufacture, should be studied,

especially for a knowledge of hole processing (drill-

ing, reaming, etc.) and for information on fillets,

rounds, finished surfaces, and methods of part

manufacture. Consult the Glossary for unfamiliar

terms.

40. Dimensioning Systems.
For the same reasons given in the previous para-

graph, some knowledge of dimensioning systems is

necessary at this time. Basically, two methods are

used: fractional and decimal. These are explained

in Sec. 12, Chap. 10. Note especially that a decimally

dimensioned part is laid out with a decimal scale.
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READING THE GRAPHIC
LANGUAGE

41. Orthographic Reading.
The engineer must be able to read and write the

orthographic language. The necessity of learning to

read is absolute because everyone connected with

technical industry must be able to read a drawing

without hesitation or concede technical illiteracy.

Reading the orthographic language is a mental

process; a drawing is not read aloud. To describe

even a simple object with words is almost impossi-

ble. Reading proficiency develops with experience,

as similar conditions and shapes occur so often that

a person in the field gradually acquires a back-

ground of knowledge that enables him to visualize

readily the shapes shown. Experienced readers read

quickly because they can draw upon their knowledge

and recognize familiar shapes and combinations

without hesitation. However, reading a drawing

should always be done carefully and deliberately, as

a whole drawing cannot be read at a glance any

more than a whole page of print.

42. Prerequisites and Definition.
Before attempting to read a drawing, familiarize

yourself with the principles of orthographic projec-

tion, as explained in Sees. 1 to 14. Keep constantly

in mind the arrangement of views and their projec-

tion, the space measurements of height, width, and
depth, what each line represents, etc.

Visualization is the medium through which the

shape information on a drawing is translated to give

the reader an understanding of the object repre-

sented. The ability to visualize is often thought to

be a "gift" that some people possess and others

do not. This, however, is not true. Any person of

reasonable intelligence has a visual memory, as can

be seen from his ability to recall and describe scenes

at home, actions at sporting events, and even details

of acting and facial expression in a play or motion

picture.

The ability to visualize a shape shown on a draw-

ing is almost completely governed by a person's

knowledge of the principles of orthographic projec-

tion. The common adage that "the best way to learn

to read a drawing is to learn how to make one" is

quite correct, because in learning to make a drawing

you are forced to study and apply the principles of

orthographic projection.

Reading a drawing can be defined as the process

of recognizing and applying the principles of ortho-

graphic projection to interpret the shape of an object

from the orthognathic mews.

43. Method of Reading.
A drawing is read by visualizing units or details one

at a time from the orthographic projection and men-

tally orienting and combining these details to inter-

pret the whole object finally. The form taken in this

visualization, however, may not be the same for all

readers or for all drawings. Reading is primarily a

reversal of the process of making drawings; and
inasmuch as drawings are usually first made from

a picture of the object, the beginner often attempts

to carry the reversal too completely back to the

pictorial. The result is that the orthographic views

of an object like those shown in Fig. 75 are trans-

lated to the accompanying picture, with the thought

of the object as positioned in space or placed on

a table or similar surface. Another will need only

to recognize in the drawing the geometry of the

solid, which in the case of Fig. 75 would be a rectan-

gular prism so high, so wide, and so deep with a

hole passing vertically through the center of it. This

second reader will have read the views just as com-
pletely as the first but with much less mental effort.
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To most, it is a mental impossibility (and surely

unnecessary) to translate more than the simplest

set of orthographic views into a complete pictorial

form that can be pictured in its entirety. Actually,

the reader goes through a routine pattern of proce-

dure (listed in Sec. 44). Much of this is done sub-

consciously. For example, consider the object in Fig.

76. A visible circle is seen in the top view. Memory
of previous projection experience indicates that this

must be a hole or the end of a cylinder. The eyes

rapidly shift back and forth from the top view to the

front view, aligning features of the same size ("in

projection"), with the mind assuming the several

possibilities and finally accepting the fact that, be-

cause of the dashed lines and their extent in the

front view, the circle represents a hole that extends

through the prism. Following a similar pattern of

analysis, the reader will find that Fig. 77 represents

a rectangular prism surmounted by a cylinder. This

thinking is done so rapidly that the reader is scarcely

aware of the steps and processes involved.

The foregoing is the usual method of reading; but

how does the beginner develop this ability?

First, as stated in Sec. 42, he must have a reason-

able knowledge of the principles of orthographic

projection.

Second, as described in Sees. 45 and 46 he must
acquire a complete understanding of the principles

behind the meaning of lines, areas, etc., and the

mental process involved in interpreting them, as

these principles are applied in reading.

There is very little additional learning required.

Careful study of all these items plus practice will

develop the ability and confidence needed.

44. Procedure for Reading.
The actual steps in reading are not always identical

because of the wide variety of subject matter (draw-

ings). Nevertheless, the following outline gives the

basic procedure and will serve as a guide:

First, orient yourself with the views given.

Second, obtain a general idea of the over-all shape
of the object. Think of each view as the object itself,

visualizing yourself in front, above, and at the side,

as is done in making the views. Study the dominant
features and their relation to one another.

fig. 76. Views to be read. Compare this

drawing with Fig. 77.

fig. 77. Views to be read. Compare this

drawing with Fig. 76.

Third, start reading the simpler individual fea-

tures, beginning with the most dominant and pro-

gressing to the subordinate. Look for familiar shapes

or conditions that your memory retains from previ-

ous experience. Read all views of these familiar

features to note the extent of holes, thickness of

ribs and lugs, etc.

Fourth, read the unfamiliar or complicated fea-

tures. Remember that every point, line, surface, and

solid appears in every view and that you must find

the projection of every detail in the given views to

learn the shape.

Fifth, as the reading proceeds, note the rela-

tionship between the various portions or elements

of the object. Such items as the number and spacing

of holes, placement of ribs, tangency of surfaces,

and the proportions of hubs, etc., should be noted

and remembered.
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Sixth, reread any detail or relationship not clear

at the first reading.

45. The Meaning of Lines.

As explained in Sec. 1 1 , a line on a drawing indicates

(1) the edge of a surface, (2) an intersection of two

surfaces, or (3) a surface limit. Because a line on a

view may mean any one of these three conditions,

the corresponding part of another view must be

consulted to determine the meaning. For example,

the meaning of line AB on the front view of Fig.

78 cannot be determined until the side view is con-

sulted. The line is then found to be the edge view

of the horizontal surface of the cutout corner. Simi-

larly, line CD on the top view cannot be fully under-

stood without consulting the side view, where it is

identified as the edge view of the vertical surface

of the cutout corner. Lines EF on the top view and

GH on the front view are identical in appearance.

However, the side view shows that line EF represents

the edge view of the rear surface of the triangular

block and that line GH is the intersection of the front

and rear surfaces of the triangular block.

The top and front views of the objects shown in

Figs. 78 and 79 are identical. Nevertheless, lines AB
and CD in Fig. 79 do not represent what they repre-

sent in Fig. 78 but are in Fig. 79 the intersection

of two surfaces. Also, lines EF and GH in Fig. 79

are identical in appearance with those in Fig. 78,

but in Fig. 79 they represent the surface limits of

the circular boss.

From Figs. 78 and 79 it is readily seen that a

drawing cannot be read by looking at a single view.

Two views are not always enough to describe an

object completely, and when three or more views

are given, all must be consulted to be sure that the

shape has been read correctly. To illustrate with Fig.

80, the front and top views show what appears to

be a rectangular projection on the front of the object,

but the side view shows this projection to be

quarter-round. Similarly, in the front and side views

the rear portion of the object appears to be a rectan-

gular prism, but the top view shows that the two

vertical rear edges are rounded.

A shape cannot be assumed from one or two

views

—

all the views must be read carefully.

The several lines representing one feature must

be read in all the views. As an exercise in reading

the lines on an orthographic drawing, find all the

lines representing the hole, triangular prism, slot,

and cutoff corner in Fig. 81.

46. The Meaning of Areas.
The term "area" as used here means the contour
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fig. 83. Oblique surface. This will appear as

an area in all three principal views.

fig. 84. Oblique surface. Note that area A,

representing this surface, appears in all views

as an area of similar shape formed by lines

connected in the same order.

1
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fig. 86. Adjacent areas. A, B. C, and D all

lie In different planes.

fig. 87. Adjacent areas. Read all areas and
note that B is the correct top view.
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•

fig. 90. Identical areas may have different

meanings. Compare area £ with area Fof Fig.

91.

V
' F

fig. 91. Identical areas may have different

meanings. Compare area £ with area £ of Fig.

90.

49. Reading Corners and Edges.
The corners and edges of areas may be numbered

or lettered to identify them in making additional

views or as an aid in reading some complicated

shape. If there are no coincident conditions, the

corners and edges are easily named by projection;

that is, the top view is directly over the front view,

and the side view lies on a horizontal projector to

the front view. When coincident conditions are pres-

ent, it may be necessary to coordinate a point with

an adjacent point as shown in Fig. 92. Corner c in

the front view (rF ) may be in projection with cT at

any one of the three positions marked 1, 2, 3. How-

ever, the point c is one end of an edge dc, and the

front view of c must therefore be at position 2. An

cf (e)

cF (31

fig. 92. Identification of corners. This helps

to determine mating lines and areas in the

views.

experienced reader could probably make the above

observations without marking the points, but a be-

ginner can in many cases gain much valuable expe-

rience by marking corners and edges, especially if

the object he is studying has an unusual combina-

tion of surfaces.

50. Learning to Read by Sketching.
A drawing is interpreted by mentally understanding

the shape of the object represented. You can prove

that you have read and understood a drawing by

making the object in wood or metal, by modeling

it in clay, or by making a pictorial sketch of it.

Sketching is the usual method. Before attempting

to make a pictorial sketch, make a preliminary study

of the method of procedure. Pictorial sketching may
be based on a skeleton of three axes, one vertical

and two at 30°, 8 representing three mutually per-

pendicular lines (Fig. 93). On these axes are marked
the proportionate width, depth, and height of any

rectangular figure. Circles are drawn in their cir-

cumscribing squares.

Study the views given in Fig. 94, following the

8 lsometric position. Oblique or other pictorial methods may
also be used. See Chap. 6 for pictorial methods.
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fig. 93. Pictorial axes (isometric). This is the

"framework" for sketching in isometric. See
Fig. 94.

procedure outlined in Sec. 44. Then with a soft

pencil (F) and notebook paper make a very light

pictorial construction sketch of the object, esti-

mating its height, width, and depth and laying the

distances off on the axes as at (a); sketch the rec-

tangular box that would enclose the piece, or the

block from which it could be cut (b). On the top face

of this box sketch lightly the lines that occur on the

top view of the orthographic drawing (c). Note that

some of the lines in top views may not be in the

top plane. Next sketch lightly the lines of the front

view on the front face of the box or block, and if

a side view is given, outline it similarly (d). Now begin

to cut the figure from the block, strengthening the

visible edges and adding the lines of intersection

where faces of the object meet (e). Omit edges that

do not appear as visible lines unless they are neces-

sary to describe the piece. Finish the sketch, check-

ing back to the three-view drawing. The construction

lines need not be erased unless they confuse the

sketch.

51. Pictorial Drawing and Sketching.
The foregoing discussion of pictorial sketching

should suffice as a guide for making rough sketches

as an aid in reading a drawing. However, many
experienced teachers like to correlate orthographic

drawing, sketching, and reading, with pictorial draw-

ing (which we will take up in Chap. 8). This is

valuable training in understanding all methods of

graphic expression but also because the making of

a pictorial drawing from an orthographic drawing

forces the student to read the orthographic drawing.

52. Learning to Read by Modeling.
Modeling the object in clay or modeling wax is an-

other interesting, and effective, aid in learning to

read a drawing. It is done in much the same way

fig. 94. Stages in making a pictorial sketch.

(«) draw axes; (/<) block in the enclosing

shape; (r) and (<7) draw outline of detail on
top, front, and side; (e) and (/) finish by

completing surfaces represented on the or-

thographic drawing.
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as reading by pictorial sketching. Some shapes are

easily modeled by cutting out from the enclosing

block; others, by first analyzing and dividing the

object into its basic geometric shapes and then

combining these shapes.

Starting with a rectangular block of clay, perhaps

1 in. square and 2 in. long, read Fig. 95 by cutting

the figure from the solid. With the point of the knife

or a scriber, scribe lightly the lines of the three

views on the three corresponding faces of the block

(Fig. 96a). The first cut could be as shown at (£>)

and the second as at (c). Successive cuts are indi-

cated at (cf) and (e), and the finished model is shown

at (/).

Figure 97 illustrates the type of model that can

be made by building up the geometric shapes of

which the object is composed.

53. Calculation of Volume as an
Aid in Reading.
To calculate the volume of an object, it must be

broken down into its simple geometric elements and
the shape of each element must be carefully ana-

lyzed before beginning computation. Thus the cal-

culation of volume is primarily an exercise in reading

a drawing. Before the computations are completed,

the object has usually been visualized, but the

mathematical record of the volume of each portion

and the correct total volume and weight are proof

that the drawing has been read and understood.

The procedure closely follows the usual steps in

reading a drawing. Figure 98 illustrates the method.

1. Study the orthographic drawing and pick out

the principal masses (A, B, and Con the breakdown

and in the pictorial drawing). Pay no attention in

the beginning to holes, rounds, etc., but study each

principal over-all shape and its relation to the other

masses of the object. Record the dimensions of each

of these principal portions and indicate plus volume

by placing a check mark in the plus-volume column.

2. Examine each principal mass and find the

secondary masses (D and E) that must be added

to or subtracted from the principal portions. Bosses,

lugs, etc., must be added; cutout portions, holes,
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.

( , ) ( I
i

f'l

fig. 96. Stages in modeling, (a) score details

on top, front, and side; then make cuts at

(/>), (c), (</), and (e) to finish as at (/).

1 ! !
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(«)

(./)

(g)

Oil

(/') (<)

GO

(/>)

(<

a-i

(o) (,,) (r)

fig. 99. Reading exercises. Read each
drawing, (a) to (r). Make pictorial sketches

or models if necessary for understanding.-
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(«) (W (<)

~^=
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(o)

un

fig. 101. Missing-line exercises. Read each
drawing, (a) to (r), and sketch the lines miss-

ing on the views. Check carefully. Use a

model or sketch, if necessary, as an aid in

locating all lines.

three-view drawing could be made from the sketch.

In each drawing in Fig. 101 some lines have been

intentionally omitted. Read the drawings and supply

the missing lines.
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PROBLEMS

For practice in orthographic freehand drawing, select

problems from the following group.

Group 1. Freehand Projections from Pictorial Views.
The figures for Probs. 1 to 16 contain a number of

pictorial sketches of pieces of various shapes which are

to be translated into three-view orthographic freehand

drawings. Make the drawings of fairly large size, the front

view, say, 2 to 2'/
2

in. in length, and estimate the propor-

tions of the different parts by eye or from the propor-

tionate marks shown but without measuring. The prob-

lems are graduated in difficulty for selection depending

on ability and experience.

Problem 16 gives a series that can be used for ad-

vanced work in freehand drawing or that can be used

later on, by adding dimensions, as dimensioning studies

or freehand working-drawing problems.

PROB. 2. PROB. 3.
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(c) (</)

PROB. 15.
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prob. 16. Pieces to be drawn freehand in

orthographic projection.

17. Make a freehand drawing of the end bracket.

18. Make a freehand drawing of the radar wave guide.

Select problems from the following groups for practice

in projection drawing. Most of the problems are intended

to be drawn with instruments but will give valuable train-

ing done freehand, on plain or coordinate paper.

The groups are as follows:

2. Projections from pictorial views prob. 17. End bracket. prob. 18. Radar wave guide.
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3. Special scales, decimal sizes, projections from photo

drawings, references to Appendix material

4. Views to be supplied, freehand

Group 2. Projections from Pictorial Views.
19. Draw the top, front, and right-side views of the beam
support.

20. Draw the top, front, and right-side views of the vee

rest.

21. Draw three views of the saddle bracket.

5. Views to be supplied

6. Views to be changed

7. Drawing from memory
8. Volume and weight calculations with slide rule

22. Draw three views of the wedge block.

23. Draw three views of the slotted wedge.

24. Draw three views of the pivot block.

25. Draw three views of the inclined support.

26. Draw three views of the corner stop.

27. Draw three views of the switch base.

r 3

prob. 19. Beam support. prob. 20. Vee rest.

PROB. 21.

"r"' Saddle bracket.

prob. 22. Wedge block.
prob. 23. Slotted wedge. prob. 24. Pivot block. i~r

prob. 27.

Switch base.

prob. 25. Inclined support. prob. 26. Corner stop.
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28. Draw three views of the adjusting bracket.

29. Draw three views of the guide base.

30. Draw three views of the bearing rest.

31. Draw three views of the swivel yoke.

32. Draw three views of the truss bearing.

33. Draw three views of the sliding-pin hanger.

34. Draw two views of the wire thimble.

35. Draw three views of the hanger jaw.

36. Draw three views of the adjustable jaw.

37. Draw two views of the shifter fork.
prob. 28. Adjusting bracket.

prob. 31. Swivel yoke.

' 2 sphe

prob. 33. Sliding-pin hanger.

prob. 32. Truss bearing. PROB. 34. Wire thimble.

PROB. 35. -

Hanger jaw. prob. 36. Adjustable jaw.

PROB. 37. R^lfc"
Shifter fork. -rids l6 UP |>
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38. Draw three views of the mounting bracket.

39. Draw three views of the hinged bearing.

40. Draw two views of the clamp lever.

41. Draw three views of the bedplate stop.

42. Draw top, front, and partial side views of the span-

ner bracket.

43. Draw two views of the sliding stop.

44. Draw three views of the clamp bracket.

45. Draw three views of the tube hanger.

46. Draw three views of the gage holder.

47. Draw three views of the shaft guide.

prob. 41. Bedplate stop.

View 'A
-

prob. 42. Spanner bracket prob. 43. Sliding stop.
prob. 44. Clamp bracket.

prob. 47. Shaft guide
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48. Draw three views of the clamp block.

49. Draw three views of the offset yoke.

50. Draw three views of the angle connector.

51. Draw three views of the buckstay clamp.

52. Draw three views of the stop base.

53. Draw three views of the sliding buttress.

54. Draw two views of the end plate.

55. Draw three views of the plastic switch base.

56. Draw two views of the pawl hook.

57. Draw three views of the step-pulley frame.

prob. 48. Clamp block. prob. 49. Offset yoke. prob. 50. Angle connector.

1 2| H

prob. 51. Buckstay clamp.

-gDrill. 3 Holes

prob. 52. Stop base

Drill

Holes

-gDrill, 3Holes

prob. 54. End plate.

prob. 53. Sliding buttress.

prob. 55. Switch base.

View 'A' i-e

-Jit- tf>'

prob. 56. Pawl hook.
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Group 3. Special Scales, Decimal Sizes,

Projections from Photo Drawings,
References to Appendix Material.

The problems in this group (58 to 73) will give practice

in the use of a decimal scale for layout. The projections

from the photo drawings of the final chapter are given

here not only to serve as problem material, but to ac-

quaint the student with this form of pictorial representa-

tion. Details of photo-drawing methods are also given in

the final chapter. Wood-screw and bolt sizes are given in

the Appendix.

58. Draw top, front, and right-side views.

59. Draw top, front, and right-side views.

60. Draw top, front, and right-side views.

61. Draw top, front, and leftside views.

62. Draw top, front, and right-side views. Bend radii and

setbacks are 0.10 in.

63. Draw top, front, and right-side views. Screw and bolt

sizes are given in the Appendix. Clearance over bolt and
screw diameters are necessary in dimensioning but not

in drawing the views.

prob. 60. Cargo-hoist tie-down.

PROB. 61.

Aileron tab-rod servo fitting prob. 62. Cover bracket. prob. 63. Seat-latch support.
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64. Draw top, front, left-side, and right-side views. Show

only necessary hidden detail. The 0.44D hole extends

through the piece. The limit-dimensioned holes

/ 75 + O005 and ,86 \

V
D
-0.002 .89/

are given here as an introduction to precise methods,

to be given in detail later. Regardless of dimensional

accuracy, features are drawn to basic size with no more

scaled accuracy than for other less accurate features.

65. Draw top and front views. See Prob. 64 for comment

on limit-dimensioned holes.

66. Draw top, front, and left-side views. Bolts should

have clearance. Undimensioned radii are '/
4 fi.

67. Draw top and front views. See Prob. 64 for comment
on limit-dimensioned holes.

68. Draw two views of the conveyor link, 71, final

chapter.

69. Draw necessary views of lift-strut pivot, 73, final

chapter.

70. Draw necessary views of hydro-cylinder support

(right- and left-hand), Prob. 72, final chapter.

71. Draw necessary views of length-ad|uster tube, Prob

74, Chap. 23.

72. Draw necessary views of third terminal, Prob. 76,

final chapter.

73. Select a part from the conveyor link assembly, Prob.

77, final chapter, and make an orthographic drawing.

74. Make an orthographic drawing of the jet-engine

bracket.

75. Make an orthographic drawing of the missile gyro

support.

76. Make an orthographic drawing of the reclining-seat

ratchet plate.

77. Make an orthographic drawing of the rigging yoke.

78. Make an orthographic drawing of the door bracket.

"•'

prob. 64. Latch bracket. prob. 65. Control crank. prob. 66. Transformer mounting.

prob. 67. Stabilizer link prob. 74. Jet-engine bracket. prob. 75. Missile gyro support.
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79. Make an orthographic drawing of the missile release 81. Make an orthographic drawing of the transmission

pawl. transfer fork.

80. Make an orthographic drawing of the jet-engine 82. Make an orthographic drawing of the reversing fork,

inner-strut bracket.

prob. 76. Reclming-seat ratchet plate.

-375 Drill. 2 Mole

3? .1"'

prob. 78. Door bracket.

;
P'

;

"

prob. 79. Missile release pawl

PROB. 80. Jet-engine inner-strut bracket. prob. 81. Transmission transfer fork.
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HSO-f

prob. 82. Reversing fork.

Group 4. Views to be Supplied Freehand.
These problems (83 to 85) will give valuable training in

reading orthographic views, as well as further practice

in applying the principles of orthographic projection.

Study the meaning of lines, areas, and adjacent areas.

Corners or edges of the object may be numbered or

lettered to aid in the reading or to aid later in the projec-

tion.

A pictorial sketch may be used, if desired, as an aid

in reading the views. This sketch may be made before

the views are drawn and completed or at any time during

the making of the drawing. For some of the simpler

objects, a clay model may be of assistance.

After the views given have been read and drawn, project

the third view or complete the views as specified in each

case.

Remember that every line representing an edge view

of a surface, an intersection of two surfaces, or a surface

limit will have a mating projection in the other views. Be

careful to represent all hidden features and pay attention

to the precedence of lines.

The figures in this group contain a number of objects

with two views drawn and the third to be supplied. In

addition to helping to develop the ability to draw freehand,

this exercise will give valuable practice in reading. These

problems may be worked directly in the book or on plain

or coordinate paper.
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(a)

(.)

(b)

(/)

(c)

U>

(./)

(M

(*)

O^
(/) (»,) (n)

T _r _

(...)

^5
(p) w

prob. 83. Views to be supplied freehand.
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(a) (b)

(.) (,/)

(e) (/)

W (M
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86. Given top and front views, add side view. Find at

least three solutions. Use tracing paper for the second

and third solutions.

87. Given front and side views, add top view. Find at

least three solutions. Use tracing paper for the second

and third solutions.

88. Given top and front views, add side view. Find two

solutions. Use tracing paper for the second solution.

89. Given top and front views, add side view. Find at

least three solutions. Use tracing paper for the second

and third solutions.

Group 5. Views to be Supplied.
90. Draw the views given, completing the top view from

information given on the front and side views. Carry the

views along together.

91. Given top and front views of the block, add side

view. See that dashed lines start and stop correctly.

92. Given front and right-side views, add top view.

93. Given front and right-side views, add top view.

94. Given front and top views, add right-side view.

95. Given top and front views, add right-side view.

96. Complete the three views given.

97. Given front and left-side views, add top view.

98. Given front and right-side views, add top view.

99. Given front and top views, add right-side view.

100. Assume this to be the right-hand part. Draw three

views of the left-hand part.

101. Given front and top views, add side view.

102. Given front and top views, add side view.

103. Given top and front views, add left-side view.

104. Given front and top views, add side view.

105. Given front and top views, add side view.

106. Given front and top views, add side view.

107. Given top and front views, add side view.

108. Given top and front views, add left-side view.

109. Given top and front views, add side view.

110. Given front and top views, add side view.

111. Given front and right-side views of electric-motor

support. Add top view.

112. Given front and left-side views of master brake

cylinder. Add top view.

113. Given front and right-side views of end frame for

engine starter. Add top view.

PROB. 86. PROB. 87. PROB. 88.

I

-^
I

— ~*
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PROB. 101. Anchor bracket.
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prob. 108. Bevel-gear mounting. prob. 109. Cylinder support.

li h

?

2

prob. 111. Electric-motor support.

"*'Z?:l,___

-

-

prob. 112. Master brake cylinder.

prob. 110. Rod yoke.

r|||, 2 Hole .

-- vjy-—

-

38 a
.75 D Spot'

prob. 113. End frame for engine starter.
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Group 6. Views to be Changed.
These problems (114 to 120) are given to develop the

ability to visualize the actual piece in space and from

this mental picture to draw the required views as they

would appear if the object were looked at in the directions

specified.

In addition to providing training in reading ortho-

graphic views and in orthographic projection, these prob-

lems are valuable exercises in developing graphic tech-

nique. Note that all the problems given are castings

containing the usual features found on such parts, that

is, fillets, rounds, runouts, etc., on unfinished surfaces.

Note also that sharp corners are formed by the inter-

section of an unfinished and finished surface or by two

finished surfaces. After finishing one of these problems,

check the drawing carefully to make sure that all details

of construction have been represented correctly.

114. Given front and top views, new front, top, and side

views are required, turning the block so that the back

becomes the front and the top the bottom. The rib con-

tour is straight.

115. Given front, left-side, and bottom views, draw

front, top, and right-side views.

116. Given front, right-side, and bottom views, draw

front, top, and left-side views.

-
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117. Given front, right-side, and bottom views, draw
new front, top, and right-side views, turning the support

so that the back becomes the front.

118. Given front and left-side views of the left-hand

part, draw the right-hand part.

119. Given front, left-side, and bottom views, draw
front, top, and right-side views.

120. Given top and front views of jet-engine hinge plate.

Add right- and left-side views.

prob. 117. Toggle-shaft support.

~§2 Dn
'

//
> Spotface JgDx

jz deep, 3 holes

L
Mi
uJj

-; \

EM

'

S^tjTl
|till

i i i i
l

prob. 118. Compound link.
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prob. 119. Sector bracket.

prob. 120. Jet-engine hinge plate.
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Group 7. Drawing from Memory.
One of the valuable assets of an engineer is a trained

memory for form and proportion. A graphic memory can

be developed to a surprising degree in accuracy and

power by systematic exercises in drawing from memory.

It is well to begin this training as soon as you have a

knowledge of orthographic projection.

Select an object not previously used; look at it with

concentration for a certain time (from 5 sec to l

/2 min
or more), close the book, and make an accurate ortho-

graphic sketch. Check with the original and correct any

mistakes or omissions. Follow with several different fig-

ures. The next day, allow a 2-sec view of one of the

objects, and repeat the orthographic views of the previous

day.

Group 8. Volume and Weight Calculations with Hand Calculator

In calculating the weight of a piece from a drawing, the 121.

object is broken up into the geometric solids (prisms, Prob.

cylinders, pyramids, or cones) of which it is composed. 122.

The volume of each of these shapes is calculated and 123.

the individual volumes are added, or subtracted, to find Prob.

the total volume. The total volume multiplied by the 124.

weight of the material per unit of volume gives the weight Prob.

of the object. 125.

A table of weights of materials is given in the Appendix. Prob.

Find the weight of the cast-iron anchor bracket,

101.

Find the weight of the cast-iron bracket, Prob. 104.

Find the weight of the wrought-iron tool holder,

106.

Find the weight of the cast-steel cylinder support,

109.

Find the weight of the malleable-iron sliding block,

114.
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1. Auxiliary Views—Basic Concepts.
A plane surface is shown in true shape when the

direction of view is perpendicular to the surface; for

example, rectangular objects can be placed with

their faces parallel to the principal planes of projec-

tion and be fully described by the principal views.

In Fig. 1 the top, front, and right-side views show

the true shape, respectively, of the top, front, and

right side of the object. Note especially that the

planes of projection are parallel to the top, front, and

right side of the object and that the directions of obser-

vation are perpendicular to the object faces and to

the planes of projection. Figure 2 is a pictorial of

Fig. 1, given here to aid in visualizing the relationship

of object faces, planes of projection, and view direc-

tions.

Note in Figs. 1 and 2 that each view also shows

the edge of certain surfaces of the object. For exam-

ple, the front view shows the edge of the top, bottom,

and both sides of the object. For a surface to appear

as an edge it must be perpendicular to the plane

of projection for the view.

Sometimes an object will have one or more in-

clined surfaces whose true shape it is necessary to

show, especially if they are irregular in outline.

Figure 3 shows an object with one inclined face,

ABDC. This face is inclined to the horizontal and

profile planes and perpendicular to the frontal plane.

The face ABDC therefore appears as an edge in the

front view, but none of the principal views shows

the true size and shape of the surface. To show the

true size and shape of ABDC, a view is needed that

has a direction of observation perpendicular to

ABDC and is projected on a plane parallel to ABDC,
as shown in Fig. 4. This view is known as a normal

view. The top, front, and side views of Fig. 1 are

normal views of the top, front, and side surfaces

of the object, because they all show the true size

and shape of a surface by having the direction of

observation at right angles to the surface. The dic-

tionary defines a normal, in geometry, as "any per-

pendicular." In graphics, a plane of projection is

involved as well as a direction of observation; hence,

a normal vieu is a projection that has the viewing

direction perpendicular to, and made on a plane paral-

lel to, the object face.

fig. 1. Object faces parallel to the principal

projection planes. Top, front, and side views

are normal views, respectively, of top, front,

and side of the object.

FIG. 2. Pictorial of Fig. 1. This is given to

aid in visualizing the relationship of principal

planes, view directions, and object position.

A

A-C

fig. 3. One object face inclined to two prin-

cipal planes. The inclined face does not ap-

pear in its true size and proportions in any

view.

Figure 5 is the orthographic counterpart of Fig.

4. To get the normal view of surface ABDC, a projec-
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fig. 4. Pictorial of Fig. 3. A view projected

perpendicular to the inclined face will show
it in true size and proportions.

tion is made perpendicular to ABDC. This projection

is made from the view where the surface shows as

an edge, in this case, the front view, and thus per-

pendicularity from the surface is seen in true rela-

tionship. Extra views such as the normal view of Fig.

5 are known as auxiliary views to distinguish them
from the principal (top, front, side, etc.) views. How-
ever, since an auxiliary is made for the purpose of

showing the true configuration of a surface, the

terms normal viae or edge view state positively what

the view is and what it shows.

Detailed instructions for making a normal view of

any surface in any possible position are given in the

sections that follow. Edge views are discussed in

Sec. 9.

2. Classification of Surfaces.
Surfaces may occur in any of the positions shown
in Fig. 6. At (a) all the surfaces are aligned with the

principal planes of projection, and thus each of the

principal views is a normal view. At (b) the shaded
surface is at an angle to two of the principal planes

but perpendicular to one plane and is called an
inclined surface. At (c) the shaded surface is at an
angle to all three principal planes of projection and
is known as a skew, or oblique, surface (that is, one
that takes a slanting or oblique course or direction).

fig. 5. Orthographic drawing of the object

in Figs. 3 and 4. The normal view gives the

true size and proportions of the inclined face.

NORMAL SURFACES

(«)

fig. 6. Classification of surfaces.
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3. Directions of Inclined Surfaces.
Inclined surfaces may occur anywhere on an object,

and because other features of the object must also

be represented, the inclined surface may be in any

one of the twelve positions shown in Fig. 7. The first

column, (b) to (e), shows surfaces inclined to the

front and side so that the surface may be on the

(/)) right front, (c) left front, (d) left rear, or (c) right

rear. The second column, (f) to (/'), shows surfaces

inclined to the top and side, so that the surface may
be on the (f) upper right, (g) lower right, (h) lower

left, or (/) upper left. The third column, (k) to (n),

shows surfaces inclined to the top and front, so that

the surface may be on the (k) upper front, (/) upper

rear, (m) lower rear, or (») lower front.

Inclined surfaces occur at angles of inclination

differing from those shown in Fig. 7 but, for general

position, no other locations are possible.

4. The Normal View of

an Inclined Surface.
No matter what the position of an inclined surface

may be, the fundamentals of projecting a normal

view of the surface are the same, as will be seen

from Figs. 8 to 21.

Figure 8 is the orthographic drawing of the object

in position (/j) of Fig. 7. The inclined surface, iden-

tified by the letter A, is on the right front of the

object and shows, in Fig. 8, as an edge in the top

view. Because surface A appears as an edge in the

top view, the direction of observation for the normal

view is established perpendicular to the edge view,

as shown. We are looking, in this case, in a hori-

zontal direction, directly at surface A. Projectors

parallel to the viewing direction (also, perpendicular

to surface A) establish one dimension of the surface

needed for the normal view. This is the horizontal

fig. 7. Inclined-surface positions. (/.>) to (e)

are inclined to front and side; (/) to (;'), to

top and side; and (k) to (n), to front and top.
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TOP VIEW

fig. 8. Normal view of an inclined surface.

The object is in position (b) of Fig. 7.

distance from the left-front vertical edge to the

right-rear vertical edge of surface A. Figure 9« shows

that the distance between the projectors (dimension

P) is equal to dimension F on the object.

All orthographic views have two dimensions, and

to complete the normal view of surface A, we now
need its second dimension. That dimension is, in

this case, the vertical distance Q, shown at (I>), which

is the vertical height of surface A and appears in

true length on the front view (Fig. 8). This distance

cannot be projected but must be transferred from

the front view to the normal view as shown in Fig.

8. In order to facilitate transferring the distance (this

will apply particularly in later problems where the

surface may not be rectangular), a reference plane

(Figs. 9/> and 10) is established on both the normal

view and front view. This reference plane must be

perpendicular to the distance to be measured and

transferred; it is therefore perpendicular to the pro-

jectors between the top and front views and in the

front view, and also perpendicular to the projectors

from the top view to the normal view and in the

normal view, as shown in Fig. 8. The reference plane,

here, is at the top edge of surface A in both views.

This can be visualized in the normal view by con-

sidering the reference plane as a hinge that will

rotate the normal view 90° downward to its original

position in coincidence with the top view. This is

shown pictorially in Fig. 10 to aid in visualizing the

relationship. It must be understood that the normal

view, projected directly out from its original coinci-

dence on the object, occurs in the position first

shown in Fig. 8. To get the view into coincidence

with the plane of the drawing paper, the view is

rotated to the position shown in Fig. 10. Carefully

study Figs. 8 to 10 and reread the text to fix all

relationships.

fig. 9. Relationship of projectors, reference

plane, and surface dimensions.

EDGE V IEW OF

REF. PLANE

fig. 10. Relationship of projectors, reference

plane, surface dimensions, normal view, and
rotated position of normal view.
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The foregoing constitutes all the geometry and

projection needed for drawing any normal view of

an inclined surface. The projection will in some

cases be made from a different view and the mea-

surement transferred will be width or depth instead

of height, but the fundamental relationships of the

views will be the same in every case.

Consider the other positions of the object, (c) to

(e), of Fig. 7. In every case the inclined surface is

similarly oriented in space to that of Fig. 8, but

turned to a different position. Figure 11 [position

(c) of Fig. 7] has the inclined surface on the left front

of the object. As in the first case, the direction of

view must be perpendicular to the inclined face, and

is seen in true relationship in the top view, where

surface A appears as an edge. The projectors for

the normal view are parallel to the viewing direction

and of course perpendicular to surface A. The refer-

ence plane is established in the normal view per-

pendicular to the projectors for the normal view and

in the front view perpendicular to the projectors

between top and front views. The measurement of

height, transferred from the front view to the normal

view, completes the normal view.

Note that the reference plane will always appear

in the two views that are in projection with the view

that shows the inclined surface as an edge, and that

the reference plane is always perpendicular to the

projectors between these pairs of views.

Figure 12 shows position (</) of Fig. 7. This time

the inclined surface is at the left rear of the object.

Figure 13 shows position (<?) of Fig. 7. Read the

explanation given for Figs. 8, 9, and 10 while study-

ing these two figures (12 and 13) and note that the

directions given for Figs. 8 to 10 apply equally well

for Figs. 12 and 13. This shows that the actual posi-

tion of the inclined surface is simply a variation.

Turning now to the second column of positions

(/) to (/) of Fig. 7, note again that all these positions

have the inclined surface at an angle to top and side.

Then, looking at Figs. 14 to 17 inclusive (these are

all similar because the inclined surface appears in

every case as an edge on the front view), observe

that Fig. 14 is position (f), Fig. 15 position (g), Fig.

16 position (/i), and Fig. 17 position (/).

fig. 11. Normal view of an inclined surface.

The object is in position (c) of Fig. 7.

REFERENCE PLANE

PROJECTOR

FRONT VIEW

fig. 12. Normal view of an inclined surface.

The object is in position (rf) of Fig. 7.

REFERENCE PLANE

PROJECTOR

FRONT VIEW

fig. 13. Normal view of an inclined surface.

The object is in position (c) of Fig. 7.
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Figures 18 to 21 show the inclined surface posi-

tions of the third column of Fig. 7 [(/>) to 00], in

the same order. Note that the projective system is

the same as before. The only difference now is that

the edge view of the inclined surface appears in the

side view, and because cither side view might be

drawn, the projectors from the edge view to the

normal view will have to be drawn from whichever

side view, right or left, is used. To illustrate this

variation, Figs. 18 and 19 have been drawn with the

right-side view and Figs. 20 and 21 with the left-side

view. Note also that the reference plane, with mea-

surements taken from it, will in these cases be in

the normal view and the front view, since the front

view is the view in direct projection with the edge

view of the inclined surface.

Study Figs 7 to 21 carefully, note the recurrence

of certain principles of projection, and study the

relationships of views, projectors, directions, and

measurements.

^MEASURE THIS

DISTANCE AND
TRANSFER HERE-

REFERENCE PLANE

PROJECTOR

A
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•J

jimi i N

<7?i 'A 7" 1
£":

fig. 22. Machine part with surface inclined

to front and side, (a) Planes of projection;

(b) the planes opened up; (c) front, top, and
normal views of the inclined surface.

the plane of the paper. Note that the reference plane

is placed, in this case, at the base of the object

because this is a natural reference surface. Thus

at (c) the reference plane is drawn at the base in

the front and normal views, and measurements are

made upward (dimensions H and //') to needed

points. Note that the top view is the normal view

of the reference plane, which appears as an edge

in the front and normal views.

Figure 23 illustrates the procedure for drawing the

normal view of an inclined surface on a machine

part. Steps are as follows:

1. Draw the partial top and front views, as at (b),

and locate the view direction by drawing projectors

fig. 23. Stages in drawing a machine part

with a surface inclined to front and side.
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perpendicular to the edge view ot the inclined sur-

face, as shown.

2. Locate the reference plane (RP) in the front

view. The reference plane may be taken above,

below, or through the view, and is chosen for con-

venience in measuring. In this case it is taken

through the natural center line of the front view.

The reference plane in the normal view will be per-

pendicular to the projectors already drawn, and is

located at a convenient distance from the top view,

as shown at (r).

3. As shown at (d), measure the distance (height)

from the reference plane of various points needed,

as, for example, H and Hv and transfer these meas-

urements with dividers or scale to the normal view,

measuring from the normal-view reference plane.

4. Complete the normal view from specifications

of the rounds, etc., as shown at (e). Note that any

measurement in the front view, made toward the

top view, is transferred to the normal view, toward

the top view. Note also that the front view could

not be completed without using the normal view.

5. To get the front view of the circular portions,

the true shape of which shows only in the normal

view as circle arcs, select points in the normal view,

project them back to the top view, and then to the

front view. On these projectors transfer the heights

ll
2
and //

3
from the normal view to find the corre-

sponding points in the front view. H4 , H5 , and others

will complete the curve in the front view. Note that

this procedure is exactly reversed from the operation

of measuring from the front view to locate a distance

in the normal view.

Figure 24 shows an object with two inclined sur-

faces. Note that the normal views are only partial

views because the base of the object is fully de-

scribed in top and front views. The reference plane

is taken through the center because the object is

symmetrical.

Figure 25 illustrates the steps in drawing the nor-

mal view of a face inclined to top and side:

1. Draw the partial top and front views, as at (b),

and locate the view direction by drawing projectors

perpendicular to the inclined surface, as shown.

2. Locate the reference plane in the top view. The

reference plane may be taken in front of, through,

or to the rear of the view but is here located at the

rear flat surface of the object because of conve-

nience in measuring. The reference plane in the nor-

mal view will be perpendicular to the projectors

already drawn, and is located at a convenient dis-

tance from the front view, as shown at (c).

fig. 24. A machine part with surfaces in

dined to top and side. («) Planes of projec

tion; (b) the planes opened up; (r) front, top

and normal views of the inclined surfaces
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fig. 25. Stages in drawing a machine part

with a surface inclined to top and side.

3. As shown at ((/), measure the distance (depths)

from the reference plane (of various points needed),

and transfer these measurements with dividers or

scale to the normal view, measuring from the refer-

ence plane in the normal view. Note that the points

are in front of the reference plane in the top view

and are therefore measured toward the front in the

normal view.

4. From specifications, complete the normal view,

as shown at (e).

5. Complete the drawing, as shown at (f). In this

case the top view could have been completed before

the normal view was drawn. However, it is consid-

ered better practice to lay out the normal view before

completing the view that will show the surface fore-

shortened.

A part might also be drawn with the inclined sur-

face on the lower or upper front or rear. Orientation

of this type is shown in Fig. 26, where the inclined

surface is on the upper front. The steps in drawing

an object of this type are given in Fig. 27 as follows:

1. Draw the partial front, top, and right-side

views, as at (b), and locate the normal view direction

by drawing projectors perpendicular to the inclined

surface, as shown.

2. Locate the reference plane in the front view.

This reference plane is taken at the left side of the

object, because both the vertical and inclined por-

tions have a left surface in the same profile plane.

The reference plane in the normal view will be per-

pendicular to the projectors already drawn, and is

located at a convenient distance from the right side

view, as shown at (c).

3. As shown at (c/), measure the distances

(widths) from the reference plane (of various points

needed), and transfer these measurements with

dividers or scale to the normal view, measuring from

the reference plane in the normal view. Note that

points to the right of the reference plane in the front

view will be measured in a direction toward the

right-side view in the normal view.

4. From specifications of the surface contour

complete the normal view (c).

5. Complete the right-side and front views by

projecting and measuring from the normal view. As

an example, one intersection of the cut corner is

projected to the right-side view and from there to

the front view; the other intersection is measured
(distance W) from the normal view and then laid

off in the front view.

6. Purposes of Normal Views.
In practical work the chief reason for using a normal

view is to show the true shape of an inclined surface.

In a normal view, the inclined surface will be

shown in its true shape, but the other faces of the
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fig. 26. A machine part with a surface in-

clined to top and front, (a) Planes of projec-

tion; (b) the planes opened up; (c) front, side,

and normal views of the inclined surface.

FRONT VIEW SIDE VIEW

^rencePlane,

(/>}

\
\

(c)

fig. 27. Stages in drawing a machine part

with a surface inclined to top and front.

object appearing in the view will be foreshortened.

In practical work these foreshortened parts are usu-

ally omitted, as in Fig. 28. Views thus drawn are

called partial views. The exercise of drawing the

complete view, however, may aid the student in

understanding the subject.
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Another important use of a normal view is in the

case where a principal view has a part in a fore-

shortened position which cannot be drawn without

first constructing a normal view in its true shape

from which the part can be projected back to the

principal view. Figure 29 illustrates this procedure.

fig. 28. Use of partial views.

fig. 29. Use of the normal view for con-

struction of other views.

Note in this figure that the view direction is set up

looking along the semihexagonal slot and perpen-

dicular to the face that is at a right angle to the

slot. From the normal view showing the true semi-

hexagonal shape, the side view and then the front

view can be completed.

In most cases the normal view cannot be pro-

jected from the principal views but must be drawn

from dimensional specifications of the surface shape.

Another practical example is the flanged 45° elbow

of Fig. 30, a casting with an irregular inclined face,

which not only cannot be shown in true shape in

any of the principal views but also is difficult to draw

in its foreshortened position. An easier and more

practical selection of views for this piece is shown

in Fig. 31, where normal views looking in directions

perpendicular to the inclined faces show the true

shape of the surfaces and allow for simplification.

This is because each view can be laid out inde-

pendently from specifications, and there is not even

need for a reference plan, measurements, etc.

7. Normal View of a Line.
The normal view of a surface shows the true length

of all lines in the surface. To prove this, go back

to Fig. 8 and visualize any line on surface A of the

figure. You will find that the line shows in true length

in the normal view. Often, however, especially in

solving geometric space problems, a line is not a

part of a surface but a separate line located in space

by a pair of orthographic views. Any line that is

parallel to one of the planes of projection will have

a principal view that is the normal view. Thus in Fig.

32 where the lines are horizontal (a), frontal (b), and

profile (c), the normal views of the lines are at (a)

the top view, at (/;) the front view, and at (c) the

side view.

Often a line is skew to all the planes of projection

and an extra view is required to give the normal view.

To find the normal view of a surface, the direction

of observation must be perpendicular to the surface;

the same direction of observation is needed in find-

ing the normal view of a line—the direction of ob-

servation must be perpendicular to the line. Thus

at (d) projectors are drawn in the top view perpen-

dicular to the top view of the line. The direction of
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fig. 30. Top, front, and right-side views of

an irregular part.

fig. 31. Front and two normal views of an

irregular part.

HORIZONTAL to (//)

NORMAL
B' VIEW

to

J NORMAL VIEW PROJECTED
(«) FROM FRONT VIEW to

EW PROJECTED
VIEW (f)

fig. 32. Normal views of lines.

view is now established perpendicular to the line, the reference plane will appear perpendicular to the

since the line could be on a surface, the top view projectors just established for the normal view and

being the edge view of the assumed surface. Next, will appear again in the front view perpendicular to
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the projectors between top and front views. Finally,

point A is on the reference plane and on the pro-

jector from the top view and is thus located in the

normal view. Point B, then measured from the ref-

erence plane in the front view, transferred to the

normal view and laid off from the reference plane

on the projector for point B, completes the normal

view. A similar normal view can be projected from

the front view as at £, or from the side view as at F.

Note in both cases that the projectors for the normal

view must be perpendicular to the line in the view

the normal is projected from.

8. Skew Surfaces.
In Sec. 2, in the classification of surfaces, the skew

surface was described and illustrated. For conve-

nience, Fig. 33 again shows this type of surface both

pictorially and orthographically. Remember that a

skew surface is one that occurs at an angle to uU
the principal planes of projection.

The normal view of a skew surface cannot (without

resorting to special projective methods) be projected

directly from the principal views, but must be pro-

jected from an edge view of the surface. Also, the

fig. 33. A skew surface, (a) Relationship to

principal views; (b) orthographic views.

edge view is almost always needed to show other

features, such as the angle a surface makes with its

base. Thus, two views are required and we must first

learn how to get the edge view.

9. Edge Views of Skew Surfaces.
The key to determining the direction of observation

needed to obtain the edge view of a surface is to

locate a direction that will give the end view of one

line of the surface. This is easily done if the surface

contains a line that is horizontal, frontal, or profile.

In Fig. 34« the line is horizontal and a view made
looking in a horizontal direction that is aligned with

the line will give the end view. Note in Fig. 34« that

points A and B (the two ends of the line) are both

on the same projector and that both lie on the refer-

ence plane thus giving coincidence of the two ends
of the line in the end view. Also note that the end
view must be projected from the normal view of the

line, in this case the top view. The end view of a

frontal line is shown at (/>); it is projected from the

front (normal) view. The end view of a profile line

is shown at (c); it is projected from the side (normal)

view.

As stated before, the edge view of a surface is

made by first obtaining the end view of any line of

the surface. In Fig. 35 surface ABDC is a skew
surface (at an angle to all principal planes). How-
ever, lines AB and DC are horizontal lines of the

surface. Selecting DC as the key line, a projector

is drawn aligned with DC and another projector

(parallel) is drawn for AB. This establishes the direc-

tion of view for the end view of both DC and AB.
The reference plane for the edge view will appear

as an edge perpendicular to these projectors, and

will appear again as an edge in the front view per-

pendicular to the projectors between top and front

views. For convenience, the reference plane is

placed through points D and C. Then D and C both

project to the edge view on the same projector and

both lie on the reference plane, giving DC in the

edge view. A and C both project to the edge view

on the same projector. The distance from the refer-

ence plane in the front view to points A and C is

measured and transferred to the edge view, thus

locating AC in the edge view. The line connecting
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\ Endview

\\fndn

/ \

(b)

(c)

fig. 34. End view of a line. («) Horizontal

line; (b) frontal line; (c) profile line.

DC and AB is the edge view of surface ABDC.
Figure 36 shows the identical surface ABDC of

Fig. 35, but this time the edge view has been ob-

tained by looking along the two frontal lines AC and
BD. The edge view is projected in the direction of

AC and BD from the front view because AC and
BD are normal in the front view. The reference plane

then located in the edge view and top view, and AC
and BD located with reference to it, complete the

edge view.

fig. 35. Edge view of a skew surface. Pro-

jection is in the direction of the horizontal

line DC.
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projection with the edge view. In this case therefore,

the reference plane shows as an edge in the top

view, and is perpendicular to the projectors between

top and edge views. To prove this relationship to

yourself, note that here the top view, edge view, and

normal view have exactly the same relationship as

the front view, top view, and normal view of Fig.

8. Finally, transfer the distance of B and £ from the

reference plane (No. 2) in the top view to the normal

view, as shown.

Figure 39 is similar to Fig. 38, but this time the

object faces are parallel to the principal planes, and

surface BCD is skew to object faces and principal

planes. Again, one line (BC) of the skew surface is

horizontal and gives the direction for the edge view.

In the edge view, B and C are on the reference plane.

Point D, measured from reference plane No. 1 in

the front view, is transferred to the edge view, as

shown. Then, projectors perpendicular to the edge

view give the direction for the normal view, and

reference plane No. 2 is drawn in normal and top

views perpendicular to the projectors connecting

each with the edge view. Finally the distances of B

and D from reference plane No. 2 are transferred

to the normal view.

The object of Fig. 40 is similar to that of Fig. 39,

but in Fig. 40 the frontal line (BD) of surface BCD
has been used for the direction of the edge view.

The edge view is therefore projected from the front

view. All other constructions are the same as before

and are evident from the figure.

1 1 . Normal Views of Skew
Surfaces on Practical Objects.
Figure 41 illustrates the successive steps in drawing

a normal view. The pictorial illustration («) shows

a typical object with a skew surface. The line of

intersection between the skew portion and the hori-

zontal base is line AB. In order to get an edge view

of the skew surface, a view may be taken looking

in the direction of line AB, thus giving an end view

of AB. Because AB is a line of the skew surface,

the edge view will result. The reference plane (BP

No. 1) for this view will be horizontal. The direction

of observation for the normal view will be perpen-

dicular to the skew surface. The reference plane (BP

fig. 41. Stages in drawing a machine part

with a skew surface.
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No. 2) for the normal view will be perpendicular to

the edge-view direction and thus perpendicular to

edge AB, as shown at (a).

At (b), parital top and front views are shown. The
projectors and reference plane for the required edge

view are also shown.

At (<?), the edge view has been drawn. Note that

line AB appears as a point in the edge view. The

angle that the skew surface makes with the base

is laid out in this view from specifications.

At (d), the normal view is added. The projectors

for the view are perpendicular to the edge view. The
reference plane is drawn perpendicular to the pro-

jectors for the normal view and at a convenient

distance from the edge view. The reference plane

in the top view is drawn midway between points

A and B in the top view because the skew surface

is symmetrical about this reference plane. The nor-

mal view is drawn from specifications of the shape.

The projection back to the edge view can then be

made.

The views thus completed at (d) describe the ob-

ject, but the top and front views may be completed

for illustrative purposes or as an exercise in projec-

tion. The method is illustrated at (e) and (/). Any

point, say P, may be selected and projected back

to the edge view. From this view a projector is drawn
back to the top view. Then the distance S from the

normal view is transferred to the reference plane

in the top view. A number of points so located will

complete the top view of the circular portion, and
the straight-line portion can be projected in similar

manner. The front view is found by drawing projec-

tors to the front view for the points needed, mea-
suring the heights from the reference plane in the

edge view, and transferring these distances to the

front view. Note that this procedure for completing

the top and front views is the same as for drawing

the views originally but in reverse order.

is basic to the representation of solid objects
(
and,

fundamentally, an auxiliary view used to depict a

surface needs no further identification than the

designation edge view or normal view. However, aux-

iliaries are named in various ways in other texts on

engineering drawing and graphics, and for this rea-

son the following terms of reference are given:

Reference Croup 1

Elevation auxiliary or auxiliary elevation. Any view

made by looking in a horizontal direction but in-

clined to frontal and profile planes. These are the

views illustrated in Fig. lb to e.

Right auxiliary. Any view made by looking from

the right side in a frontal direction but inclined to

horizontal and profile planes. See Fig. If and g.

Left auxiliary. Any view made by looking from

the left side in a frontal direction but inclined to

horizontal and profile planes. See Fig. 7h and /'.

Front auxiliary. Any view made by looking from

the front in a profile direction but inclined to hori-

zontal and frontal planes. See Fig. 7k and /.

Rear auxiliary. Any view made by looking from

the rear in a profile direction but inclined to hori-

zontal and frontal planes. See Fig. 7m and n.

Reference Group 2

Top-adjacent auxiliary. Any auxiliary view pro-

jected from the top view. Such auxiliaries are the

same as elevation auxiliaries (group 1). See Fig. 7b

to e.

Front-adjacent auxiliary. Any auxiliary view pro-

jected from a front view. Such auxiliaries are the

same as right-and-left auxiliaries. See Fig. 7/ to /.

Side-adjacent auxiliary. Any auxiliary projected

from a side view. Such auxiliaries are the same as

front-and-rear auxiliaries. See Fig. 7k to n.

12. Terms of Reference for

Auxiliary Views.
In this text, emphasis is given to the purpose for

which auxiliary views are made; namely, to show the

edge view or normal view of a surface. This practice

Reference Group 3

Oblique view. This is the normal view of a skew

(oblique) surface and is projected from an edge view.

See Figs. 38 to 40.
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Reference Group 4

Auxiliary-adjacent auxiliary view. This is the nor-

mal view of a skew surface, projected from an edge

view. See Figs. 38 to 40.

These terms of reference are used in books on

descriptive geometry. However, since the book on

descriptive geometry you are using with this text may
give other terms, the space below is provided for

listing them.

PROBLEMS

Group 1. Normal Views of Inclined Surfaces.

1 to 7. Draw given views and add normal views of the inclined surface using the reference plane indicated.

(OB. 1. Locking wedge. prob. 2. Statue base. prob. 3. Rod slide.

prob. 5. Adjustable pawl. prob. 6. Hexagonal-shaft lock.

|-|-p«o \

prob. 7. Molding.
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8. Draw the front view, partial top view, and normal view

of the inclined surface.

11. Draw the top view, partial front view, and normal

view of the inclined surfaces.

prob. 8. Holder.

9. Draw the partial front view, right-side view, partial

top view, and normal view of the inclined surface.

prob. 9. Slotted anchor.

10. Draw the front view, partial top view, and normal

view of the inclined surfaces.

prob. 11. Push plate.

12. Draw the front view, partial top view, and normal

view of the inclined surface.

prob. 12. Bevel washer.

13. Draw the front view, partial right-side view, and

normal view of the inclined surface. Draw the normal view

before completing the front view.

prob. 10. Connector strip.
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14. Draw the front view, parital top view, and normal

view of the inclined surface.

17. Draw the front view, partial top and left-side views,

and normal view of the inclined surface.

prob. 14. Angle clip.

15. Draw the front view, partial top view, and normal

view of the inclined surface.

prob. 15. Angle swivel.

16. Draw the front view, partial top and right-side views,

and normal view of the inclined surface.

prob. 17. Channel support.

18 and 19. Determine what views and partial views will

best describe the part. Sketch the proposed views before

making the drawing with instruments.

All RibsgTh

prob. 18. Radial swing block.

- '! -
,

Section"

Recessl

il
DP J

prob. 16. Corner tie.

View'C"
L '

prob. 19. Angle-shaft base.
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20. Draw the front view, partial bottom view, and nor-

mal view of the inclined surface.

prob. 23. Idler bracket.

prob. 20. Catenary clip.

21. Draw the front view, partial left-side and bottom

views, and normal view of the inclined surface.

prob. 21. Bevel-gear housing.

22 and 23. Determine what views and partial views wil

best describe the part.

24. Draw the given front view and add the views neces-

sary to describe the part.

. -;

prob. 22. Slide base. prob. 24. Corner brace.



6 AUXILIARY VIEWS 227

25. Draw the front view, partial left-side view, and nor-

mal view of the inclined surface.

26 and 27. This pair of similar objects has the upper

lug in two different positions. Layouts are for 11- x 17 in.

paper. Draw the views and partial views as indicated on

the layouts.

Lf Drill

prob. 25. Spindle support.

prob. 26. Spar clip, 90 c

prob. 27. Spar clip, 120°.
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28. Draw the front view; partial top, right-side, and

left-side views; and normal view of the inclined surface.

Use decimal scale for layout.

29. Draw the views and partial views that will best de-

scribe the part.

30. Draw top and front views and a normal view of the

inclined face. Will the normal view of the inclined face

show the true cross section of the square hole?

31. Draw front, top, and side views and normal views

of the inclined surfaces.

prob. 28. Seat release.

prob. 29. Idler link.

prob. 30. Actuator bracket. prob. 31. Assembly-fixture base.
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showing the contour of the slot, and normal view of the

skew surface.

34. Draw the partial front and top views, and edge and

normal views of the skew surface. Draw the normal view

Group 2. Normal Views of Skew Surfaces. before completing the edge view.

32. Front and right-side views of the shaft-locator wedge
are shown on a layout for 11- x 17-in. paper. Add normal

view of the inclined faces at centerline position shown.

33. Draw the partial front and top views, edge view 35. Draw the partial front and top views, and edge and

normal views of the skew surface.

prob. 32. Shaft-locator wedge.

prob. 33. Dovetail clip. prob. 34. Anchor base. prob. 35. Adjusting clip.
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36. Draw the views given, omitting the lugs in the top

view. Add normal views to describe the lugs.

37. Draw the views given, using edge and normal views

to obtain the shape of the lugs.

38. Draw the partial top, front, and side views. Add edge

and normal views to describe the lugs.

39. Draw the top and front views and use edge and

normal views to describe the slots and skew surfaces.

The part is symmetrical about the main axis.

40. Draw the spar clip, using the layout shown for

11- x 17-in. paper. Note that an edge and two normal

views are required.

41. Draw the views given, using edge and normal views

to describe the lugs.

42. Draw top and front views and auxiliary views that

will describe the skew surface.

S Drill, Wholes

prob. 36. Bar-strut anchor.

g Drill, Spotface

^D*,i deep. ^
3 ho/es. ^+-^j

r4Dr///,?/?/s.

-

jf
Drill - 4 Holes V^^\

SpotfaceJiDxlDp jf/
1

prob. 37. Cable anchor. prob. 38. Transverse connection.

prob. 39. Chamfer-tool base. prob. 40. Spar clip.
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43. Shown on layout for 11- x 17-in. paper are partial

front and right-side views and partial auxiliary views that

describe the position and shape of the skew surface.

Complete front, right-side, and first auxiliary views.

44. Shown on layout for 11- x 17-in. paper are partial

top and front views and auxiliaries that describe the

position and shape of the clamp portion of the part.

Complete the top and front views.

prob. 41. Crane-masthead collar and cap.

prob. 42. Bus-bar connector



232 AUXILIARY VIEWS/6

prob. 43. Valve control-shaft bracket.

prob. 44. Bipod shaft clamp.
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7

1. Sectional Views Denned.
When the interior of an object is complicated or

when the component parts of a machine are drawn

assembled, an attempt to show hidden portions by

the customary dashed lines in regular orthographic

views often results in a confusing network, as shown

in Fig. 1 at (a), which is difficult to draw and almost

impossible to read clearly.

In cases of this kind, to aid in describing the

object, one or more views are drawn to show the

object as if a portion had been cut away to reveal

the interior, as at (b). Also, if some detail of the

shape of an object is not clear, a cut taken through

the portion and then turned up, or turned up and

removed, as at (c), will describe the shape concisely

and often eliminate the need for an extra complete

view.

Either of these conventions is called a.section, which

is defined as an imaginary cut made through an

object to expose the interior or to reveal the shape

of a portion. A view in which all or a substantial

portion of the view is sectioned is known as a sec-

tional ricu .

For some simple objects where the orthographic,

unsectioned views can be easily read, sectional views

are often preferable because they show clearly and

emphasize the solid portions, the voids, and the

shape.

M j—

Iff
v i

i
i ' '

'

i

<

—

^

? hJTJitttJrH C
i

SEC. C-C

(C)

(a)

fig. 1. Advantage of sectional views, (a)

Orthographic view with hidden edges indi-

cated by dashed lines; (b) the same view but

made as a section to clarify the shape; (c)

cross-sectional shape of lug shown by re-

moved section.

2. How Sections are Shown.
The place from which the section is taken must be

identifiable on the drawing, and the solid portions

and voids must be distinguished on the sectional

view. The place from which the section is taken is

in many cases obvious, as it is for the sectional view

(b) in Fig. 1; the section is quite evidently taken

through the center (at the center line of the top

view). In such cases no further description is

needed. If the place from which a section is taken

is not obvious, as at (c), a cutting plane, directional

arrows, and identification letters are used to identify

it. Whenever there is any doubt of the position where

the section is taken, the cutting plane (see alphabet

of lines, Sec. 39, Chap. 2) should be shown. A cutting

plane is the imaginary medium used to show the

path of cutting an object to make a section. Cutting

planes for each kind of section will be discussed in

the following sections.

A sectional view must show which portions of the

object are solid material and which are spaces. This

is done by section lining, sometimes called "cross-

hatching," the solid parts with lines, as shown at

(/>) and (c). Section-lining practice is given in Sec.

11, where codes for materials are also discussed.

3. T^rpes of Sections.

Although the different sections and sectional views

have been named for identification and for speci-
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fig. 2. Cutting planes for a full section. The
plane may cut straight across (a) or change
direction (b and <?) to pass through features

to be shown.

fig. 3. Two cutting planes. The two planes

at (a) will produce sections (/;) and (c). Each
section is considered separately, without ref-

erence to what has been removed for the

other view.

tying the type of view required in a drawing, the

names are not shown on the drawing for the same
reason that a top, front, or side view would not be

so labeled—the views are easily interpreted and a

workman does not require the name to read the

drawing. The names are assigned by the character

of the section or the amount of the view in section,

not by the amount of the object removed.

4. Full Section.
A full section is one in which the cutting plane

passes entirely across the object, as in Fig. 2, so

that the resulting view is completely "in section."

The cutting plane may pass straight through, as at

(a), or be offset, changing direction forward or back-

ward, to pass through features it would otherwise

have missed, as at (/)) and (c). Sometimes two views

are drawn in section on a pair of cutting planes,

as at («) in Fig. 3. In such cases each view is con-

sidered separately, without reference to what has

been removed for another view. Thus (b) shows the

portion remaining and the cut surface for one sec-

tional view, and (r) for the other sectional view.

Figure 4 is the orthographic drawing of the object,

with indication for sectioning, as shown in Fig. 3.

Both the front and side views are full-sectional views.

cs SD
fig. 4. Full sections. This is the ortho-

graphic drawing of the object in Fig. 3. The
cutting-plane position is obvious for the

front-view section and is not identified in the

top view. Section A-A (side view) has its cut-

ting plane identified because the section

might be made elsewhere.
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Figure 5 shows a full section made on an offset

cutting plane. Note that the change in plane direction

is not shown on the sectional view, for the cut is

purely imaginary and no edge is present on the object

at this position.

5. Half Section.

This is a view sometimes used for symmetrical ob-

jects in which one half is drawn in section and the

other half as a regular exterior view. The cutting

plane is imagined to extend halfway across, then

forward, as in Fig. 6. A half section has the advan-

tage of showing both the interior and exterior of the

object on one view without using dashed lines, as

wm.

fig. 5. A full section. The cutting plane is

offset to pass through both principal features

of the object.

fig. 6. The cutting plane for a half section.

The resulting sectional view will be half in

section and half an external view.

fig. 7. Half sections. Dashed lines are rarely

necessary («), but may be used if needed for

clarity or to aid in dimensioning (b).

fig. 8. Cutting planes for broken-out sec-

tions. The cutting plane extends only slightly

beyond the features to be shown in section.

at (o) in Fig. 7. However, a half section thus made

is difficult to dimension without ambiguity, and so,

if needed for clarity, dashed lines may be added,

as at (/>).

Note particularly that a center line separates the

exterior and interior portions on the sectional view.

This is for the same reason that the change in plane

direction for the offset of the cutting plane of Fig.

5 is not shown— no edge exists on the object at the

center.
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fig. 9. A broken-out section. Note that a

standard break line terminates the sectional

portion.

fig. 10. The cutting plane for a rotated or

a removed section. A slice of negligible thick-

ness is taken.

1 II

1 II
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fig. 14. Removed sections in projection.

Identifications of cutting planes and mating
sections are not needed.

or the dimensioning of it prevents the use of an

ordinary rotated section. When the shape of a piece

changes gradually or is not uniform, several sections

may be required (Fig. 14). It is often an advantage

to draw the sections to larger scale than that of the

main drawing in order to show dimensions more
clearly. Sometimes sections are removed to a sepa-

rate drawing sheet. When this is done, the section

must be carefully shown on the main drawing with

cutting plane and identifying letters. Often these

identifying letters are made as a fraction in a circle,

with the numerator a letter identifying the section

and the denominator a number identifying the

sheet. The sectional view is then marked with the

same letters and numbers. The ANSI recommends
that, whenever possible, a removed section be drawn
in its natural projection position. Note in Fig. 14 that

this practice is followed.

9. Auxiliary Sections.
These are sectional views conforming to all the prin-

ciples of edge and normal views given in Chap. 6.

The section shows the normal view of a cutting plane

that is in a position on an inclined feature so as

to reveal the interior, as shown in Fig. 15. The edge

view of any perpendicular faces will also be seen

in the normal view, as in Fig. 15. All types of sec-

tions— full, half, broken-out, rotated, and removed

—

are used on auxiliaries. Figure 16 shows auxiliary

partial sections, which are also properly called re-
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moved sections in auxiliary position. Note in Fig. 16

that the two sections are normal views ot their cut-

ting planes.

lO. Assembly Sections.
As the name implies, an assembly section is made
up of a combination of parts. All the previously

mentioned types of sections may be used to increase

the clarity and readability of assembly drawings. The

cutting plane for an assembly section is often offset,

as in Fig. 17, to reveal the separate parts of a ma-

chine or structure.

The purpose of an assembly section is to reveal

the interior of a machine or structure so that the

separate parts can be clearly shown and identified,

but the separate parts do not need to be completely

described. Thus only such hidden details as are

needed for part identification or dimensioning are

shown. Also, the small amount of clearance between

mating or moving parts is not shown because, if

shown, the clearance would have to be greatly exag-

gerated, thus confusing the drawing. Even the clear-

ance between a bolt and its hole, which may be as

much as l

/u in., is rarely shown. Figure 18 is an

example of an assembly section in tabular form. The

component is similar to that in Fig. 17. Note that

a half section is used in Fig. 18 on both views.

Crosshatching practice for assembly sections is

explained in Sec. 11.

A
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1 1 . Drawing Practices for

Sectional Views.
In general, the rules of projection are followed in

making sectional views. Figure 19 shows the picture

of a casting intersected by a cutting plane, giving

the appearance that the casting has been cut

through by the plane A-A and the front part re-

moved, exposing the interior. Figure 20 shows the

drawing of the casting with the front view in section.

The edge of the cutting plane is shown in the top

view by the cutting-plane symbol, with reference

letters and arrows to show the direction in which

the view is taken. It must be understood that in

thus removing the nearer portion of the object to

make the sectional view, the portion assumed to be

removed is not omitted in making other views.

Therefore, the top and right-side views of the object

in Fig. 20 are full and complete, and only in the

front view has part of the object been represented

as removed.

The practices recommended by the ANSI for in-

clusion of the cutting-plane symbol, of visible and

hidden edges, and for crosshatching are as follows:

The Cutting-plane Symbol. It may be shown on

the orthographic view where the cutting plane ap-

pears as an edge and may be more completely

identified with reference letters along with arrows

to show the direction in which the view is taken. The

cutting-plane line symbol is shown in the alphabet

of lines, Figs. 56 and 57, Chap. 2. Use of the symbol

is illustrated in Figs. 1 and 20. Often when the

position of the section is evident, the cutting-plane

symbol is omitted (Fig. 21). It is not always desirable

to show the symbol through its entire length; so in

such cases the beginning and ending of the plane

is shown, as in sections A-A and B-B in Prob. 47

in the final chapter. Removed sections usually need

the cutting-plane symbol with arrows to show the

direction of sight and with letters to name the re-

sulting sectional view (Fig. 16).

Unnecessary Hidden Detail. Hidden edges and

surfaces are not shown unless they are needed to

describe the object. Much confusion may result if

all detail behind the cutting plane is drawn. In Fig.

21, (a) shows a sectional view with all the hidden

edges and surfaces shown by dashed lines. These

fig. 19. Cutting plane for a sectional view.

i_5

fig. 20. A drawing with a sectional view.

This is the same object as in Fig. 19.

lines complicate the view and do not add any infor-

mation. The view at (/;) is preferred because it is

simpler, less time-consuming to draw, and more

easily read than the view at (a). The holes lie on

a circular center line; and where similar details re-

peat, all may be assumed to be alike.

Necessary Hidden Detail. Hidden edges and sur-

faces are shown if necessary for the description of

the object. In Fig. 22 view (a) is inadequate since

it does not show the thickness of the lugs. The

correct treatment is in view (£>), where the lugs are

shown by dashed lines.

Visible Detail Shown in Sectional Views. Figure 23

shows an object pictorially with the front half re-

moved, thus exposing edges and surfaces behind

the cutting plane. At (a) a sectional view of the cut

surface only is shown, with the visible elements

omitted. This treatment should never be used. The

view should be drawn as at (/?) with the visible edges

and surfaces behind the cutting plane included in

the sectional view.
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fig. 21. Hidden edges and surfaces not

shown; (b) is preferable to (a) because the

dashed lines are not necessary for description

of the part.

Visible Detail Not Shown in Sectional Views.

Sometimes confusion results if all visible detail be-

hind the cutting plane is drawn, and it may be

omitted if it does not aid in readability. Omission

of detail should be carefully considered and may be

justified as time saved in drawing. This applies

mainly to assembly drawings for showing how the

pieces fit together rather than for giving complete

information for making the parts (see Fig. 24).

Section Lining. Wherever material has been cut

by the section plane, the cut surface is indicated

by section lining done with fine lines generally at

45° with the principal lines in the view and spaced

uniformly to give an even tint. These lines are

spaced entirely by eye except when some form of

mechanical section liner is used. The pitch, or dis-

tance between lines, is governed by the size of the

surface. For ordinary working drawings, it will not

be much less then yi6 in. and rarely more than %

n
i n

fig. 22. Hidden edges and surfaces shown.

(/>) must be used instead of (a) because the

dashed lines are necessary for description of

the part.
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•A-A,

fig. 24. Omission of detail. Detail behind the

plane of the section may be omitted when
it does not aid in readability or when it might

cause ambiguity.

increase or decrease. Nothing mars the appearance

of a drawing more than poor section lining. The

alphabet of lines, Figs. 56 and 57, Chap. 2, gives

the weight of Crosshatch lines.

Two adjacent pieces in an assembly drawing are

crosshatched in opposite directions. If three pieces

adjoin, one of them may be sectioned at other than

45° (usually 30° or 60°, Fig. 25), or all pieces may

fig. 25. Crosshatching of adjacent parts.

Adjacent parts are crosshatched in opposite

directions and/or different spacing, for em-
phasis. The same piece in different views or

in different parts of the same view should be

crosshatched with identical spacing and di-

rection (auxiliaries are a possible exception).

be crosshatched at 45° by using a different pitch

for each piece. If a part is so shaped that 45° sec-

tioning runs parallel, or nearly so, to its principal

outlines, anotherdirection should bechosen (Fig. 26).

Large surfaces are sometimes sectioned around

the edge only, as illustrated in Fig. 27.

Very thin sections, as of gaskets, sheet metal, or

structural-steel shapes to small scale, may be shown

in solid black, with white spaces between the parts

where thin pieces are adjacent (Fig. 28).

Section lining for the same piece in different views

or for the same piece in different parts of the same

view should be identical in spacing and direction 1

(Figs. 18 and 24).

Adjacent pieces are section-lined in opposite di-

rections and are often distinguished more clearly by

varying the pitch of the section lines for each piece,

using closer spacing for the smaller pieces (Figs. 25

and 29).

An exception to this rule is made for the crosshatching of

an auxiliary view in order to avoid Crosshatch lines that are

parallel or perpendicular, or nearly so, to the outlines of the view.
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fig. 26. Section-line directions for unusual

shaDes. Avoid Crosshatch directions parallel

to the view outlines.

.**i tffa-

~~ *-
' '

'

|

, *

fig. 27. Outline sectioning. This saves

drafting time on large views or on large

drawings.

Code for Materials in Section. Symbolic section

lining is not commonly used on ordinary working

drawings, but in an assembly section it is sometimes
useful to show a distinction between materials, and

a recognized standard code is an obvious advantage.

The ANSI symbols for indicating different materials

are given in the Appendix. Code section lining is used

only as an aid in reading a drawing and is not to

fig. 28. Thin material in section. This is

drawn solid because there is not enough room
for crosshatching.

be taken as the official specification of the materials.

Exact specifications of the material for each piece

are always given on the detail drawing.

12. Conventional Practices.
All sections are conventions in that they represent

an assumed imaginary cut from which, following the

theory of projection rather closely, the sectional

views are made. However, the strict rules of projec-

tion may be disregarded if by so doing a type of

view can be drawn which more accurately depicts

the shape of the object. It is impossible to illustrate

all the conditions that might occur, but the following

discussion shows the principles that are recognized

as good practice, since observing them results in

added clearness and readability.

13. Parts Not Sectioned.
Many machine elements, such as fasteners, pins,

and shafts, have no internal construction and, in

addition, are more easily recognized by their exterior

views. These parts often lie in the path of the section

plane, but if they are sectioned (and crosshatched),

they are more difficult to read because their typical

identifying features (boltheads, rivet heads, cham-

fers on shafts, etc.) are removed. Thus features of

this kind should be left in full view and not sectioned.

To justify this treatment, the assembly is thought

of as being sectioned on a particular plane, with the
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pe plug

fig. 29. Part of a sectional assembly.

Shafts, bolts, nuts, rods, rivets, keys, and the

like whose axes occur in the plane of the

section are left in full (not sectioned).

nonsectioned parts placed in the half holes remain-

ing after the section is made. Figure 17 shows a

full section made on an offset cutting plane that

passes through a bolt, with the bolt in full view.

Figure 29 shows several nonsectioned parts; it is

evident that if the shaft, bolts, nuts, rivets, etc., were

sectioned, the drawing would be confusing and

difficult to read.

14. Spoke and Arms in Section.

A basic principle for sectioning circular parts is that

any element not continuous (not solid) around the

axis of the part should be drawn without Crosshatch-

ing in order to avoid a misleading effect. For exam-

ple, consider the two pulleys in Fig. 30. Pulley (a)

has a solid web connecting the hub and rim. Pulley

(b) has four spokes. Even though the cutting plane

passes through two of the spokes, the sectional view

of (/>) must be made without crosshatching the

spokes in order to avoid the appearance of a solid

web, as in pulley (a).

Other machine elements treated in this manner
are teeth of gears and sprockets, vanes and sup-

X

fig. 30. Spokes in section. The wheel with

spokes (/;) is treated as though the cutting

plane were in front of the spokes, to avoid

misreading the section as a solid web line («).
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fig. 31. Ribs in section. Ribs at («) are

treated as though the cutting plane were in

front of them, to avoid misreading the section

as a solid (/>).

fig. 32. Ribs in section. These are treated

as though the cutting plane were in front of

the ribs.

porting ribs of cylindrical parts, equally spaced lugs,

and similar parts.

15. Ribs in Section.
For reasons identical with those given in Sec. 14,

when the cutting plane passes longitudinally through

the center of a rib or web, as in Fig. 31a, the cross-

hatching is eliminated from the ribs as if the cutting

plane were just in front of them or as if they had

been temporarily removed and replaced after the

section was made. A true sectional view with the

ribs crosshatched gives a heavy, misleading effect

suggesting a cone shape, as shown at (b). The same
principle applies to ribs cut longitudinally on rectan-

gular parts (Fig. 32). When the cutting plane cuts

a rib transversely, that is, at right angles to its length

or axis direction (the direction that shows its thick-

ness), it is always crosshatched (Fig. 24).

16. Lugs in Section.

For the same reasons given in Sees. 14 and 15, a

lug or projecting ear (Fig. 33</), usually of rectangular

cross section, is not crosshatched; note that cross-

hatching either of the lugs would suggest a circular

flange. However, the somewhat similar condition at

(b) should have the projecting ears crosshatched as

shown because these ears are the base of the part.

17. Alternate Crosshatching.
In some cases omitting the crosshatching of ribs or

similar parts gives an inadequate and sometimes

ambiguous treatment. To illustrate, Fig. 34« shows

a full section of an idler pulley. At (b) four ribs have

been added. Note that the top surfaces of the ribs

are flush with the top of the pulley. Without cross-

hatching, the section at (b) is identical with (a) and

the ribs of (b) are not identified at all on the sectional

view. A better treatment in this case is to use alter-

nate crosshatching for the ribs, as at (c), where half

(alternating) the Crosshatch lines are carried through

the ribs. Note that the line of demarcation between
rib and solid portions is a dashed line.

18. Aligned Spokes and Arms.
Any part with an odd number (3, 5, 7, etc.) of spokes

or ribs will give an unsymmetrical and misleading
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section if the principles of true projection are strictly

adhered to, as illustrated by the drawing of a hand-

wheel in Fig. 35. The preferred projection is shown

in the second sectional view, where one arm is

drawn as if aligned, or in other words, the arm is

rotated to the path of the vertical cutting plane and

then projected to the side view. Note that neither

arm should be sectioned, for the reasons given in

Sec. 14.

This practice of alignment is well justified logically

because a part with an odd number of equally

spaced elements is just as symmetrical as a part

with an even number and, therefore, should be

shown by a symmetrical view. Moreover, the sym-

metrical view shows the true relationship of the ele-

ments, while the true projection does not.

19. Aligned Ribs,
Lugs, and Holes.
Ribs, lugs, and holes often occur in odd numbers
and following the principles given in Sec. 18, should

be aligned to show the true relationship of the ele-

ments. Figure 36 shows several examples of how
the cutting plane may pass through a symmetrical

object, permitting the removal of a portion of the

object so as to describe the shape better. Note how
the cutting planes may change direction so as to

pass through the holes. In Fig. 37, true projection

^
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of the ribs would show the pair on the right fore-

shortened, as at («), suggesting in the sectional view

that they would not extend to the outer edge of the

base. Here, again, the alignment shown at (b) gives

a symmetrical section of a symmetrical part and

shows the ribs in their true relationship to the basic

part. To illustrate further, at (c) and (<7) the lugs and
holes are aligned, thus showing the holes at their

true radial distance from the axis, and, incidently,

eliminating some difficult projections.

In all cases of alignment, the element can be

thought of as being swung around to a common
cutting plane and then projected to the sectional

view. Note at (c) that because an offset cutting plane

is used, each hole is brought separately into position

on a common cutting plane before projection to the

sectional view. The cutting plane used here is similar

to that of (</) in Fig. 36.

20. Alignment of Elements
in Full Views.
In full views, as well as in sectional views, certain

violations of the rules of true projection are recog-

nized as good practice because they add to the

clearness of the drawing. For example, if a front view

shows a hexagonal bolthead "across corners," the

theoretical projection of the side view would be

"across flats"; but in a working drawing, boltheads

are drawn across corners in both views to show

better the shape and the space needed. As another

example, the slots of screw heads are always drawn

at an angle of 45° in all views so that the closely

spaced lines will not be confused with horizontal and

vertical center lines.

Lugs or parts cast on for holding purposes and

to be machined off are shown by "adjacent-part"

lines (Figs. 56 and 57, Chap. 2). If such parts are

in section, the section lines are dashed. "Alternate-

position" lines (Figs. 56 and 57, Chap. 2) are used

to indicate the limiting positions of moving parts and

to show adjacent parts that aid in locating the posi-

tion or use of a piece. Note in Figs. 56 and 57, Chap.

2, that the symbol of a long dash and two short

dashes, alternating, is used to indicate adjacent

parts, alternate positions, and also repeated fea-

tures.

S

fig. 38. Aligned view. This is to avoid draw-

ing in the foreshortened position.

O O O O
- Developed Length -

fig. 39. Developed view. This part is drawn
as though it were straightened out in one
plane.

21. Aligned and Developed Views.
Pieces that have elements at an angle to one an-

other, as the lever of Fig. 38, may be shown

straightened out or aligned in one view. Similarly,

bent pieces of the type of Fig. 39 should have one

view made as a developed view of the blank to be

punched and formed. Extra metal must be allowed

for bends.

22. Half Views.
When space is limited, it is allowable to make the

top or side view of a symmetrical piece as a half

view. If the front is an exterior view, the front half

of the top or side view would be used, as in Fig.

40; but if the front view is a sectional view, the rear

half would be used, as in Fig. 41. Figure 42 shows

another space-saving combination of a half view with

a half section. Examples of half views occur in Probs.

44 to 46, Chap. 24.

23. Conventional Practices.

One statement can be made with the force of a rule:

If anything in clearness can he gained by violating a
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fig. 40. Half view. The front half is drawn
when the mating view is external.

fig. 41. Half view. The rear half is drawn
when the mating view is a full section.

principle of projection, violate it. This applies to full

as well as sectional views. Permissible violations are

not readily apparent to the reader, since when they

occur the actual conditions are described in a better

and usually simpler form than if they were shown
in true projection.

However, some care and judgment must be used
in applying conventional treatments. Persons
trained in their use ordinarily understand their

meaning, but workmen often do not. Some unusual

fig. 42. Half view. The rear half is drawn
when the mating view is a half section.

convention may be more confusing than helpful, and
result in greater ambiguity than true projection.

There are occasions when the true lines of inter-

section are of no value as aids in reading and should

be ignored. Some typical examples are shown in Fig.

43. It must be noted, however, that in certain cases

that are similar but where there is a major difference

in line position when the true projection is given,

as compared with conventional treatment, the true

line of intersection should be shown. Compare the

treatment of the similar objects in Figs. 43 and 44.

It would not be good practice to conventionalize the

intersections on the objects in Fig. 44 because the

difference between true projection and the conven-

tion is too great. To develop your judgment of the

use of conventional intersections, carefully study

Figs. 43 and 44 and observe the difference between
true projection and conventional treatment in each

case.

24. Fillets and Rounds.
In designing a casting, never leave sharp internal

angles because of the liability of fracture at those

points. The radius of the fillet depends on the thick-

ness of the metal and other design conditions. When
not dimensioned, it is left to the patternmaker.

External angles may be rounded for appearance or
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fig. 43. Conventional intersections. These

are used when there is a small ditference as

compared with true projection.

fig. 44. True intersections. These are used
when there is a major difference as compared
with conventional treatment.

comfort, with radii ranging from enough merely to

remove the sharp edges to an amount nearly equal

to the thickness of the piece. An edge made by the

intersection of two unfinished surfaces of a casting

should always be "broken" by a very small round.

A sharp corner on a drawing indicates that one or

both of the intersecting surfaces are machined.

Small fillets, rounds, and "runouts" are best put in

freehand, both in pencil and ink. Runouts, or "die-

outs," as they are sometimes called, are conven-

tional indications of filleted intersections where,

theoretically, there would be no line because there

is no abrupt change in direction. Figure 45 shows

some conventional representations of fillets and

rounds with runouts of arms and ribs intersecting

other surfaces.

25. Conventional Breaks.
In making the detail of a long bar or piece with a

uniform cross section, it is rarely necessary to draw

its whole length. It may be shown to a larger and

therefore better scale by breaking out a piece, mov-

ing the ends together, and giving the true length

by a dimension, as in Fig. 46. The shape of the cross
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fig. 45. Conventional fillets, rounds, and
runouts. These are conventionalized inter-

sections.

;i)33£E3

fig. 46. Broken view with rotated sections.

A broken view saves drawing the whole length

of the part.

section is indicated by a rotated section or more
often by a semipictorial break line, as in Fig. 47.

26. Conventional Symbols.
Engineers and draftsmen use conventional repre-

sentation to indicate many details, such as screw

threads, springs, pipe fittings, and electrical appa-

ratus. These have been standardized by the ANSI

whose code for materials in section has already been

referred to in Sec. 11.

The symbol of two crossed diagonals is used for

two distinct purposes: (1) to indicate on a shaft the
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Rectangular Section

Jl
Round Section

Pipe or Tubing

I
Pipe or Tubing

Wood (Rectangular Section

J

Long Break (all materials)

fig. 47. Conventional breaks.

position of finish for a bearing, and (2) to indicate

that a certain surface (usually parallel to the picture

plane) is flat. These two uses are not apt to be

confused (Fig. 48).

Because screw threads recur constantly, the des-

ignation for them is one of the most important items

under conventional symbols. Up to the time of offi-

cial standardization by the ANSI, there were a dozen

different thread symbols in use. Now a regular sym-

bol and a simplified one have been adopted for

o=
Rolled Shapes

Chain

Chain

Rope or Cable

- Flat Surface
U±
*- Bearing \

*r Flat Surface*

[-'UJ-I

aiE
fig. 48. Various symbols.

American drawings, and both are understood inter-

nationally. The symbols for indicating thread on

bolts, screws, and tapped holes will be given in a

later chapter.

The conventional symbols mentioned are used

principally on machine drawings. Architectural

drawing, because of the small scales employed, uses

many conventional symbols, and topographic draw-

ing is made up almost entirely of symbols. Electrical

diagrams are completely symbolic.

PROBLEMS

Group 1. Single Pieces.

The following problems can be used for practice in shape

description only or, by adding dimensions, in making

working drawings.

1. Draw the top view, and change the front and side

views to sectional views as indicated.

2. Draw the top view, and make the front and two side

views in section on cutting planes as indicated. Scale to

suit.

3 to 5. Given the side view, draw full front and side

views in section. Scale to suit.

6 and 7. Change the right-side view to a full section.

8 and 9. Change the right-side view to a full section.
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10. Change the right-side view to a full section.

11. Change the right-side view to a sectional view as

indicated.

12 and 13. Change the front view to a full section.

14 and 15. Change the front view to a full section.



16 and 17. Select views that will best describe the piece.

prob. 16. End plate.
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19. Draw the top view as illustrated and the tront view

in half section on A-A.

prob. 19. Brake-rod bracket.

prob. 17. Piston cap.

18. Draw the top view as shown in the illustration and
the front view as a full section.

20. Draw the top view as shown, and change the front

and side views to sections as indicated.

1III 1,11
1 1(1 1 -fc 1 -iR\

|
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21. Draw the top view and sectional view (or views) to

best describe the object.

prob. 21. Column collar.

22. Draw the top view and front view in section.

23. Turn the object through 90°, and draw the given

front view as the new top view; then make the new front

view as section B-B and auxiliary section A-A. Refer to

Sec. 9, for instructions on making auxiliary sections. See

also Chap. 7 for the method of projection for the auxiliary

section. Note in this case that the new top view, front-

view section B-B. and auxiliary section A-A will completely

describe the object. However, if desired, the side view may
also be drawn, as shown or as an aligned view (described

in Sec. 21).

23 \ As an alternate for Prob. 23, draw views as follows:

with the ob|ect in the position shown, draw the front view

as shown, draw the left-side view as section B-B, and draw

the new top view as an aligned view.

prob. 23. Compound bell-crank.

prob. 22. Stem support.
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24 and 25.

indicated.

Draw the views and add the sectional views 26 and 27. Draw a view and sectional view to best
describe the piece.

—-"
i

,

prob. 24. Spool base.
PROB. 26. Actuator link.

^ T-T^ I I

- - -

prob. 25. Saddle collar.
i Dnir-
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?Drill.lgDeep\- Z -\ riDrill.ZHoles \SDril1' iSpotface^Deep, 4Holes

prob. 28. Cover and valve body.

28. Draw the top view and necessary sectional view (or

views) to best describe the object.

29. Draw three views, making the side view as a section

on B-B.

29.A Draw three views, making the top view as a half

section on A-A.

30. Select views that will best describe the piece.

^hr-T-if

prob. 30. Spindle support. prob. 29. Crosshead.



31. Top view and front view in section, of rigging yoke,

Prob. 77, Chap. 5.

32. Three views with front view in section, of missile

gyro support, Prob. 75, Chap. 5.

33. Three views with front view in section, of end frame
for engine starter, Prob. 113, Chap. 5.

34. Three views with front view in section, of master

brake cylinder, Prob. 112, Chap. 5.

i Drill, A Holes
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Group 2. Assemblies.
35. Choose views and sectional views that will best

describe the electric-motor support, Prob. Ill, Chap. 5.

36. Choose views and sectional views that will best

describe the jet-engine hinge plate, Prob. 120, Chap. 5.

37. Two views with sectional treatment that will best

describe the anchor plate, Prob. 64, Chap. 7.

38. Draw a half end view and a longitudinal view as

full section.

39. Draw the top view as shown in the figure and new
front view in section. Show the shape (right section) of

the link with rotated or removed section. The assembly

comprises a cast-steel link, two bronze bushings, steel

toggle pin, steel collar, steel taper pin, and part of the

cast-steel supporting lug.

prob. 38. Push rod cap and seal body.

±x45Xhamfer Cc»lar
' >gOD'ilD',§Lg

« - -Na4 Taper Pin,2Lq
•-'

, ,

Bushing./jQD'/'/.D.*/ Iff

I'.! i I r- 3=E=i
1

'

I

i

i

i y

prob. 39. Link assembly.
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40. Draw the front view and longitudinal section. The

assembly comprises a cast-iron base, a bronze bushing,

a bronze disk, and two steel dowel pins.

//, SpotfacegD *jg deep

prob. 40. Step bearing

41. Draw two half end views and a longitudinal section.

The assembly consists of cast-iron body, two bronze

bushings, steel shaft, cast-iron pulley, and steel taper pin.

/g'Drill, Spotface l. jj ...r Coreg'Dtg deep
IsDxjkdeep -lz~~\

8
I J, Drill for oil

32 * 45 Chamfer

prob. 41. Pulley-bracket assembly.



7 SECTIONAL VIEWS AND CONVENTIONS 263

42. 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.

42A. Make a drawing of the bracket with one view in

section. Material is cast iron. Scale: full size.

42R Make a drawing of the wheel with one view in

section. Material is cast steel. Scale: full size.

43. Make an assembly drawing in section. The assembly

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.

44A. Make a drawing of the roller and bushing assembly

that gives one view in section. See Prob. 43 for materials.

Scale: full size.

45. Sectional assembly of sealed shaft unit, Prob. 34
of chapter 24.

46. Sectional assembly of crane hook, Prob. 35, chap-

ter 24.

47. Sectional assembly of caster, Prob. 36, chapter 24.

48. Sectional assembly of antivibration mount, Prob.

53, of chapter 24.

49. Sectional assembly of pump valve, Prob. 55, of

chapter 24.

50. Sectional assembly of boring-bar holder, Prob. 58,

chapter 24.

51. Sectional assembly of conveyor link unit, Prob. 77,

chapter 24.

52. Sectional assembly of pressure cell piston, Prob. 62,

chapter 24.

53. Sectional assembly of pivot nut and adjustable

screw, Prob. 63, chapter 24.

prob. 42. Sliding-door guide prob. 43. Bell-roller support.
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1. Pictorial Method—Comparison
with Orthographic.
In discussing the theory of projection in Chap. 5,

we noted that in perspective projection the object

is represented as it appears to the eye. However,

its lines cannot be measured directly for accurate

description of the object; and in orthographic pro-

jection the object is shown, in two or more views,

as it r&ally is in form and dimensions but inter-

pretation requires experience to visualize the object

from the views. To provide a system of drawing that

represents the object pictorially and in such a way

that its principal lines can be measured directly,

several forms of one-plane conventional or projec-

tional picture methods have been devised in which

the third dimension is taken care of either by turning

the object so that its three dimensions are visible

or by employing oblique projection. A knowledge of

these picture methods and of perspective projection

is extremely desirable as they can all be used to

great advantage.

Mechanical or structural details not clear in ortho-

graphic views can be drawn pictorially or illustrated

by supplementary pictorial views. Pictorial views are

used advantageously in technical illustrations, Pat-

ent Office drawings, layouts, piping plans, and the

like. Pictorial methods are useful also in making

freehand sketches, and this is one of the most im-

portant reasons for learning them.

2. Pictorial Methods.
There are three main divisions of pictorial drawing:

(1) axonometric, with its divisions into trimetric,

dimetric, and isometric; (2) oblique, with several

variations; and (3) perspective. These methods are

illustrated in Fig. 1.

The trimetric form gives an effect more pleasing

to the eye than the other axonometric and oblique

methods and allows almost unlimited freedom in

orienting the object, but is difficult to draw. With

the dimetric method the result is less pleasing and

there is less freedom in orienting the object, but

execution is easier than with trimetric. The isometric

method gives a result less pleasing than dimetric

or trimetric, but it is easier to draw and has the

distinct advantage that it is easier to dimension. The
oblique method is used principally for objects with

circular or curved features only on one face or on

parallel faces, and for objects of this type the oblique

is easy to draw and dimension. Perspective drawing

gives a result most pleasing to the eye, but it is of

limited usefulness because many lines are unequally

foreshortened; isometric and oblique are the forms

most commonly used.

3. Axonometric Projection.
Axonometric projection is theoretically orthographic

projection in which only one plane is used, the object

being turned so that three faces show. Imagine a

transparent vertical plane with a cube behind it, one

face of the cube being parallel to the plane. The

projection on the plane, that is, the front view of

the cube, will be a square (Fig. 2). Rotate the cube

about a vertical axis through any angle less than

-AXONOMETRIC

TRIMETRIC DIMETRIC

fig. 1. Pictorial methods.

ISOMETRIC ERSPECT/X E
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90°, and the front view will now show two faces,

both foreshortened (Fig. 3). From this position, tilt

the cube forward (rotation axis perpendicular to

profile) any amount less than 90°. Three faces will

now be visible on the front view (Fig. 4). There can

be an infinite number of axonometric positions,

depending upon the angles through which the cube

is rotated. Only a few of these positions are ever

used for drawing. The simplest is the isometric

(equal-measure) position, in which the three faces

are foreshortened equally.

fig. 2. The object face is parallel to the

picture plane. One face only is seen in the

front view.

fig. 3. The object is rotated about a vertical

axis. Two faces are seen.

fig. 4. The object is rotated about both a

vertical and a profile axis. Three faces are

seen.

4. Isometric Projection.
If the cube in Fig. 5a is rotated about a vertical axis

through 45°, as shown at (/>), and then tilted for-

ward, as at (c), until the edge RU is foreshortened

equally with RS and RT, the front view of the cube

in this position is said to be an "isometric projec-

tion." (The cube has been tilted forward until the

body diagonal through R is perpendicular to the

front plane. This makes the top face slope approxi-

mately 35° 16'. 1

) The projections of the three mutu-

>The only difference between rotation and auxiliary proiection

Is that in the former the object Is moved and in the latter the

plane Is moved or the observer is considered to have changed
his viewing position. Thus an auxiliary view on a plane perpen-

dicular to a body diagonal of the cube in position (b) would be

an isometric proiection, as illustrated by the dotted view.

<,
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ally perpendicular edges RS, RT, and RU meeting

at the tront corner R make equal angles, 120° , with

each other and are called "isometric axes." Since

the projections of parallel lines are parallel, the pro-

jections of the other edges of the cube will be, re-

spectively, parallel to these axes. Any line parallel

to the edge of the cube, whose projection is thus

parallel to an isometric axis, is called an "isometric

line." The planes of the faces of the cube and all

planes parallel to them are called "isometric

planes."

The isometric axes RS, RT, and RU are all fore-

shortened equally because they are at the same
angle to the picture plane.

5. Isometric Drawing.
In nearly all practical use of the isometric system,

this foreshortening of the lines is disregarded, and

their full lengths arc laid off on the axes, as explained

in Sec. 6. This gives a figure of exactly the same
shape but larger in the proportion of 1.23 to 1,

linear, or in optical effect 1.23 3 to 1.00 3 (Fig. 6).

Except when drawn beside the same piece in ortho-

graphic projection, the effect of increased size is

usually of no consequence, and since the advantage

of measuring the lines directly is of great con-

venience, isometric drawing is used almost exclu-

sively rather than isometric projection.

In isometric projection the isometric lines have

been foreshortened to approximately 81
/100 of their

length, and an isometric scale to this proportion can

be made graphically as shown in Fig. 7 if it is neces-

sary to make an isometric projection by the method

of isometric drawing.

6. To Make an Isometric Drawing.
If the object is rectangular (Fig. 8), start with a point

fig. 7. To make an isometric scale.

17

*
\
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representing a front corner, shown at («) with heavy

lines, and draw from it the three isometric axes 120°

apart, one vertical (//), the other two with the 30°

triangle. On these three lines measure the height,

width, and depth of the object, as indicated at (c);

through the points so determined draw lines parallel

to the axes, completing the figure. When drawing

in isometric, remember the direction of the three

principal isometric planes. Hidden lines are omitted

except when they are needed to describe the piece.

It is often convenient to build up an isometric

drawing from the lower front corner, as illustrated

in Fig. 9, starting from axes in what may be called

the "second position." The location of the starting

corner is again shown by heavy lines at (<;), (/?), and

(c).

fig. 9. Isometric axes, second position. The

starting point is the lower front corner.

7. Nonisometric Lines.
Edges whose projections or drawings are not parallel

to one of the isometric axes are called "nonisometric

lines." The one important rule is that measurements

can be made only on the drawings of isometric lines;

conversely, measurements cannot be made on the

drawings of nonisometric lines. For example, the

diagonals of the face of a cube are nonisometric

lines; although equal in length, their isometric draw-

ings will not be at all of equal length on the isometric

drawing of the cube. Compare the length of the

diagonals on the cube in Fig. 6. Since a nonisometric

line does not appear in the isometric drawing in its

true length, the isometric view of each end of the

line must be located and the isometric view of the

line found by joining these two points. In Fig. %
and c, line AB is a nonisometric edge whose true

length cannot be measured on the isometric draw-

ing. However, the vertical distances above the base

to points A and B are parallel to the vertical isometric

axis. These lines can, therefore, be laid off, as shown

at (c), to give the isometric view of line AB.

8. Nonisometric Lines: Boxing Method.
When an object contains many nonisometric lines,

it is drawn by the "boxing method" or the "offset

method." When the boxing method is used, the

object is enclosed in a rectangular box, which is

drawn around it in orthographic projection. The box

is then drawn in isometric and the object located

in it by its points of contact, as in Figs. 10 and 12.

It should be noted that the isometric views of lines

that are parallel on the object are parallel. This

knowledge can often be used to save a large amount
of construction, as well as to test for accuracy. Figure

10 might be drawn by putting the top face into

isometric and drawing vertical lines equal in length

to the edges downward from each corner. It is not

always necessary to enclose the whole object in a

rectangular "crate." The pyramid (Fig. 11) would

have its base enclosed in a rectangle and the apex

located by erecting a vertical axis from the center.

The object shown in Fig. 12 is composed almost

entirely of nonisometric lines. In such cases the

isometric drawing cannot be made without first
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fig. 10. Box construction. Points on the

orthographic box are transferred to the pic-

torial box. Identical scale must be used.

fig. 11. Semibox construction. Points on the

base are transferred by boxing. The altitude

is located by a vertical from the base center.

Identical scale must be used.

making the orthographic views necessary for boxing.

In general, the boxing method is adapted to objects

that have the nonisometric lines in isometric planes.

9. Nonisometric Lines: Offset Method.
When an object is made up of planes at different

angles, it is better to locate the ends of the edges

by the offset method rather than by boxing. When
the offset method is used, perpendiculars are ex-

fig. 12. Box construction. Points on, and
offsets from, the orthographic box are trans-

ferred to the pictorial box. Identical scale

must be used.

tended from each point to an isometric reference

plane. These perpendiculars, which are isometric

lines, are located on the drawing by isometric coor-

dinates, the dimensions being taken from the ortho-

graphic views. In Fig. 13, line AB is used as a base

line and measurements are made from it as shown,

first to locate points on the base; then verticals from

these points locate c, f, and g. Figure 14 is another

example of offset construction. Here a vertical plane

is used as a reference plane. Note that, as in Fig.

13, the base of the offset is located first; then the

offset distance is measured.

lO. Angles in Isometric.
The three isometric axes, referred back to the iso-
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A circle plotted in this way is shown in Fig. 17. Note

that in both these figures coordinates a and b are

parallel to the isometric axes and the coordinate

distances must be obtained from an orthographic

view drawn to the same scale as the isometric.

12. Isometric Circles.

Circles occur so frequently that they are usually

drawn by a four-centered approximation, which is

sufficiently accurate for ordinary work. Geometri-

cally, the center for any arc tangent to a straight

line lies on a perpendicular from the point oftangency

(Fig. 18«). In isometric, if perpendiculars are drawn

from the middle point of each side of the circum-

scribing square, the intersections of these perpen-

diculars will be centers for arcs tangent to two sides

(b). Two of these intersections will evidently fall at

the corners A and C of the isometric square, as the

perpendiculars are altitudes of equilateral triangles.

Thus the construction at (b) to (</) can be made by

simply drawing 60° lines (horizontals also at C and

D) from the corners A and C and then drawing arcs

with radii R and fi r as shown.

Figure 19 shows the method of locating and laying

out a hole in isometric from the given orthographic

views. First locate and then draw the center lines

for the hole by laying out the distances X and Y,

as shown. On these lines construct an isometric

square with sides equal to the diameter of the hole

by laying out the radius R in each direction from

the intersection of the center lines. Then use the

four-center method, as shown in Fig. 18. Should the

piece be thin enough, a portion of the backside of

the hole will be visible. To determine this, drop the

thickness T back on an isometric line and swing the

large radius R^ of the isometric circle with this point

as center. If the arc thus drawn comes within the

boundary of the isometric circle, that portion of the

back will be visible. In extra-thin pieces, portions of

the small arcs R„ might be visible. This would be

determined the same way.

If a true ellipse is plotted by the method of Sec.

11 in the same square, it will be a little longer and

narrower and of much more pleasing shape than

this four-center approximation, but in most drawings

the difference is not sufficient to warrant the extra

a'b'

fig. 17. Isometric circle, points plotted.

Points are transferred from the orthographic

view to the pictorial by offsets. Identical scale

must be used.

fig. 18. Isometric circles, four-centered

method. The ellipse is approximated by circle

arcs.

fig. 19. Locating and laying out a hole in

isometric. Locate the center, draw the en-

closing isometric square, and then draw the

circle by the method of Fig. 18.
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axes, as well as the application of reversed-isometric

construction to circle arcs. A practical use of this

construction is in the representation of such archi-

tectural features as are naturally viewed from below.

Figure 22 is an example of this use.

Sometimes a piece is shown to better advantage

with the main axis horizontal, as in Fig. 23.

15. Isometric Sections.
Isometric drawings are, from their pictorial nature,

usually outside views, but sometimes a sectional

view (see Chap. 8) is used to good advantage to show

a detail of shape or interior construction. The cutting

planes are taken as isometric planes, and the sec-

tion lining is done in the direction that gives the best

effect; this is, in almost all cases, the direction of

the long diagonal of a square drawn on the surface.

As a general rule, a half section is made by outlining

the figure in full and then cutting out the front

quarter, as in Fig. 24; for a full section, the cut face

is drawn first and then the part of the object behind

it is added (Fig. 25).

16. Dimetric Projection.
The reference cube can be rotated into any number
of positions in which two edges are equally fore-

shortened, and the direction of axes and ratio of

foreshortening for any one of these positions might

be taken as the basis for a system of dimetric draw-

FIG. 22.

axes.

An architectural detail on reversed

fig. 23. Isometric with the main axis hori-

zontal. It is used when the object looks more
natural in this position.

fig. 24. Isometric half section. One-fourth

of the object is removed to reveal interior

construction.

fig. 25. Isometric full section. Half of object

is removed to reveal object shape.
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ing. A simple dimetric position is one with the ratios

1 to 1 to y2 . In this position the tangents of the

angles are % and 7

/8 , making the angles approxi-

mately 7° and 41°. Figure 26 shows a drawing in

this system. Dimetric is seldom used because of the

difficulty of drawing circles in this projection.

17. Trimetric Projection.
Any position in which all three axes are unequally

foreshortened is called "trimetric." Compared with

isometric and dimetric, distortion is reduced in tri-

metric projection, and even this effect can be less-

ened with some positions. However, because it is

slower to execute than isometric or dimetric, it is

seldom used except when done by projection.

Axonometric projection from orthographic views is

given in Sec. 26.

18. Oblique Projection.
When the projectors make an angle other than 90°

with the picture plane, the resulting projection is

called "oblique." The name "cavalier projection" is

given to the special and most used type of oblique

projection in which the projectors make an angle

of 45° with the plane of projection. Cavalier projec-

tion is often called by the general name "oblique

projection," or "oblique drawing." The principle is

as follows: Imagine a vertical plane with a rectan-

gular block behind it, having its long edges parallel

to the plane. Assume a system of parallel projecting

lines in any direction making an angle of 45° with

the picture plane (they could be parallel to any one
of the elements of a 45° cone with its base in the

picture plane). Then that face of the block which

is parallel to the plane is projected in its true size,

and the edges perpendicular to the plane are pro-

jected in their true length. Figure 27 illustrates the

principle. The first panel shows the regular ortho-

graphic projection of a rectangular block with its

front face in the frontal plane. An oblique projector
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from the back corner B is the hypotenuse of a 45°

right triangle of which AB is one side and the projec-

tion of AB on the plane is the other side. When this

triangle is horizontal, the projection on the plane

will be AC. If the triangle is rotated about AB through

any angle B, C will revolve to C" and A FCF
' will be

the oblique projection of AB.

19. To Make an Oblique Drawing.
Oblique drawing is similar to isometric drawing in

that it has three axes that represent three mutually

perpendicular edges and upon which measurements
can be made. Two of the axes are always at right

angles to each other, as they are in a plane parallel

to the picture plane. The third, or depth, axis may
be at any angle to the horizontal, 30° or 45° being

generally used (Fig. 28). Oblique drawing is thus

more flexible than isometric drawing. To draw a

rectangular object (Fig. 29) start with a point repre-

senting a front corner (A) and draw from it the three

oblique axes, one vertical, one horizontal, and one
at an angle. On these three axes measure the height,

width, and depth of the object. In this case the width

is made up of the 2y2
-in. distance and the l

5
/16

-in.

radius. Locate the center of the arc, and draw it as

shown. The center for the arc of the hole in the

figure will be at the same point as the center for

the outside arc on the front face. The center for the

rear arc of the hole will be 1%-in. rearward on a

depth-axis line through the front center.

20. Object Orientation for Oblique.
Any face parallel to the picture plane will evidently

be projected without distortion. In this, oblique pro-

jection has an advantage over isometric that is of

particular value in representing objects with circular

or irregular outline.

The first rule for oblique projection is to place the

object with the irregular outline or contour parallel to

the picture plane. Note in Fig. 30 the greater distor-

tion at (6) and (c) than at (a).

One of the greatest disadvantages in the use of

isometric or oblique drawing is the effect of distor-

tion produced by the lack of convergence in the

receding lines— a violation of perspective. In some

.

; %*

in)

(/>)

fig. 28. Various oblique positions: (a) up, to

the right at 30°; (i>) up, to the right at 45°;

(c) up, to the left at 45°; (d) down, to the

right at 30°; (e) down, to the left at 30°.

cases, particularly with large objects, this becomes
so painful as practically to preclude the use of these

methods. This is perhaps even more noticeable in

oblique than in isometric and of course increases

with the length of the depth dimension.

Hence the second rule: preferably, the longest di-

mension should be parallel to the picture plane. In Fig.

31, (a) is preferable to (b).

In case of conflict between these two rules, the

first always takes precedence, as the advantage of

having the irregular face without distortion is greater

than that gained by the second rule, as illustrated

in Fig. 32. The first rule should be given precedence
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!

fig. 29. Oblique drawing. The front face,

parallel to the picture plane, is identical with

an orthographic view.

fig. 30. Illustration of the first rule. Note the

distortion at (h) and (<).

fig. 31. Illustration of the second rule. Note
the exaggerated depth at (/>).

fig. 32. Precedence of the first rule, (a),

following the first rule, is easier to draw and
also shows less distortion than (fc).
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even with shapes that are not irregular if, in the

draftsman's judgment, the distortion can be less-

ened, as in Fig. 33, where (b) is perhaps preferable

to («).

21. Starting Plane.
Note that as long as the front of the object is in

one plane parallel to the plane of projection, the

front face of the oblique projection is exactly the same

as in the orthographic front view. When the front is

made up of more than one plane, take care to pre-

serve the relationship between the planes by select-

ing one as the starting plane and working from it.

In a piece such as the link in Fig. 34, the front bosses

can be imagined as cut off on the plane A-A, and

the front view, that is, the section on A-A, drawn

as the front of the oblique projection. Then lay off

depth axes through the centers C and D, the dis-

tances, for example, CE behind and CF in front of

the plane A-A.

When an object has no face perpendicular to its

base, it can be drawn in a similar way by cutting

a right section and measuring offsets from it, as

in Fig. 35. This offset method, previously illustrated

in the isometric drawings in Figs. 13, 14, and 16,

is a rapid and convenient way of drawing almost

any figure, and it should be studied carefully.

22. Circles in Oblique.
When it is necessary to draw circles that lie on

oblique faces, they can be drawn as circle arcs, with

the compasses, on the same principle as the four-

center isometric approximation shown in Fig. 18. In

isometric it happens that two of the four intersections

of the perpendiculars from the middle points of the

containing square fall at the corner of the square,

and advantage is taken of the fact. In oblique, the

position of the corresponding points depends on the

angle of the depth axis. Figure 36 shows three

squares in oblique positions at different angles and

the construction of their inscribed circles. The im-

portant point to remember is that the circle arcs

must be tangent at the mid-points of the sides of

the oblique square.

fig. 33. Choice of position. (/;) is preferable

to (a).

fig. 34. Offsets from reference plane. Dis-

tances forward and rearward are measured
from the frontal plane.

23. Arcs in Oblique.
Circle arcs representing rounded corners, etc., are

drawn in oblique by the same method given for

isometric arcs in Sec. 13. The only difference is that

the angle of the sides tangent to the arc will vary

according to the angle of the depth axis chosen.

24. Cabinet Drawing.
This is a type of oblique projection in which the

parallel projectors make an angle with the picture

plane of such a value that distances measured par-

allel to the depth axis are reduced one-half that of
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fig. 35. Offsets from right section. Mea-

surements forward and rearward are made
from the frontal plane.

fig. 36. Oblique circle construction. Note
that the tangent points of arcs must be at

the midpoints of the enclosing oblique

square.

fig. 37. Oblique (a) and cabinet drawing (/?).

Note less exaggeration of depth at (b).

cavalier projection. The appearance of excessive

thickness that is so disagreeable in cavalier projec-

tion is entirely overcome in cabinet projection. The

depth axis may be at any angle with the horizontal

but is usually taken at 30° or 45° . The appearance

of cavalier and cabinet drawing is shown in Fig. 37.

25. Other Forms.
Cabinet drawing is popular because of the easy ratio,

but the effect is often too thin. Other oblique draw-

ing ratios, such as 2 to 3 or 3 to 4, may be used

with pleasing effect.

26. Axonometric Projection from
Orthographic Views.
In making pictorial drawings of complicated parts,

especially whenever curves are plotted, axonometric

projection from orthographic views may give an ad-

vantage in speed and ease of drawing over axono-

metric projection made directly from the object. Any

position— isometric, dimetric, or trimetric—may be

used.

The three axes of an axonometric drawing are

three mutually perpendicular edges in space. If the

angle of rotation and the angle of tilt of the object

are known or decided upon, the three axes for the

pictorial drawing and the location of the ortho-

graphic views for projection to the pictorial can easily

be found. Figure 38 illustrates the procedure. The

three orthographic views of a cube are shown at (g).

The three mutually perpendicular edges OA, OB, and

OC will be foreshortened differently when the cube

is rotated in space for some axonometric position,

but the ends of the axes A, B, and C will always

lie on the surface of a sphere whose radius is OA =
OB = OC, as illustrated by (C). At any particular

angle of tilt of the cube, the axis ends A and B will

describe an ellipse, as shown, if the cube is rotated

about the axis OC. The axis OC will appear fore-

shortened at oc'. Thus for any particular position

of the cube in space, representing some desired

axonometric position, the axes can be located and

their relative amounts of foreshortening found.

Moreover, if a face of the cube is rotated about

a frontal axis perpendicular to the axis that is at right

angles to the face an orthographic view of the face,

in projection with the axonometric view, will result.

Thus, the top and right-side views may be located

as at (/) and projected as at (k) to give the axono-

metric drawing.

The drawings at (/i), (/'), and (k) illustrate the prac-

tical use of the theory of rotation just described. The
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(K) (M
-T= True angle of tilt

fig. 38. Axonometric projection from ortho-
graphic views, (g) Construction to locate axes;
(h) location of top view; (/) location of side
view; (k) projection.

actual size of the sphere is unimportant, as it is used

only to establish the direction of the axes. First, the

desired angle of rotation R and the angle of tilt T
are decided upon and laid out as at (/)). The minor

diameter for the ellipse upon which A and B will lie

is found by projecting vertically from c and drawing

the circle as shown. A and B on the major-diameter

circle of the ellipse will be at a and h; on the minor-

diameter circle, they will be at am and bm , and they

are found in the axonometric position by projecting,

as in the concentric-circle ellipse method, to a' and

//. The foreshortened position of C is found by

projecting horizontally across from c to c'.

The top orthographic view of the cube (or object)

will be parallel to oa and ob, and projection from

the orthographic view to the axonometric will be

vertical (parallel to aa' and bb').

Projection from an orthographic right-side view

would be as shown at (/). The right side of the cube,

containing axes OC and OB, is found by projecting
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ORDER OF DRAWING
1 DRAW CIRCLE OF ANY

" VENIE ~ '
5 LOCATE TOP VIEV

6 LOCATE RIGHT-SIDE
VIEW WITH HORIZONTAL
EDGE PARALLEL TO P-3

PARALLEL TO I

8 DRAW AXONOMETRIC

fig. 39. An axonometric drawing by projec-

tion from orthographic views. Note the order

of drawing and refer back to Fig. 38 for

details of construction.

from b' and c', parallel to oa', to locate b" and c"

on the circle representing the sphere. The sides of

the cube (or object) are parallel to ob" and oc", as

shown at (/). Projection from the right-side view to

the axonometric view is in the direction of oa', as

indicated.

The axonometric drawing is shown projected at

(k). The dashed lines indicate the actual projectors,

and the light solid lines and circles show the neces-

sary construction just described.

One advantage of this method is that the angle

of rotation and tilt can be decided upon so that the

object will be shown in the best position. Figure 39
is an example of an axonometric drawing made by

projection from orthographic views. The curved faces

are plotted by projecting points as shown.

27. Isometric Projection From
Orthographic Views.
Isometric is, of course, a special type of axonometric

projection in which all three axes are foreshortened

equally. The work of finding the axes for isometric

projection from orthographic views is reduced if the

views are located by angle, as illustrated in Fig. 40.

28. Oblique Projection From
Orthographic Views.
In oblique projection the projectors make some
oblique angle with the picture plane. It should be

noted that the actual angle of the projectors (with

horizontal and frontal planes) is not critical, so

that a variety of angles may therefore be used. The
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fig. 40. Isometric by projection. Top view

turned 45° and side view turned 15° locates

the views for projection to the isometric.

making of an oblique drawing by projection from

orthographic views is simple, as illustrated by Fig.

41. The picture plane is located, and one face of

the object is made coincident with the picture plane.

The front view is located at a convenient place on

the paper. The angle of the projectors in the top

view may be assumed (in this case 45°) and projec-

tions made to the picture plane as shown. The angle

of the projectors in the front view can than be as-

sumed (in this case 30°). Projection from the front

view at the assumed angle and vertically from the

picture plane, as shown, will locate the necessary

lines and points for the oblique view.

Reversed axes can be obtained by projecting

downward from the front view. An axis to the left

can be located by changing the direction of the

projectors in the top view. Any desired oblique axes

can be located by altering the angles (top and front)

for the projectors.

29. Perspective Drawing.
Perspective drawing represents an object as it ap-

pears to an observer stationed at a particular posi-

tion relative to it. The object is seen as the figure

resulting when visual rays from the eye to the object

are cut by a picture plane. There is a difference

between an artist's use of perspective and geometric

perspective. The artist often disregards true per-

spective since he draws the object as he sees it

through his creative imagination, while geometric

perspective is projected instrumental^ on a plane

from views or measurements of the object repre-

sented. Projected geometric perspective is, theoret-

ically, very similar to the optical system in photog-

raphy.

In a technical way, perspective is used more in

architecture and in illustration than in other fields,

but every engineer will find it useful to know the

principles of the subject.

30. Fundamental Concepts.
Imagine an observer standing on the sidewalk of

a city street, as in Fig. 42, with the picture plane

erected between him and the street scene ahead.

Visual rays from his eye to the ends of lamppost

A intercept a distance aa' on the picture plane.

Similarly, rays from post B intercept bb', a smaller

distance than an'. This apparent diminution in the

size of like objects as the distance from the objects

to the eye increases agrees with our everyday expe-

rience and is the keynote of perspective drawing.

It is evident from the figure that succeeding lamp-

posts will intercept shorter distances on the picture

plane than the preceding ones, and that a post at

infinity would show only as a point o at the level

of the observer's eye.

In Fig. 43 the plane of the paper is the picture

plane, and the intercepts aa', bb', etc., show as the

heights of the respective lampposts as they diminish

in their projected size and finally disappear at a

point on the horizon. In a similar way the curbings

and balustrade appear to converge at the same point

O. Thus a system of parallel horizontal lines will

vanish at a single point on the horizon, and all

horizontal planes will vanish on the horizon. Verticals

such as the lampposts and the edges of the build-

ings, being parallel to the picture plane, pierce the

picture plane at an infinite distance and therefore

show as vertical lines in the picture.



8 PICTORIAL DRAWING AND SKETCHING 283

t , turv i 'a. h

fig. 41. Oblique by projection. Projection at

an angle from the top view to the picture

plane and directly from the side view gives

the oblique view.

fig. 42. Theory of perspective illustrated.

Rays from the objects to the observer's eye

intersect the picture plane.

fig. 43. The perspective drawing. This is the

image formed on the picture plane of Fig. 42.
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31. Definitions and Nomenclature.
Figure 44 illustrates perspective theory and names

the points, lines, and planes used. An observer in

viewing an object selects his station point and

thereby determines the horizon plane, as the hori-

zontal plane is at eye level. This horizon plane is

normally above the horizontal ground plane upon

which the object is assumed to rest. The picture plane

is usually located between the station point and the

object being viewed and is ordinarily a vertical plane

perpendicular to the horizontal projection ot the line

of sight to the object's center of interest. The horizon

line is the intersection of the horizon plane and

picture plane, and the ground line is the intersection

of the ground plane and picture plane. The axis of

vision is the line through the station point which is

perpendicular to the picture plane. The piercing

point of the axis of vision with the picture plane is

the center of vision.

32. Selection of the Station Point.
In beginning a perspective drawing, take care in

selecting the station point, as an indiscriminate

choice may result in a distorted drawing. If the

station point is placed to one side of the drawing,

the same effect is obtained as when a theater screen

is viewed from a position close to the front and well

off to one side: heights are seen properly but not

horizontal distances. Therefore, the center of vision

should be somewhere near the picture's center of

interest.

Wide angles of view result in a violent convergence

of horizontal lines and so should be avoided. The
angle of view is the included angle between the

widest visual rays (Fig. 45). Figure 46 shows the

difference in perspective foreshortening for different

lateral angles of view. In general, an angle of about
20° gives the most natural picture.

The station point should be located at the point

from which the object is seen to best advantage.

For this reason, for large objects such as buildings,

the station point is usually taken at a normal stand-

ing height of about 5 ft above the ground plane;

for small objects, the best representation demands
that the top, as well as the lateral surfaces, be seen,

Center of Visio

fig. 44. Perspective nomenclature.

fig. 45. Lateral angle of view.

fig. 46. Comparative lateral angles of view.

Angles greater than 30° give an unpleasing

perspective.
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and the station point must be elevated accordingly.

Figure 47 shows the angle of elevation il between

the horizon plane and the extreme visual ray. By

illustrating several different angles of elevation (12),

Fig. 48 shows the effect of elevation of the station

point. In general, the best picturization is obtained

at an angle of about 20° to 30°.

Accordingly, the visual rays to the object should be

kept within a right-circular cone whose elements make

an angle of not more than 15° with the cone axis (total

included angle of 30°).

In choosing the station point, see that its position

is always offset to one side and also that it is offset

vertically from the exact middle of the object, or a

rather stiff and awkward perspective will result.

Similarly, in locating the object with reference to the

picture plane, avoid having the faces make identical

angles with the picture plane, or the same stiffness

will appear.

33. To Draw a Perspective.
Perspective projection is based on the theory that

visual rays from the object to the eye pierce the

picture plane and form an image of the object on

the plane. Thus in Fig. 49, the image of line YZ is

formed by the piercing points (/ and z of the rays.

Several projective methods may be used. The sim-

plest method, basically, but the most laborious to

draw is illustrated by the purely orthographic method

of Fig. 50, in which the top and side views are drawn

in orthographic. The picture plane (edge view) and

the station point are located in each view. Assuming

that the line YZ in Fig. 49 is one edge of the L-

shaped block in Fig. 50, visual rays from V and Z
will intersect the picture plane in the top view, thus

locating the perspective of the points laterally. Simi-

larly, the intersections of the rays in the side view

give the perspective heights of V and Z. Projection

from the top and side views of the picture plane

gives the perspective of YZ, and a repetition of the

process for the other lines will complete the drawing.

Note that any point such as Y or Z can be located

on the perspective, and thus the perspective is

actually plotted, by projection, point after point.

Horizon Plane

\
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fig. 52. Use of vanishing points and mea-
suring lines. This saves time and extra con-

struction, as compared with the orthographic

method used in Fig. 50.

above the block so that the top surfaces will be

seen—and the horizon line is drawn at the station-

point height.

To avoid the labor of redrawing the top and front

views in the positions just described, the views can

be cut from the orthographic drawing, oriented in

position, and fastened with tacks or tape.

The vanishing point for any horizontal line can be

found by drawing a visual ray from the station point

parallel to the horizontal line and finding the piercing

point of this visual ray with the picture plane. Thus,

in Fig. 52, the line SP to R is parallel to the edge

AB of the object, and R is the piercing point. Point

R is then projected to the horizon line, locating VR,

the vanishing point for AB and all edges parallel to

AB. The vanishing point VL for AC and edges paral-

lel to AC is found similarly, as shown.

In visualizing the location of a vanishing point,

imagine that the edge, for example, AB, is moved

to the right along the ground, still making the same
angle with the picture plane; the intercept of AB will

become less and less until, when A is in coincidence

with R, the intercept will be zero. R then must be

the top view of the vanishing point for all lines

parallel to AB.

Point A lies in both the picture plane and the
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ground plane and will therefore be shown in the

perspective at a, on the ground line, and in direct

projection with the top view. The perspective of AB
is determined by drawing a line from a to VR (the

perspective direction of AB) and then projecting the

intercept Z (of the visual rays SP to B) to the line,

thus locating b.

All lines behind the picture plane are foreshort-

ened in the picture, and only those lying in the

picture plane will appear in their true length. For

this reason, all measurements must be made in the

picture plane. Since AD is in the picture plane, it

will show in its actual height as ad.

A measuring line will be needed for any verticals

such as BF that do not lie in the picture plane. If

a vertical is brought forward to the picture plane

along some established line, the true height can be

measured in the picture plane. If, in Fig. 52, BF is

imagined as moved forward along ab until /; is in

coincidence with a, the true height can be measured

vertically from a. This vertical line at a is then the

measuring line for all heights in the vertical plane

containing a and b. The height of /is measured from

a, and from this height point, a vanishing line is

drawn to VR; then from Z (the piercing point in the

picture plane of the visual ray to F), f can be pro-

jected to the perspective.

The measuring line can also be thought of as the

intersection of the picture plane with a vertical plane

that contains the distance to be found. Thus ad,

extended, is the measuring line for all heights in

surface ABFEGD. The triangular rib in Fig. 52 is

located by continuing surface HJK until it intersects

the picture plane at AT, thereby establishing %y as

the measuring line for all heights in HJK. In the

figure, the height of/ is measured on the measuring

line xy, and ;' is found as described for
f.

Note that heights can be measured with a scale

on the measuring line or they can be projected from

the front view, as indicated in Fig. 52.

To Make a Perspective Drawing:

1. Draw the top view (edge of the picture plane).

2. Orient the object relative to the picture plane

so that the object will appear to advantage, and draw

the top view of the object.

3. Select a station point that will best show the

shape of the object.

4. Draw the horizon and ground line.

5. Find the top view of the vanishing points for

the principal horizontal edges by drawing lines par-

allel to the edges, through the station point, and to

the picture plane.

6. Project from the top views of the vanishing

points to the horizon line, thus locating the vanish-

ing points for the perspective.

7. Draw the visual rays from the station point to

the corners of the object in the top view, locating

the piercing point of each ray with the picture plane.

8. Start the picture, building from the ground up

and from the nearest corner to the more distant

ones.

35. Planes Parallel to the
Picture Plane.
Objects with circles or other curves in a vertical plane

can be oriented with their curved faces parallel to

the picture plane. The curves will then appear in true

shape. This method, often called "parallel perspec-

tive," is also suitable for interiors and for street

vistas and similar scenes where considerable depth

is to be represented.

The object in Fig. 53 has been placed so that the

planes containing the circular contours are parallel

to the picture plane. The horizontal edges parallel

to the picture plane will appear horizontal in the

picture and will have no vanishing point. Horizontals

perpendicular to the picture plane are parallel to the

axis of vision and will vanish at the center of vision

CV. Except for architectural interiors, the station

point is usually located above the object and either

to the right or left, yet not so far in any direction

as to cause unpleasant distortion. For convenience,

one face of the object is usually placed in the picture

plane and is therefore not reduced in size in the

perspective.

In Fig. 53, the end of the hub is in the picture

plane; thus the center o is projected from O in the

top view, and the circular edges are drawn in their

true size. The center line ox is vanished from o to

CV. To find the perspective of center line MN, a
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Top View of
Station Point

fig. 53. Planes parallel to the picture plane.

Compare the position of this object with that

of Fig. 52.

vertical plane is passed through MN intersecting the

picture plane in measuring line gh. A horizontal line

from o intersecting gh locates m, and m vanished

to CV is the required line.

By using the two center lines from o and m as

a framework, the remaining construction is simpli-

fied. A ray from the station point to B pierces the

picture plane at /, which, projected to mn, locates

/;. The horizontal line l)z is the center line of the

front face of the nearer arm, and the intercept //

gives the perspective radius ah. The circular hole

having a radius CB has an intercept PJ, giving cb

as the perspective radius. The arc qij has its center

on ox at z. On drawing the tangents lq and ky, the

face "F" is completed.

The remaining construction for the arms is exactly

the same as that for "F." The centers are moved
back on the center lines, and the radii are found

from their corresponding intercepts on the picture

plane.

36. Circles in Perspective.
The perspective of a circle is a circle only when its

plane is parallel to the picture plane; the circle ap-
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pears as a straight line when its plane is receding

from the station point. In all other positions the

circle projects as an ellipse whose major and minor

diameters are not readily determinable. The major

diameter of the ellipse will be at some odd angle

except when a vertical circle has its center on the

horizon plane; then the major diameter will be verti-

cal. Also, when a horizontal circle has its center

directly above, below, or on the center of vision, the

major diameter will be horizontal. It should be noted

that in all cases the center of the circle is not coinci-

dent with the center of the ellipse representing the

circle and that concentric circles are not represented

by concentric ellipses. The major and minor diame-

ters of the ellipses for concentric circles are not even

parallel except in special cases.

The perspective of a circle can be plotted point

by point, but the most rapid solution is had by

enclosing the circle in a square, as shown in Fig.

54, and plotting points at the tangent points and

at the intersections of the diagonals. The eight

points thus determined are usually sufficient to give

an accurate curve. The square, with its diagonals,

is first drawn in the perspective. From the inter-

section of the diagonals, the vertical and horizontal

center lines of the circle are established; where these

center lines cross the sides of the square are four

points on the curve. In the orthographic view, the

measurement X is made, then laid out in the picture

plane and vanished, crossing the diagonals at four

additional points.

Note that the curve is tangent to the lines enclos-

ing it and that the direction of the curve is estab-

lished by these tangent lines; if the lines completing

the circumscribing octagon are projected and drawn,

the direction of the curve is established at eight

points.

37. Graticulation.
The perspectives of irregular curves can be drawn

by projecting a sufficient number of points to estab-

lish the curve, but if the curve is complicated, the

method of graticulation may be used to advantage.

A square grid is overlaid on the orthographic view

as shown in Fig. 55; then the grid is drawn in per-

ORTHOGRAPHIC EPSPE
CI

FIG. 54.

plotted.

Perspective of a circle. Points are
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the station point is from the picture plane, measur-

ing the latter parallel to the face concerned. MR can

then be found by measuring the distance from the

station point to R and laying off RO equal to the

measurement, or by swinging an arc, with R as

center, from the station point to O, as shown. The
measuring point MR is then projected from O.

39. Inclined Lines.
Any line that is not parallel or perpendicular to either

the picture plane or the horizon plane is termed an

inclined line. Any line may have a vertical plane

passed through it, and if the vanishing line of the

plane is found, a line in the plane will vanish at some
point on the vanishing line of the plane. Vertical

planes will vanish on vertical lines, just as horizontal

planes vanish on a horizontal line, the horizon. In

Fig. 57, the points a to e have all been found by

regular methods previously described. The vanishing

point of the horizontal ab is VR. The vertical line

through VR is the vanishing line of the plane of abc

and all planes parallel to abc This vanishing line is

intersected by the extension of de at UR, thereby

determining the vanishing point for de and all edges

parallel to de.

The vanishing point for inclined lines can also be

located on the theory that the vanishing point for

any line can be determined by moving the line until

it appears as a point, while still retaining its original

angle with the picture plane. The vanishing point

of de can therefore be located by drawing a line

through the station point parallel to DE and finding

its piercing point with the picture plane. This is done

by laying out SP Tat the angle ft to SF R and erecting

RT perpendicular to SP R. Then RT is the height

of the vanishing point UR above VR.

If measuring points are used for the initial work

on the perspective, it will be an advantage to recog-

fig. 57. Vanishing point of inclined lines.

This simplifies construction when there are

many parallel inclined lines.
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nize which one of the measuring points was used

for determining horizontal measurements in the

parallel vertical planes containing the inclined lines;

at that measuring point, the angle ft is laid out,

above or below the horizon depending upon whether

the lines slope up or down as they go into the dis-

tance. Where this construction intersects the van-

ishing line for the vertical planes containing the

inclined lines, the vanishing point is located.

40. Inclined Planes.
An inclined plane is any plane not parallel or per-

pendicular to either the picture plane or the horizon

plane. The vanishing line for an inclined plane can

be found by locating the vanishing points for any

two systems of parallel lines in the inclined plane.

To determine the vanishing line of plane ABCD in

Fig. 58, the vanishing point VL of the horizontal

edges AD and BC is one point, and the vanishing

point UR for the inclined edges AB and DC gives

a second point on the vanishing line VL UR for plane

ABCD.

It is often necessary to draw the line of inter-

section of two inclined planes. The intersection will

vanish at the point of intersection of the vanishing

lines of both planes. The intersection / of the two

vanishing lines of the roof planes in Fig. 58 is the

vanishing point of the line of intersection of the two

planes.

41. Pictorial Sketching.
The need for the engineer to be trained in freehand

sketching was emphasized in Chap. 5, where the

discussion referred particularly to sketching in or-

thographic projection. Before he can be said to have

a command of the graphic language, his training

in freehand drawing must include also acquiring the

ability to sketch pictorially with skill and facility.

In designing and inventing, the first ideas come
into the mind in pictorial form, and sketches made
in this form preserve the ideas as visualized. From
this record the preliminary orthographic design

sketches are made. A pictorial sketch of an object

or of some detail of construction can often be used

fig. 58. Vanishing lines for inclined planes

and vanishing point for the line of inter-

section of two inclined planes.
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to explain it to a client or workman who cannot read

the orthographic projection intelligently. One of the

best ways of reading a working drawing that is

difficult to understand is to start a pictorial sketch

of it. Usually before the sketch is finished, the ortho-

graphic drawing is perfectly clear. Often a pictorial

sketch can be made more quickly and serve as a

better record than orthographic views of the same
piece. A young engineer should not be deterred by

any fancied lack of "artistic ability." An engineer's

sketch is a record of information, not a work of art.

The one requirement is good proportion.

42. Methods.
Although this is not a complete classification, there

may be said to be three pictorial methods of sketch-

ing: axonometric, oblique, and perspective. The me-

chanical construction has been explained in detail

43. Prerequisites.
It should be clearly understood at the outset that

pictorial sketching means the making of a pictorial

drawing freehand. The same construction that is

used for locating points and lines and for drawing

circles and arcs with instruments will be used in

pictorial sketching. From this standpoint, a knowl-

edge of the constructions already given is necessary

before attempting pictorial sketching. Note in Figs.

69 to 75 that the ellipses representing holes and

rounded contours have, before being drawn, been

boxed in with construction lines representing the

enclosing square in exactly the same manner as for

an instrument drawing.

44. Materials and Technique.
The same materials, pencil grades, etc., used for

orthographic freehand drawing, described in Chap.

5, are employed for pictorial sketching. The direc-

tions given there for drawing straight lines, circles,

and arcs will apply here also.

45. Pictorial Sketching: Choice of

Type and Direction of View.
After a clear visualization of the object, the first step

is to select the type of pictorial— axonometric,

oblique, or perspective— to be used.

Isometric is the simplest axonometric position,

and it will serve admirably for representing most
objects. Although dimetric or trimetric may be defi-

nitely advantageous for an object with some feature

that is obscured or misleading in isometric, it is best

to try isometric first, especially if there is doubt that

another form will be superior. This is principally

because proportions are easier to judge in isometric.

Oblique forms (cavalier or cabinet) may be used

to advantage for cylindrical objects or for objects

with a number of circular features in parallel planes.

Nevertheless, a true circle, representing a circular

feature parallel to the picture plane in oblique, is

much harder to sketch than an ellipse, representing

the same feature in isometric, as the slightest devia-

tion from a circle is evident, while the same deviation

in an ellipse is unnoticed. Also, inherently, there is

more distortion in the oblique than in axonometric

forms. Therefore, especially for the sake of profes-

sional appearance, an axonometric form has the

advantage.

Perspective is the best form for pictorial sketching

because it is free from any distortion. A perspective

is not much more difficult to sketch than an axo-

nometric or an oblique, but attention must be paid

to the convergence of the lines and to keeping good

proportion. However, do not discard axonometric

and oblique from consideration. As will be seen in

Sees. 46 and 47, these forms can be handled as

successfully as perspective by some flattening of the

axes and by converging the lines properly.

Choose carefully the direction in which the object

is to be viewed. There are many possibilities. The

object may be turned so that any lateral face will

be represented on the right or the left side of the

pictorial. Orient the object so that the two principal

faces will show to advantage. Use reversed axes if

necessary. Do this by mentally visualizing and turn-

ing the object in every possible position in order to

arrive at the best representation for all features. Be

alert to see that some feature will not be hidden

by a portion in front of it. The proper choice of

direction is an important factor in pictorial sketch-

ing.

Fig. 59 illustrates these points. At (a) an object

is sketched in isometric; all features are clearly rep-
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fig. 59. Choice of axes and object position.

resented and the object appears natural in this form.

At (b) trimetric has been used so that the slot in

the lower portion is not obscured by the horizontal

middle portion. At (c) another trimetric position has

been chosen to present the semicircular ear as the

definite front face of the object. For further illus-

tration of the possibilities, study the pictorial draw-

ings in Chap. 5.

46. Sketching the Axes.
After the type of pictorial and the position of the

object have been decided upon, the first step in

making the sketch is to draw the axes.

In isometric, the three axes should be located as

nearly as possible 120° from one another (one ver-

tical and two at 30° with the horizontal). Because
no triangles are used in sketching, the angles must
be located by judgment. Figure 60a shows a satis-

(M

fig. 60. Locating the axes, (a) Isometric; (/>)

oblique at 45°.

factory method of judging the position of the lines.

First draw a light horizontal and vertical and then

divide both upper quadrants into thirds. The lines

at the top of the lower thirds are then the two axes

at 30° to the horizontal, and the third axis is the

vertical. This method is simple and accurate because

it is easy to estimate equal thirds of a quadrant.

7/i dimetric, the standard angles are 7° and 41°.

For the 7° axis, again referring to Fig. 60a. draw
the bisector of the 30° axis for isometric to get 15°,

and then bisect again to get 7 !

/2
°

, which will be quite

satisfactory and can be done fairly accurately. For

the 41° axis, take the mid-line of the second 30°
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section, which is 45°, and shade it a little to approxi-

mate 41°.

In trimetric, almost any combination representing

three mutually perpendicular lines is possible. How-

ever, a pronounced distortion will occur if the two

transverse axes are more than 30° from the hori-

zontal. Read the cautions in Sec. 47.

In oblique, the common angles are 30° and 45°

although theoretically any angle is possible. To pre-

vent violent distortion, never make the depth axis

greater than 45°. To locate a 45° axis, sketch a

vertical and horizontal as in Fig. 60/;, and then

sketch the bisector of the quadrant (see oblique

positions) where the axis is wanted. For an axis at

30°, proceed as in Fig. 60n for isometric.

For perspective, as explained in Sec. 32, take care

to have a reasonable included angle of view; other-

wise a violent convergence will occur. In order to

prevent difficulty, first locate two vanishing points,

as in Fig. 61, as widely separated as the paper will

allow (attach extra paper with scotch tape if neces-

sary). Then sketch the bottom edges of the object

(the heavier lines in Fig. 61) and on these sketch

a rectangular shape, as shown. It will be immediately

evident that the arrangement is satisfactory or that

the vanishing points must be moved or that the base

lines must be altered. Remember that the two van-

ishing points must be at the same level, the horizon.

47. Sketching the Principal Lines.
Almost without exception, the first lines sketched

should be those that box in the whole object, or at

least its major portion. These first lines are all-

important to the success of the sketch, for mistakes

at the outset are difficult to correct later. Observe

carefully the following three points:

1. Verticals must be parallel to the vertical axis. In

Fig. 62 a cube is sketched correctly at (a). At (b)

and (c) the same cube is sketched but at (b) the

verticals converge downward and at (c), upward. It

is evident that (/;) and (c) do not look cubical at all,

but like frustums of pyramids. This is proof that

verticals must be kept accurately vertical Be critical

of the verticals throughout the construction.

Accurate verticals add a stability and crispness

not attained in any other way.

2. Transverse lines must be parallel or converging.

In Fig. 63 a cube is sketched at (a) with the trans-

verse lines (receding right and left edges) made
accurately parallel. At (b) these lines are made to

converge as they recede. Note that (b) looks more
natural than (a) because of the effect of perspective

foreshortening. The monstrosity at (c) is produced

by the separating of the receding lines as they

recede. In his attempt to get the lines parallel, the

beginner often makes a mistake like that at (c).

Converge the lines deliberately, as in (b), to avoid

the results of (c)!

3. Axes must be kept flat to avoid distortion. In Fig.

64 an accurate isometric sketch is shown at (a). At

(/)) the axes have been flattened to less than 30°

with the horizontal. (/>) possibly looks more natural

than (a). At (c), however, the axes are somewhat
more than 30° to the horizontal. Note the definite
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Not (b) Not (c)

fig. 62. Sketching vertical lines. These must

be accurately vertical to define object shape.

fig. 63. Sketching the receding edges. These

must be parallel (a); or converging (£>); never

separating (c).

Not(c)

fig. 64. Angle of axes. Isometric position (a)

or flattened (/;) gives a natural appearance.

Distortion is inherent in steep axes as at (c).

distortion and awkward appearance of (c). There-

fore, especially in isometric, but also in other forms,

keep the axes at their correct angle or flatter than

the normal angle.

The foregoing three points must be kept con-

stantly in mind. Hold your sketch at arm's length

often during the work, so that you will see errors

that are not so evident in the normal working posi-

tion. Become critical of your own work and you will

soon develop confidence and a good sense of line

direction.

48. Divisions for Symmetry.
Continually in sketching, centers must be located

and divisions of a face must be made into thirds,

fourths, fifths, etc. Division into halves to locate a

center line is the simplest and most common, and

is easily accomplished by judging the mid-point

along one of the sides, as indicated on the top face

of the rectangular shape in Fig. 65. Also shown on

this top face are additional divisions into quarters

and eights. Practice this a few times to develop your
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fig. 65. Judging equal spaces. This can be

done satisfactorily by eye.

fig. 66. Location of centers. Use diagonals

or judge the position of center lines.

fig. 67. Use of diagonals for increasing or

decreasing rectangular shapes.

judgment of equal spacings. It is really quite easy

to do.

Division into thirds is a little harder but after short

practice is readily done. The left face of Fig. 65
shows third divisions and one space divided in half

to give a sixth point. The right face of Fig. 65 shows

division into fifths.

Practice dividing lines or spaces into various equal

units. The experience will be valuable in later work.

49. Uses of the Diagonal.
The two diagonals of a square or rectangle will locate

its geometric center, as indicated on the left face

of Fig. 66. The center is also readily located by

drawing two center lines, estimating the middle of

the space as shown on the top and right faces.

The diagonals of a rectangular face can also be

used to increase or decrease the rectangle symmet-

rically about the same center and in proportion as

shown on the left face of Fig. 67, or with two sides

coincident as shown on the right face. To increase

or decrease by equal units, the distance (or space)

between lines must be judged as explained in

Sec. 48.

50. Sketching Circular Features.
A circle in pictorial is an ellipse whose major diame-

ter is always perpendicular to the rotation axis.

Thus its minor diameter coincides on the drawing

with the rotation axis (Fig. 68). These facts can be

used to advantage when drawing an object princi-

pally made up of cylinders on the same axis. Note

particularly from the above that all circles on hori-

zontal planes are drawn as ellipses with the major

diameter horizontal, as shown in Fig. 69.

Most objects, however, are made up of combina-

fig. 68. Circles in pictorial. The major diam-

eter of the ellipse is perpendicular to the axis

of rotation.
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tions of rectangular and circular features, and for

this reason it is best to draw the enclosing pictorial

square for all circular features. Figure 70 shows
circles on all three axonometric planes. Note partic-

ularly that the ellipses must be tangent to the sides

of the pictorial square at the mid-points of the sides;

accordingly, it is best always to draw center lines,

also shown. Always sketch the enclosing pictorial

square for all circular features because by this

r ^~

fig. 69. Circular features on horizontal

planes. The major diameter of the ellipse is

horizontal.

fig. 70. Circles in isometric. Ellipses are

tangent to the enclosing isometric squares
at the mid-points of the sides.

method the size of the ellipse and the thickness of

the cylindrical portion are easily judged. Figure 71

illustrates the boxing of circular features. This object

would be difficult to sketch without first boxing in

the circular portions.

5 1 . Proportioning the Distances.
The ability to make divisions into equal units, dis-

cussed in Sec. 48, is needed in proportioning dis-

tances on a sketch. The average object does not

have distances that are easily divisible into even

inches, half inches, etc., but as sketches are not made
to scale, only to good proportions, great accuracy

is not necessary. Also, most objects, dimensioned
as they invariably are in various odd distances, are

difficult to judge from the standpoint of one distance

being y2 , y3 , y4 , etc., of another. Nevertheless, the

proportioning can be done easily and quickly by the

method we are about to discuss.

Figure 72 shows a simple rectangular object, but

the distances are not multiples of any simple unit.

The best way to proportion this object (and others)

fig. 71. Boxing construction for circular

features. This is necessary to assure correct

shape and proportion.
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is to lay off on one axis a distance that is to represent

one side of the object. This sets the size of the sketch.

Then divide this first side into some unit that can

be used easily to proportion other distances. At («)

the left side has been laid off and divided into three

parts. Each of these parts now represents approxi-

•

:. (a)

fig. 72. Proportioning the distances. By

dividing one side into units, all other dis-

tances are proportioned.

mately a half inch. To get the distance for the vertical

axis, the last third (at the rear) has been divided

in half, and again in half, so that the dimension

shown is approximately 1% in. Transfer this distance

to the vertical axis (1) by judging by eye, (2) by

measuring with the finger on the pencil, or (3) by

marking the distance on a piece of scratch paper.

The method to be used will suggest itself according

to the relative accuracy needed. The right-axis dis-

tance is obtained similarly, by first transferring the

whole left distance (representing approximately V/
2

in.) and then adding two-thirds of the left distance

(approx. 1 in.), which gives a total of 2'/
2

in., close

enough to the actual 2% in. dimension of the object.

Any side may be chosen to start the sketch. At (b)

the right side has been laid off and divided, this

time, into five parts so that again each unit is ap-

proximately V2
in. The procedure is then similar to

that described for («).

Remember that great accuracy is unnecessary. Do

fig. 73. Proportioning the distances. After

one side is divided into units, distances are

projected or transferred.
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not make the proportioning a burden. It is simply

a method of getting distances reasonably close to

the actual distance and eliminating the need for wild

guesses or extra construction on the sketch.

Figure 73 shows the method applied to a more
complex object. The left axis is divided into four

parts. In this case the upper details have been

located by projection upward from the left axis divi-

sions, a method that is often used. Note the boxing

of circular features, as described in Sec. 50. Study

this figure carefully, with particular attention to the

proportioning and construction.

52. Steps in Making a
Pictorial Sketch.
Because a variety of objects are sketched, the order

of procedure will not always be the same, but the

following will serve as a guide:

A. Visualize the shape and proportions of the object

from the orthographic views, a model, or other

source.

B. Mentally picture the object in space and decide

the pictorial position that will best describe its

shape.

C. Decide on the type of pictorial to use

—

axonometric, oblique, or perspective.

D. Pick a suitable paper size.

E. Then proceed as shown in Fig. 74.

The numbers that follow refer to the figure; 1

through 6 shows light construction, 7, 8, and 9

completion to final weight.

^&
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1. Sketch the axes.

2. Lay off the proportions of an enclosing rectan-

gular box for the whole object or a principal por-

tion of it.

3. Sketch the enclosing box.

4. Divide one axis for proportioning distances and

sketch the most dominant detail of the object.

5. Proportion smaller details by reference to the

divided axis and sketch the enclosing boxes, cen-

ter lines, or outlines.

6. Complete the boxes for circular features. Check

to be sure that all features are in good proportion

and that there are no errors in representation

(see Sec. 47). In working entirely with light lines,

corrections are easily made.

7. Start sketching to the final line width. Begin with

the most dominant feature.

8. Sketch the smaller details.

9. Remove construction.

53. Axonometric Sketching.
The methods presented thus far have been directed

toward the making of axonometric sketches because

they are the type most used. However, the practices

given apply to oblique and perspective sketching,

for which additional help is given in the two sec-

tions that follow.

54. Oblique Sketching.
The advantage of oblique projection in preserving

one face without distortion is of particular value in

sketching, as illustrated by Fig. 75. The painful effect

of distortion in oblique drawing that is done instru-

mental^ can be greatly lessened in sketching by

foreshortening the depth axis to a pleasing propor-

tion. The effect of perspective is obtained by con-

verging the lines parallel to the depth axis. This

converging in axonometric or oblique is sometimes

called "fake perspective."

55. Perspective Sketching.
A sketch made in perspective gives a better effect

than in axonometric or oblique. For constructing a

perspective drawing of a proposed structure from

its plans and elevations, a knowledge of the princi-

ples of perspective drawing is required, but for

making a perspective sketch from the object, you

can get along by observing the ordinary phenomena
of perspective which affect everything we see: the

fact that objects appear proportionately smaller as

their distance from the eye increases, that parallel

lines appear to converge as they recede, and that

horizontal lines and planes appear to "vanish" on

the horizon.

In perspective sketching from the model, make
the drawing simply by observation, estimating the

directions and proportionate lengths of lines by

sighting and measuring on the pencil held at arm's

length and use your knowledge of perspective phe-

nomena as a check. With the drawing board or

sketch pad held in a comfortable drawing position

perpendicular to the line of sight from the eye to

the object, test the direction of a line by holding the

pencil at arm's length parallel to the board, rotating

the arm until the pencil appears to coincide with

the line on the model, and then moving it parallel

to this position back to the board. Estimate the

apparent lengths of lines in the same way; holding

the pencil in a plane perpendicular to the line of

sight, mark with the thumb the length of pencil

which covers the line of the model, rotate the arm

with the thumb held in position until the pencil

coincides with another line, and then estimate the

proportion of this measurement to the second line

(Fig. 76).

Make the sketch lightly, with free sketchy lines,

and do not erase any lines until the whole sketch

has been blocked in. Do not make the mistake of get-

ting the sketch too small.

In starting a sketch from the object, set it in a

position to give the most advantageous view, and

sketch the directions of the principal lines, running

them past the limits of the figure toward their van-

ishing points. Block in the enclosing squares for all

circles and circle arcs and proceed with the figure,

drawing the main outlines first and adding details

later; then brighten the sketch with heavier lines.

The drawing in Fig. 77 shows the general appear-

ance of a "one-point" perspective sketch before the

construction lines have been erased. Figure 78 is

an example showing the object turned at an angle

to the picture plane.



8 PICTORIAL DRAWING AND SKETCHING 303

fig. 75. An oblique sketch. Note boxing of

circular features.

FIG. 76.

tion.

Estimating distances and propor-

fig. 77. A perspective sketch. The front face

of the object is parallel to the picture plane.

56. Pictorial Illustration.

Pictorial illustration combines any one of the regular

pictorial methods with some method of shading or

"rendering." In considering a specific problem, de-

cide upon the pictorial form— axonometric, oblique,

or perspective—and then choose a method of shad-

ing that is suited to the method of reproduction and

the general effect desired.

57. Light and Shade.
The conventional position of the light in light-

and-shade drawing is the same as that used for

orthographic line shading, that is, a position to the

left, in front of, and above the object. Any surface
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or portion of a surface perpendicular to the light

direction and directly illuminated by the light would

receive the greatest amount of light and be lightest

in tone on the drawing; any face not illuminated by

the light would be "in shade" and darkest on the

drawing. Other surfaces, receiving less light than the

"high" light but more than a shade portion, would

be intermediate in tone.

An understanding of the simple one-light method

of illumination is needed at the outset, as well as

some artistic appreciation for the illumination on

various surfaces of the object. Figure 79 shows a

sphere, cylinder, cone, and cube illuminated as de-

scribed and shaded accordingly. Study the tone

values in this illustration.

58. Shade Lines.

Shade lines, by their contrast with other lines, add

some effect of light and shade to the drawing. These

lines used alone, without other shading, give the

simplest possible shading method. Usually the best

effect is obtained by using heavy lines only for the

left vertical and upper horizontal edges of the dark

faces (Fig. 80). Holes and other circular features are

drawn with heavy lines on the shade side. Shade

fig. 79. Light and shade. The light source

is from the upper left front.

lines should be used sparingly as the inclusion of

too many heavy lines simply adds weight to the

drawing and does not give the best effect.

59. Pencil Rendering.
There are two general methods of pencil shading

—

continuous tone and line tone. Continuous-tone

shading is done with a fairly soft pencil with its point

flattened. A medium-rough paper is best for the

purpose. Start with a light, over-all tone and then

build the middle tones and shade portions gradually.

Figure 81 is an example. Clean high lights with an

eraser.

Line-tone shading requires a little more skill, as

the tones are produced by line spacing and weight.

Light lines at wide spacing produce the lightest tone,

and heavy lines at close spacing make the darkest

shade. Leave high lights perfectly white. Pure black

may be used sparingly for deep shade or shadow.

Figure 82 is an example, drawn with only a light

outline.

fig. 80. Outline and shade lines. The side

away from the light source is drawn with

heavier lines.
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. ,,Mi^

fig. 81. Continuous-tone shading.

fig. 83. Line-shading technique in pencil.

: .

:•

fig. 82. Line-tone shading.

fig. 84. Line-shading technique in ink.

Complete over-all shading is somewhat heavy, and

a lighter, more open treatment is usually desired.

To achieve this, leave light portions of the object with

little or no shading, and line middle tones and shade

sparingly. The few lines used strongly suggest light,

shade, and surface finish (Fig. 83). There are many
variations which can be made in this type of render-

60. Pen-and-ink Rendering.
Pen-and-ink methods follow the same general pat-

tern as work in pencil, with the exception that no

continuous tone is possible. However, there are

some variations not ordinarily used in pencil work.

Figure 84 shows line techniques. As in pencil work,

the common and usually the most pleasing method

is the partially shaded, suggestive system.
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PROBLEMS

The following problems are Intended to furnish practice

(1) in the various methods of pictorial representation and

(2) in reading and translating orthographic projections.

In reading a drawing, remember that a line on any view

always means an edge or a change in direction of the

surface of the object and always look at another view

to interpret the meaning of the line.

Group 1. Isometric Drawings.
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o
i-'ii ~

prob. 12. Wedge block.

\~ S - Drill, 2 Hoi

MV

prob. 13. Head attachment. prob. 14. Slide stop.

!
'

I I

ti-H -

i v

+ T + + -

\-iiA-i

J^l

prob. 15. Dovetail bracket.

-J§ Or, II. SpoHace ^^l_ ^ ' —\

*i'?h

prob. 16. Oftset bracket. prob. 17. Cradle bracket.

prob. 18. Dovetail hinge. prob. 19. Cable clip.

- "

prob. 20. Strut anchor.
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r'& 4 \i

prob. 23. Forming punch.

prob. 21. Strut swivel. prob. 22. Tie plate.

Group 2. Isometric Sections.

t Holes

~A

prob. 27. Gland.

qI-|M

prob. 25. Column base. prob. 26. Base plate. ^T"

^
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f/anae B-

^ n | || I

f I

*~

Note: F/anaes A <SB Are /denttcol

prob. 37. Spectrometer elbow.

//>/// 6Ho/es
On 5i £>ia BC

Group 3. Oblique Drawings.

>

Draw -45 °to/eft ~i~~

prob. 38. Letter die. prob. 39. Guide plate.

Draw 45 to right

prob. 40. Brace base

DtznvMfs/ze and 30°/bngnf

prob. 41. Heart cam.
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5>raw 45°fo /<?/?

prob. 42. Ratchet wheel. prob. 43. Slotted link.

Dram 45 fo right

PROB. 44. Swivel plate.

1 1
'1
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Ofhefc from right secf/on, 30 "to right

prob. 54. Slotted guide.

Group 4. Oblique Sections.

Draw30 'to right H^r Drill

prob. 55. Support bracket.

57. Oblique full section of sliding cone.

57A. Oblique half section of sliding cone.

58. Oblique full section of conveyor-trough end.

58.\. Oblique

59. Oblique

59A. Oblique

prob. 56. Port cover.

half section of conveyor-trough end.

full section of ceiling flange,

half section of ceiling flange.
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60. Oblique full section of hanger flange.

60A. Oblique half section of hanger flange.

61. Oblique half section of the base plate of Prob. 26.

62. Oblique half section of the gland of Prob. 27.

63. Oblique half section of regulator level.

64. Oblique full section of anchor plate.

prob. 60. Hanger flange.

prob. 63. Regulator level.

prob. 64. Anchor plate.
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65. Oblique drawing of shaft guide. Use sections, as

needed, to describe the part.

66. Oblique half section of rod support. Partial sec-

tions and phantom lines can also be used to describe

the part.

Group 5. Dimetric and Cabinet Drawing.
67. Make a dimetric drawing of the jig block, Prob. 1.

68. Make a dimetric drawing of the guide block, Prob. 6.

69. Make a cabinet drawing of the gland, Prob. 27.

70. Make a cabinet drawing of the ceiling flange as

shown in Prob. 59.

Group 6. Perspective Drawings.
The following are a variety of different objects to be

drawn in perspective. A further selection can be made

from the orthographic drawings in other chapters.

t-20 UNC-2B

prob. 65. Shaft guide.

71.



8/PICTORIAL DRAWING AND SKETCHING 315



316 PICTORIAL DRAWING AND SKETCHING/8

(o)l (o)2

I I

(a)3

1

1

—

1

(o)4 (a)5

(/Ml (6)2 (fc)3 [l-.l

(, ii

(c)2

('')1 (</)2 (d)3 (c/)4

(, )3 (.H (,)2 I. ).3

/ il C/)2 (/)3 (/)4

prob. 77. Objects to be sketched.
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(g)l IZK

(/>)! (h)2

(All

(A)2

(A).i

Cg)3

(;)]

(01 (02

Cg)4

(;)2 0)3

(m)

(n)l

(n)2

(o)]

(")3 (p)l

prob. 78. Objects to be sketched.

(o)2 (o)3

(P)2
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('/) (r)

prob. 81. Objects to be sketched.
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Group 8. Oblique Sketching.
Select an object from Group 3 not previously drawn with

instruments, and make an oblique sketch.

Group 9. Perspective Sketching.
Select an object not previously drawn with instruments,

and make a perspective sketch.

Group lO. Axonometric and Oblique Projection from Orthographic Views.
Any of the problems given in this chapter may be used views to suitable scale and then employing these views

for making axonometric or oblique projections from the as described in Sees. 26 to 28 to obtain the pictorial

orthographic views by first drawing the orthographic projection.

Group 11. Pictorial Drawings from Machine Parts.

Machine parts, either rough castings and forgings or oblique drawing. Use the most appropriate form of repre-

finished parts, offer valuable practice in making pictorial sentation, and employ section and half-section treat-

drawings. Choose pieces to give practice in isometric and ments where necessary to give clearer description.
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Group 12. Pictorial Working Drawings.
Any of the problems in this chapter offer practice in

making complete pictorial working drawings. Follow the

principles of dimensioning in Chap. 11. The form and

placement of the dimension figures are given in Sec. 37,

Chap. 9.

82. Pictorial working drawing of dovetail stop, Prob. 7.

83. Pictorial working drawing of hinged catch, Prob. 9.

84. Pictorial working drawing of tie plate, Prob. 22.

85. Pictorial working drawing of head yoke, Prob. 33.

86. Pictorial working drawing of jaw bracket, Prob. 46.

87. Pictorial working drawing of adjusting-rod support,

Prob. 50.

88. Pictorial working drawing of port cover, Prob. 56.

89. Pictorial working drawing of ceiling flange, Prob. 59.

90. Make a pictorial working drawing of the extension

block. Use any reasonable technique such as exploding

the part (with note to explain), partial sections, extra

views, or phantom lines to completely describe the part.

prob. 90. Extension block.



91. Make a pictorial working drawing of the double

sleeve clamp. Show the two halves as an exploded as-

sembly.
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JDrill Three Holes
Ream for j*r;i 51/61/ Pins

*°
g*45'Chamfer- Alach/ne fnside

Hole , Jo/n Halves *S Weld

FPONT VIEW OF RIGHT HALF

prob. 91. Double sleeve clamp.

^-1250 H
RIGHTHALF
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METHODS USEM MANUFACTUK

Concise and Complete Specification of Size

Requires a Knowledge of Manufacturing
Procedures

In this Chapter:

The Effect of the Basic Manufacturing Method
on the Drawing • Drawings for Sand Castings,

Pattern Shop, Foundry • Forgings and Drawings

of Forgings • Fundamentals of Machining • The
Lathe, Drill Press, Shaper, Planer • Parts

Machined from Stock • The Turret Lathe, Milling

Machine, Grinder • Lapping, Honing, and
Superfinishing • Broaching, Small Tools, Welded
Parts, Parts Made from Sheet Stock, Plastics •

Heat Treatment, Tools for Mass Production, Jigs

and Fixtures, Inspection, Assembly
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1. Drawings—Their Relationship
to Manufacturing.
The test of any working drawing for legibility, com-

pleteness, and accuracy is the production of the

object or assembly by the shop without further in-

formation than that given on the drawing. A knowl-

edge of shop methods will, to a great extent, govern

the effectiveness and completeness of the drawing.

Study the glossary of shop terms to become familiar

with the terms and the form of designation in notes.

This chapter is given as an introduction to those on

dimensioning (Chap. 12) and working drawings

(final chapter).

The relation of drawings and the prints made from

them to the operations of production is illustrated

in the accompanying chart (Fig. 1). This chart shows

in diagrammatic form the different steps in the

development of drawings and their distribution and

use in connection with shop operations from the

time the order is received in the plant until the

finished machine is delivered to the shipping room.

2. Effect of the Basic Manufacturing
Method on the Drawing.
In drawing any machine part, consider first the

manufacturing process to be used, as on this de-

pends the representation of the detailed features of

the part and, to some extent, the choice of dimen-

sions. Special or unusual methods may occasionally

be used, but most machine parts are produced by

(1) casting, (2) forging, (3) machining from standard

stock, (4) welding, or (5) forming from sheet stock.

Each of the different methods produces a charac-

teristic detailed shape and appearance of the parts,

and these features must be shown on the drawing.

Figure 2 shows and lists typical features of each

method and indicates the differences in drawing

practice.

3. The Drawings.
For the production of any part, a detail working

drawing is necessary, complete with shape and size

description and giving, where needed, the opera-

|
ORDER

|

k=flENGINEER"|=| CHIEF ORAFTSMAN~|=lDESIbNERÊ H GROUP LEADEr1=| DRAFTSMAN |=-tf~TRACER |

ft 1--—

J

fig. 1. Development and distribution of

drawings. This shows the routing of drawings,

prints, and parts through all design and
manufacturing units.
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§^ Drill. Chore j^Dx
/gdeep, 4ho/esy

^ l750
' 1,752

:.

HOUSING •SUPPORT

No. 7 SCREENER 742c

fig. 3. A working drawing of a cast part.

Complete information is given for all shops
and all operations.

fig. 4. Interpretation of the casting drawing
in Fig. 3. These are the operations that must
be performed to produce the part.

5. The Pattern Shop.
The drawing is first used by the patternmaker, who
makes a pattern, or "model," of the part in wood.

From this, if a large quantity of castings is required,

a metal pattern, often of aluminum, is made. The

patternmaker provides for the shrinkage of the

casting by making the pattern oversize, using a

"shrink rule" for his measurements. He also pro-

vides additional metal (machining allowance) for the

machined surfaces, indicated on the drawing by (1)

finish marks, (2) dimensions indicating a degree of

precision attainable only by machining, or (3) notes

giving machining operations. The patternmaker also

provides the "draft," or slight taper, not shown on

the drawing, so that the pattern can be withdrawn

easily from the sand. A "core box," for making sand

cores for the hollow parts of the casting, is also made
in the pattern shop. A knowledge of patternmaking
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/- Rounds j^ R

2 - Use Shrink Rule for Cast Iron.

3 -Proi/lde ,g per ft. Draff where required.

fig. 5. A pattern drawing. This is a drawing
ot the pattern tor the casting in Fig. 3.

is a great aid in dimensioning, as almost all the

dimensions are used by the patternmaker, while

only the dimensions for finished features are used

by the machine shop.

6. Drawings of Castings.
A casting drawing is usually made as a single draw-

ing of the machined casting, with dimensions for

both the patternmaker and the machinist (Fig. 3).

If the multiple-drawing system is followed, a drawing
of the unmachined casting, with allowances for

machining accounted for and with no finish marks
or finish dimensions, is made for the patternmaker;

then a second drawing for the machinist shows the

finished shape and gives machining dimensions.

For complicated or difficult castings, a special

"pattern drawing" may be made (Fig. 5), showing
every detail of the pattern, including the amount of

draft, the parting line, "core prints" for supporting

the cores in the mold, and the pattern material.

Similar detail drawings may also be made for the

core boxes.

7. The Foundry.
The pattern and core box or boxes are sent to the

foundry, and sand molds are made so that molten

metal can be poured into the molds and allowed to

cool, forming the completed rough casting. Figure

6 is a cross section of a two-part mold, showing the

space left by the pattern and the core in place. Only
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in occasional instances does the foundryman call

for assistance from the drawing, as his job is simply

to reproduce the pattern in metal.

Permanent molds, made of cast iron coated on the

molding surfaces with a refractory material, are

sometimes an advantage in that the mold can be

used over and over again, thus saving the time to

make an individual sand mold for each casting. This

method is usually limited to small castings.

Die castings are made by forcing molten metal

under pressure into a steel die mounted in a special

die-casting machine. Alloys with a low melting point

are used in order to avoid damaging the die. Because

of the accuracy possible in making a die, a fine finish

and accurate dimensions of the part can be ob-

tained; thus machining may be unnecessary.

8. Forgings.
Forgings are made by heating metal to make it

plastic and then forming it to shape on a power

hammer with or without the aid of special steel dies.

Large parts are often hammered with dies of gener-

alized all-purpose shape. Smaller parts in quantity

may warrant the expense of making special dies.

Some small forgings are made with the metal cold.

Drop forgings are the most common and are made
in dies of the kind shown in Fig. 7. The lower die

is held on the bed of the drop hammer, and the

upper die is raised by the hammer mechanism. The
hot metal is placed between the dies, and the upper

die is dropped several times, causing the metal to

flow into the cavity of the dies. The slight excess

of material will form a thin fin, or "flash," sur-

rounding the forging at the parting plane of the dies

(Fig. 7). This flash is then removed in a "trimming"

die made for the purpose. Considerable draft must
be provided for release of the forging from the dies.

9. Drawings of Forgings.
Forging drawings are prepared according to the

multiple-drawing system, one drawing for the die-

maker and one for the machinist (Fig. 110, Chap.

10); or the single-drawing system, one drawing for

both (Fig. 8). In either case the parting line and draft

should be shown and the amount of draft specified.

fig. 7. Drop-forging dies and the forged

part. These are the dies for the part shown
in Fig. 8.

On the single drawing (Fig. 8), the shape of the

finished forging is shown in full outline, and the

machining allowance is indicated by "alternate-

position" lines, thus completing the shape of the

rough forging. This single drawing combines two

drawings in one, with complete dimensions for both

diemaker and machinist.

Figure 9 illustrates the shop interpretation of the

forging drawing in Fig. 8 and indicates the order of

operations to be performed.

lO. The Machine Shop.
The machine shop produces parts machined from

stock material and finishes castings, forgings, etc.,

requiring machined surfaces. Cylindrical and conic

surfaces are machined on a lathe. Flat or plane

surfaces are machined on a planer, shaper, milling

machine, broaching machine, or in some cases (fac-

ing) a lathe. Holes are drilled, reamed, counter-

bored, and countersunk on a drill press or lathe;

holes are bored on a boring mill or lathe. For exact

work, grinding machines with wheels of abrasive
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Draft Angle 7°

Unspecified Radii j^ R

MOTOR BRACKET

MODEL 3 DRILL PRESS

Forging

NII0G3

fig. 8. A working drawing of a forged part.

Note the indication of parting line and extra

material for machining.

material are used. Grinders are also coming into

greatly increased use for operations formerly made
with cutting tools. In quantity production many spe-

cial machine tools and automatic machines are in

use. The special tools, jigs, and fixtures made for

the machine parts are held in the toolroom ready

for the machine shop.

11. Fundamentals of Machining.
All machining operations remove metal, either to

make a smoother and more accurate surface, as by

planing, facing, milling, etc., or to produce a surface

not previously existing, as by drilling, punching, etc.

The metal is removed by a hardened steel, carbide,

or diamond cutting tool (machining) or an abrasive

wheel (grinding); the product, or "work piece," as

well as the tool or wheel, being held and guided by

the machine. When steel cutting tools are used, the

product must remain relatively soft until after all

©Drill 2 holes, then © Top ( threod )

(Drill Press)

^^© Face base surface

(Shaper)

-(3) Face front surface of boss

(Shoper )

- ©Forge basic part

totes, then © Spotfo

(Drill Press)

fig. 9. Interpretation of the forging drawing

in Fig. 8. These are the separate manufac-
turing steps.
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machining has been performed upon it, but if dia-

mond-tipped tools are used or if grinding wheels are

employed, the product may be hardened by heat-

treatment before finishing.

All machining methods are classified according to

the operating principle of the machine performing

the work:

1. The surface may be generated by moving the

work with respect to a cutting tool or the tool with

respect to the work, following the geometric laws

for producing the surface.

2. The surface may be formed with a specially

shaped cutting tool, moving either work or tool while

the other is stationary.

The forming method is, in general, less accurate

than the generating method, as any irregularities in

the cutter are reproduced on the work. In some
cases a combination of the two methods is used.

12. The Lathe.
Called the "king of machine tools," the lathe is said

to be capable of producing all other machine tools.

Its primary function is machining cylindrical, conic,

and other surfaces of revolution, but with special

fig. 10. Facing. The chuck (A) holds the part

(B) and revolves it in the direction shown. The
tool in the holder ((.') is brought against the

work surface by the lathe carriage, and the

motion of the tool across the face is con-

trolled by the cross slide (D).

attachments it can perform a great variety of opera-

tions. Figure 10 shows the casting made from the

drawing of Fig. 3 held in the lathe chuck. As the

work revolves, the cutting tool is moved across per-

fig. 11. Turning. The chuck (A) holds the
part (B) and revolves it in the direction

shown. The tool in the holder (C) is brought
against the work surface by the cross slide,

and the motion of the tool is controlled by

the lathe carriage (D).

3 r~>*

fig. 12. Threading. The chuck (A) holds the

part (B) and revolves it in the direction

shown. The tool, ground to the profile of the

thread space, in the holder (C) is brought into

the work surface by the angled cross slide

(D), and the rate of travel is controlled by

gears and a lead screw that moves the lathe

carriage.
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pendicular to the axis of revolution, removing metal

from the base and producing a plane surface by

generation. This operation is called facing. After

being faced, the casting is turned around, and the

finished base is aligned against the face of the

chuck, bringing the cylindrical surface into position

for turning to the diameter indicated in the thread

note on the drawing. The neck shown at the inter-

section of the base with the body is turned first,

running the tool into the casting to a depth slightly

greater than the depth of the thread. The cylindrical

surface is then turned (generated) by moving the

tool parallel to the axis of revolution (Fig. 11). Figure

12 shows the thread being cut on the finished cylin-

der. The tool is ground to the profile of the thread

space, carefully lined up to the work, and moved
parallel to the axis of revolution by the lead screw

of the lathe. This operation is a combination of the

fundamental processes, the thread profile being

formed while the helix is generated.

The hole through the center of the casting, origi-

nally cored, is now finished by boring, as the cutting

of an interior surface is called (Fig. 13). The tool

is held in a boring bar and moved parallel to the

axis of revolution, thus generating an internal cylin-

der.

Note that in these operations the dimensions used

by the machinist have been (1) the finish mark on

the base and thickness of the base, (2) the thread

note and outside diameter of the thread, (3) the

dimensions of the neck, (4) the distance from the

base to the shoulder, and (5) the diameter of the

bored hole.

Long cylindrical pieces to be turned in the lathe

are supported by conic centers, one at each end.

Figure 22 illustrates the principle.

13. The Drill Press.
The partially finished piece of Fig. 3 is now taken

to the drill press for drilling and counterboring the

holes in the base according to the dimensions on
the drawing. These dimensions give the diameter

of the drill, the diameter and depth of the counter-

bore, and the location of the holes. The casting is

clamped to the drill-press table (Fig. 14) and the

rotating drill brought into the work by a lever oper-

ating a rack and pinion in the head of the machine.

The cutting is done by two ground lips on the end

of the drill (Fig. 24). Drilling can also be done in

a lathe, the work revolving while the drill is held in

fig. 13. Boring. The chuck (A) holds the part

(B) and revolves it in the direction shown. The
boring bar with the tool in the holder (C) is

brought against the work surface by the cross

slide, and advance is controlled by the lathe

carriage (D).

^
lpl£^*

fig. 14. Drilling. The table (A) supports the

part (B), sometimes clamped as shown. The
drill in the chuck (C) revolves in the direction

shown, and is forced downward by a gear and
rack in the drill-press head, to make the hole.
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and moved by the tailstock. In Fig. 15 the drill has

been replaced by a counterboring tool (Fig. 24) of

which the diameter is the size specified on the draw-

ing and which has a cylindrical pilot on the end to

fit into the drilled hole, thus ensuring concentricity.

This tool is fed in to the depth shown on the drawing.

Study the drawing of Fig. 3 with the illustrations

of the operations, and check, first, the dimensions

that would be used by the patternmaker and, sec-

ond, those required by the machinist.

14. The Shaper and the Planer.
The drop forging of Fig. 8 requires machining on

the base and boss surfaces.

Flat surfaces of this type are machined on a

shaper or a planer. In this case the shaper (Fig. 16)

is used because of the relatively small size of the

part. The tool is held in a ram that moves back and

forth across the work, taking a cut at each pass

forward. Between the cuts, the table moves laterally

so that closely spaced parallel cuts are made until

the surface is completely machined.

The planer differs from the shaper in that its bed,

carrying the work, moves back and forth under a

stationary tool. It is generally used for a larger and

heavier type of work than that done on a shaper.

15. Parts Machined from Standard
Stock.
The shape of a part will often lend itself to ma-

chining directly from standard stock, such as bars,

rods, tubing, plates, and blocks, or from extrusions

and rolled shapes, such as angles and channels.

Hot-rolled (HR) and cold-rolled (CR) steel are com-

mon materials.

Parts produced from stock are usually finished on

all surfaces, and the general note "Finish all over"

on the drawing eliminates the use of finish marks.

Figure 17 is the drawing of a part to be made from

bar stock. Note the specification of material, stock

size, etc., in the title.

Figure 18 illustrates the shop interpretation in Fig.

17 and indicates the order of machining operations

to be performed.

fig. 15. Counterboring. The table (A) sup-

ports the part (B), sometimes clamped as
shown. The counterboring tool with piloted

end to fit the previously drilled hole is held
in the chuck (C) and revolves in the direction

shown. The gear and rack in the drill-press

head bring the tool into the work.

fig. 16. Shaping. The vise (A) holds the part

(B). The tool in the holder (C) is forced across

the work surface by the ram (D) in the

forward-stroke direction shown. The tool lifts

on the return stroke by the pivot head on the

ram. To make successive cuts, the table

holding (A) and (B) moves in the direction

shown.
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fig. 17. Working drawing of a part machined
from stock. Note the specification of material

and stock size in the title block.

16. The Turret Lathe.
The quill of Fig. 17, produced in quantity, may be

made on a turret lathe, except for the rack teeth

and the outside-diameter grinding. The stock is held

in the collet chuck of the lathe. First the end surface

r©Cut
\ (M.I
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fig. 19. Turret-lathe operations (drilling and
reaming). The chuck (A) holds, indexes (for

length), and rotates the stock (B) in the di-

rection shown. The turret (C) swings the drill

(D) and reamer (£) successively into position.

held in a vise and moved horizontally into the rota-

ting milling cutter, which, in profile, is the shape

of the space between the teeth (Fig. 20). The cuts

are spaced by moving the table of the machine to

correspond with the distance shown on the drawing.

Note that this operation is a forming process, as the

shape depends upon the contour of the cutter. With

several cutters mounted together (gang milling), a

number of teeth can be cut at the same time.

There are many types of milling cutters made to

cut on their peripheries, their sides, or their ends,

for forming flat, curved, or special surfaces. Three

milling cutters are shown in Fig. 21.

18. The Grinder.
The general purpose of grinding is to make a

smoother and more accurate surface than can be

obtained by turning, planing, milling, etc. In many
cases, pieces hardened by heat-treatment will warp

slightly; and as ordinary machining methods are

impractical with hardened materials, such parts are

finish-ground after hardening.

The limit dimensions for the outside diameter of

the quill (Fig. 17) indicate a grinding operation on

a cylindrical grinder (Fig. 22). The abrasive wheel

fig. 20. Milling. The vise (A) holds the part

(B) to the table (C), which moves laterally to

index cuts and longitudinally, in the direction

shown, for individual cuts. The milling cutter

(D) revolves in the direction shown.

fig. 21. Milling cutters.

rotates at high speed, while the work piece, mounted
on a mandrel between conic centers, rotates slowly

in the opposite direction. The wheel usually moves
laterally to cover the surface of the work piece. The
work piece is gaged carefully during the operation

to bring the size within the dimensional limits shown
on the drawing and to check for a cylindrical surface

without taper. The machine for flat surfaces, called

a "surface grinder," holds the work piece on a flat

table moving back and forth under the abrasive
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ling o Keywoy

fig. 23. Broaches. Each tooth takes its small

cut as the broach is forced across or through

the work piece.

X
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fig. 24. Small tools.



9/METH0DS USED IN MANUFACTURE 339

pressed by a die (compression molding) or injected

under pressure into a die (injection molding). Metal

inserts tor threads, wear bushings, etc., are some-

times cast into the part. Consideration should be

given the diemaker when dimensioning the drawing.

25. Heat-treatment.
This is a general term applied to the processing ot

metals by heat and chemicals to change the physical

properties ot the material.

The glossary of shop terms gives definitions of

such heat-treatment processes as annealing, car-

burizing, casehardening, hardening, normalizing,

and tempering.

The specification of heat-treatment may be given

on the drawing in several ways: (1) by a general note

listing the steps, temperatures, and baths to be

used, (2) by a standard heat-treatment number (SAE

or company standard) in the space provided in the

title block, (3) by giving the Brinell or Rockwell hard-

ness number to be attained, or (4) by giving the

tensile strength, in pounds per square inch, to be

attained through heat-treatment.

Figure 8, and Figs. 67, 106, and 110 in Chap. 12,

illustrate these methods.

26. Tools for Mass Production.
Many special machine tools, both semi-automatic

and fully automatic, are used in modern factories.

These machines are basically the same as ordinary

lathes, grinders, etc., but contain mechanisms to

control the movements of cutting tools and produce

identical parts with little attention from the opera-

tor once the machine has been "tooled up." Auto-

matic screw machines and centerless grinders are

examples.

27. Jigs and Fixtures.
Jigs for holding the work and guiding the tool and

fixtures for holding the work greatly extend the pro-

duction rate for general-purpose machine tools.

28. Inspection.
Careful inspection is an important feature of modern

production. Good practice requires inspection after

each operation. For production in quantity, special

gages are usually employed, but in small-quantity

production, the usual measuring instruments, cali-

pers and scale, micrometers, dial gages, etc., are

used. For greater precision in gaging, electrical, air,

or optical gages, etc., are often employed.

29. Assembly.
The finished separate pieces come to the assembly

department to be put together according to the

assembly drawings. Sometimes it is desirable or

necessary to perform some small machining opera-

tion during assembly, often drilling, reaming, or

hand-finishing. In such cases the assembly drawing

should carry a note explaining the required operation

and give dimensions for the alignment or location

of the pieces. If some parts are to be combined

before final assembly, a subassembly drawing or the

detail drawings of each piece will give the required

information; "% drill in assembly with piece No.

107" is a typical note form for an assembly machin-

ing operation.
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1. Size Description

—

First Considerations.
After the shape of an object has been described by

orthographic (or pictorial) views, the value of the

drawing for the construction of the object depends

upon dimensions and notes that describe the size.

In general, the description of shape and size to-

gether gives complete information for producing the

object represented.

The dimensions put on the drawing are not neces-

sarily those used in making the drawing but are

those required for the proper functioning of the part

after assembly, selected so as to be readily usable

by the workers who are to make the piece. Before

dimensioning the drawing, study the machine and

understand its functional requirements; then put

yourself in the place of the patternmaker, diemaker,

machinist, etc., and mentally construct the object

to discover which dimensions would best give the

information.

holes, spherical shapes, round-end shapes, tapers,

and others for which, through long usage and study,

dimensioning practice has been standardized.

5. Precisian and Tolerance. The ultimate operation

of any device depends upon the proper interrela-

tionship of the various parts so that they operate

as planned. In quantity production, each part must
meet standards of size and position to assure as-

sembly and proper functioning. Through the dimen-

sioning of the individual parts, the limits of size are

controlled.

6. Production Methods. The method of manufac-

turing (casting, forging, etc.) affects the detailed

information given on the drawing proper, and in

notes and specifications. The operations of various

shops must be known, in order to give concise infor-

mation.

LINES AND SYMBOLS

2. Method.
The basic factors in dimensioning practice are:

1. Lines and Symbols. The first requisite is a

thorough knowledge of the elements used for di-

mensions and notes and of the weight and spacing

of the lines on the drawing. These lines, symbols,

and techniques are the "tools" for clear, concise

representation of size.

2. Selection of Distances. The most important

consideration for the ultimate operation of a ma-

chine and the proper working of the individual parts

is the selection of distances to be given. This selec-

tion is based upon the functional requirements, the

"breakdown" of the part into its geometric ele-

ments, and the requirements of the shop for pro-

duction.

3. Placement of Dimensions. After the distances

to be given have been selected, the next step is the

actual placement of the dimensions showing these

distances on the drawing. The dimensions should

be placed in an orderly arrangement that is easy

to read and in positions where they can be readily

found.

4. Dimensioning Standard Features. These include

angles, chamfers, standard notes, specifications of

3. Dimension Forms.
Two basic methods are used to give a distance on

a drawing: a dimension (Fig. 1) or a note (Fig. 2).

A dimension is used to give the distance between

two points, lines, or planes, or between some com-

bination of points, lines, and planes. The numerical

value gives the actual distance, the dimension line

indicates the direction in which the value applies,

and the arrowheads indicate the points between

which the value applies. Extension lines refer the

dimension to the view when the dimension is placed

outside the view.

A note provides a means of giving explanatory

information along with a size. The leader and arrow-

head refer the word statement of the note to the

proper place on the drawing. Notes applying to the

object as a whole are given without a leader in some
convenient place on the drawing.

The lines and symbols used in dimensioning are

dimension lines, arrowheads, extension lines, lead-

ers, numerical values, notes, finish marks, etc.

4. Line Weights.
Dimension lines, extension lines, and leaders are

made with fine full lines the same width as center
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(Extension ; , (Dimension line)

< I -(Arrowhead)

/"~\ \ /Radius
I— * ~t 1- dimension)

FIG. 1. Dimensions.

(Note) .

fig. 2. A note.

lines so as to contrast with the heavier outlines of

the views. Note the line widths given in the alphabet

of lines, Figs. 56 and 57, Chap. 2.

5. Arrowheads.
These are carefully drawn freehand. The sides of

the arrowhead are made either in one stroke, toward

the point and then away from it, or in two strokes

toward the point, as shown in enlarged form in Fig.

3. The general preference is for the solid head, as

in Fig. 4. The solid head is usually made narrower

and slightly longer than the open head and has

practically no curvature to the sides. It is made in

one stroke and then filled, if necessary, without

lifting the pen or pencil; a rather blunt pencil or pen

is required for this style of head. The bases of ar-

rowheads should not be made wider than one-third

the length. All arrowheads on the same drawing

should be the same type, open or solid, and the

same size, except in restricted spaces. Arrowhead

lengths vary somewhat depending upon the size of

the drawing. One-eighth inch is a good general

length for small drawings and 3

/16 in. for larger

drawings.

Two Strokes

H
Normal Size

fig. 3. Open-style arrowhead strokes.

NormaiSize

fig. 4. Solid-style arrowhead strokes.

Poor arrowheads ruin the appearance of an other-

wise carefully made drawing. Avoid the incorrect

shapes and placements shown in Fig. 5.

6. Extension Lines.
These extend from the view to a dimension placed

outside the view. They should not touch the outline

of the view but should start about %6
in. from it

and extend about V8 in. beyond the last dimension

line (Fig. 6a). This example is printed approximately

one-half size.

Dimensions may also terminate at center lines or

visible outlines of the view. Where a measurement
between centers is to be shown, as at (b), the center

lines are continued to serve as extension lines, ex-

tending about l

/a in. beyond the last dimension line.

Usually the outline of the view becomes the terminal

for arrowheads, as at (c), when a dimension must

be placed inside the view. This might occur because

of limited space, when extension lines crossing parts
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fig. 5. Incorrect arrowheads. The first two

examples show mistakes in placement. The
last three illustrate shapes that are extremely

poor.

> >

of the view would cause confusion, or when long

extension lines would make the dimension difficult

to read.

(a)

« 4. -

(20 (c)

fig. 6. Dimension terminals.

(a)

rvu i/.)

(<•)

fig. 7. Techniqueof drawing extension lines.

Extension lines for an angular dimension are

shown in Fig. 7«, which also shows one of the exten-

sion lines used for a linear dimension, a common
occurrence.

Extension lines should not be broken where they

cross each other or an outline of a view, as shown

in Figs. 6a and la. However, when space is restricted

and the extension lines come close to arrowheads,

the extension lines may be broken for clarity, as in

Fig. 76.

Where a point is located by extension lines alone,

the extension lines should pass through the point,

as at (r).

7. Leaders.
These are straight (not curved) lines leading from

a dimension value or an explanatory note to the

feature on the drawing to which the note applies

(Fig. 8). An arrowhead is used at the pointing end

of the leader but never at the note end. The note

end of the leader should terminate with a short

horizontal bar at the mid-height of the lettering and

should run to the beginning or the end of the note,

never to the middle.

Leaders should be drawn at an angle to contrast

with the principal lines of the drawing, which are

mainly horizontal and vertical. Thus leaders are

usually drawn at 30°, 45°, or 60° to the horizontal;

60° looks best. When several leaders are used, the

appearance of the drawing is improved if the lead-

ers can be kept parallel.

The ANSI allows the use of a "dot" for termination

of a leader, as in Fig. 9a, when the dot is considered

to be a clearer representation than an arrowhead.

The dot should fall within the outline of the object.
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m Drill
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Z Holes -7
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Thread Relief

fig. 8. Leaders for notes. Observe that the

leader emanates from the beginning or the

end of the lettered information.

r

(a)
(h)

fig. 9. Leaders, (a) Special terminal: (b) and
(c) proper angle.

When dimensioning a circular feature with a note,

the leader should be radial as shown at (/?). A leader

directed to a flat surface should meet the surface at

an angle of at least 30°; an angle of 45 or 60°

as at (c) is best.

If possible avoid crossing leaders; avoid long lead-

ers; avoid leaders in a horizontal or vertical direction;

avoid leaders parallel to adjacent dimension lines,

extension lines, or crosshatching; and avoid small

angles between leaders and the lines on which they

terminate.

8. Figures.
For dimension values, figures must be carefully let-

tered in vertical or inclined style. In an effort to

achieve neatness, the beginner often gets them too

small. One-eighth inch for small drawings and 5
/32

in. for larger drawings are good general heights.

The general practice is to leave a space in the

dimension line for the dimension value (Fig. 10). It

is universal in structural practice and common in

architectural practice to place the value above a

continuous dimension line (Fig. 10).

9. Common Fractions.
These should be made with the fraction bar parallel

to the guide lines for making the figure and with

the numerator and denominator each somewhat
smaller than the height of the whole number so that

the total fraction height is twice that of the integer

(Fig. 11). Avoid the incorrect forms shown. The
figures should not touch the fraction bar.

10. Feet and Inches.
Indicate these thus: 9'-6". When there are no inches,

it should be so indicated, as 9'-0", 9'-0y
2
". When

dimensions are all in inches, the inch mark is pref-

erably omitted from all the dimensions and notes

unless there is some possibility of misunderstand-

ing; if that is the case, "1 bore," for example,

should be given for clarity as "1" bore."

In some machine industries, all dimensions are

given in inches. In others where feet and inches are

used, the ANSI recommends that dimensions up to

and including 72 in. be given in inches and greater

lengths in feet and inches.

In structural drawing, length dimensions should

be given in feet and inches. Plate widths, beam
sizes, etc., are given in inches. Inch marks are

omitted, even though the dimension is in feet and

inches (Fig. 10).

-4
General °ractice

e 4

Structural Practice

fig. 10. Placement of dimension values.

2>/z 2i 21/2 2 i

FIG. 11. Technique for lettering values with

common fractions.



346 DIMENSIONS, NOTES, LIMITS. AND PRECISION 10

In the United States, if no foot or inch marks

appear on a drawing, the dimension values indicate

inches unless a different unit of measurement is

indicated by a general note. Drawings made in for-

eign countries employing the metric system are

commonly dimensioned in millimeters.

11. Reading Direction of Figures.
This is arranged according to the aligned system or

the unidirectional system.

The aligned system is the older of the two methods.

The figures are oriented to be read from a position

perpendicular to the dimension line; thus the guide

lines for the figures will be parallel to the dimension

line, and the fraction bar in line with the dimension

line (Fig. 12). The figures should be arranged so as

to be read from the bottom or right side of the draw-

ing. Avoid running dimensions in the directions in-

cluded in the shaded area of Fig. 12; if this is un-

avoidable, they should read downward with the line.

The unidirectional system originated in the auto-

motive and aircraft industries, and is sometimes

called the "horizontal system." All figures are

oriented to read from the bottom of the drawing.

Thus the guide lines and fraction bars are horizontal

regardless of the direction of the dimension (Fig.

13). The "avoid" zone of Fig. 12 has no significance

with this system.

Notes must be lettered horizontally and read from

the bottom of the drawing in either system.

12. Systems of Writing Dimension
Values.
Dimension values may be given as common frac-

tions. '

4 .

3

8 , etc., or as decimal fractions, 0.25,

0.375, etc.; and from these, three systems are

evolved.

The common-fraction system, used in general

drawing practice, including architectural and struc-

tural work, has all dimension values written as units

and common fractions, as 3 1

2
. 1%, 3

8 ,

1

16 ,

3

32 , \4
.

Values thus written can be laid out with a steel tape

or scale graduated in sixty-fourths of an inch.

The common-fraction, decimal-fraction system is

used principally in machine drawing whenever the

degree of precision required calls for fractions of an
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accuracy closer than y64 in.; and (2) in units and

decimal fractions, as 2.375, 1.250, 0.1875, etc., for

distances requiring greater precision. The decimal

fractions are given to as many decimal places as

needed for the degree of precision required.

The complete decimal system uses decimal frac-

tions exclusively for alfdimension values. This sys-

tem has the advantages of the metric system but

uses the inch as its basis, thus making it possible

to use present measuring equipment.

The ANSI complete decimal system 1 uses a two-

place decimal for all values where common fractions

would ordinarily be used. The digits after the decimal

point are preferably written to even fiftieths, .02,

.10, .36, etc., so that when halved, as for radii, etc.,

two-place decimals will result. Writing the values in

even fiftieths allows the use of scales divided in

'Y14.5— 1964.

FIG. 14.

fiftieths.
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in doing away with all conversion tables, as well as

in lessening chances tor error, is apparent.

Designers and draftsmen working in the complete

decimal system find it necessary to think in terms

of tenths and hundredths of inches instead of com-

mon fractions. New designs must be made in deci-

mal sizes without reference to common fractional

sizes. However, until standard-stock materials, tools,

and commercial parts are available in decimal sizes,

some dimensions will have to be given as the deci-

mal equivalent of a common fraction. Thus, for

example, a standard 3
/
8
-16UNC-2A thread would be

given as 0.375-16UNC-2A.

Decimal equivalents of some common fractions

come out to a greater number of decimal places

(significant digits) than is necessary or desirable for

use as a dimension value, and in such cases the

decimal should be adjusted, or "rounded off," to

a smaller number of decimal places. The following

procedure from the SAE Aerospace-Automotive

Drafting Standard 2
is recommended:

When the figure beyond the last figure to be re-

tained is less than 5, the last figure retained should

not be changed. Example: 3.46325, if cut off to three

places, should be 3.463.

When the figure beyond the last figure to be re-

tained is more than 5, the last figure retained should

be increased by 1. Example: 8.37652, if cut off to

three places, should be 8.377.

When the figure beyond the last place to be re-

tained is exactly 5 with only zeros following, the

preceding number, if even, should be unchanged;

if odd, should be increased by 1. Example: 4.365

becomes 4.36 when cut off to two places. Also,

4.355 becomes 4.36 when cut off to two places.

13. Finish Marks.
These are used to indicate that certain surfaces of

metal parts are to be machined and that allowance

must therefore be provided for finish. Finish marks
need not be used for parts made by machining from
rolled stock, as the surfaces are necessarily ma-
chined. Neither are they necessary on drilled,

'Section A.6 (1963).

reamed, or counterbored holes or on similar ma-

chined features when the machining operation is

specified by note. Also, when limit dimensions are

given, the accuracy required is thereby stated, and

a finish mark on the surface is unnecessary.

The standard finish mark recommended by the

ANSI is a 60° V with its point touching the line repre-

senting the edge view of the surface to be machined.

The V is placed on the "air side" of the surface.

Figure 16 shows the normal size of the V and its

position for lines in various directions as given on

a drawing.

Finish marks should be placed on all views in

which the surface to be machined appears as a line,

including dashed lines. If the part is to be machined

on all surfaces, the note "Finish all over," or "FAO,"

is used, and the marks on the views are omitted.

In addition to using the finish mark to indicate

a machined surface, it may be necessary in some
cases to indicate the degree of smoothness of the

surface. The ANSI gives a set of symbols to indicate

the degree of smoothness of a surface, the various

conditions of surface quality. These symbols are

explained and illustrated in Art. 79.

14. Scale of the Drawing.
Even though a workman is never expected to scale

a distance on a drawing to obtain a dimension value,

the scale to which the drawing is made should be

stated in the title block. Standard scales are listed

in Fig. 34, Chap. 2.

15. Revision of Dimensions.
As a project is being developed, changes in design,

in engineering methods, etc., may make it necessary

to change some drawings either before or after they

have been released to the shop. If the change is a

major one, the drawing may have to be remade. But

in many cases it is merely a question of altering

the dimension values and leaving the shape de-

scription unchanged. For changes in dimensions,

the out-of-scale dimensions should be indicated by

one of the methods in Fig. 17. Drawing changes

should be listed in tabular form, in connection with

the title block, or in the upper right corner, with
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z

\ / (Normal size)

Surface to be finished

<&
~7\

fig. 16. The ANSI finish mark. It indicates

removal of material to produce the desired

surface.

Make Not to scale

fig. 17. Out-of-scale dimensions.

reference letters and the date, as explained in

Sec. 19.

16. Abbreviations.
Many abbreviations are used on drawings to save

time and space. The common ones such as DIA,

THD, MAX, MIN. ID, and OD are universally under-

stood. Uncommon abbreviations such as PH BRZ
(Phosphor bronze) should be used cautiously be-

cause of the possibility of misinterpretation. Abbre-

viations should conform to the SAE Aerospace-

Automotive Drafting Standard.

17. Decimal Points.
These should be made distinctly, in a full letter

space, and should be aligned with the bottom edges

of digits and letters.

18. Dashes.
These are used in many standard expressions such

as l

/2—20 and should be made clearly, one letter

space in length, at the mid-height of letters or digits

and parallel to the direction of the expression.

SELECTION OF DISTANCES
19. Theory of Dimensioning.
Any object can be broken down into a combination

of basic geometric shapes, principally prisms and

cylinders. Occasionally, however, there will be parts

of pyramids and cones, now and then a double-

curved surface, and rarely, except for surfaces of

screw threads, a warped surface. Any of the basic

shapes may be positive or negative, in the sense

that a hole is a negative cylinder.

If the size of each of these elementary shapes is

dimensioned and the relative position of each is

given, measuring from center to center, from base

lines, or from surfaces, the dimensioning of any

piece can be done systematically. Dimensions can

thus be classified as dimensions of size and dimen-

sions of position.

20. Dimensions of Size.

Since every solid has three dimensions, each of the

geometric shapes making up the object must have

its height, width, and depth indicated in the dimen-

sioning.

The prism, often in plinth or flat form, is the most

common shape and requires three dimensions for

square, rectangular, or triangular (Fig. 18«). For

regular hexagonal or octagonal types, usually only

twodimensionsare given, eitherthedistance "across

corners" and the length or the distance "across

flats" and the length.

The a/Under, found on nearly all mechanical

pieces as a shaft, boss, or hole, is the second most

common shape. A cylinder obviously requires only

two dimensions, diameter and length (/>). Partial

cylinders, such as fillets and rounds, are dimen-

sioned by radius instead of diameter. A good general

rule is to dimension complete circles with the diam-

eter and circle arcs (partial circles) with the radius.

Right cones can be dimensioned by giving the

altitude and the diameter of the base. They usually

occur as frustums, however, and require the diame-

ters of the ends and the length (c). Sometimes it

is desirable to dimension cone frustums as tapers

or with an angular dimension, as described in

Art. 41.
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the angular dimension is more practical from the

standpoint of construction.

23. Correlation of Dimensions.
Mating parts must have their dimensions correlated

so that the two parts will fit and function as in-

tended. Figure 22 illustrates this principle. Note that

the tongue of the bracket is to fit the groove in the

body, and that the drilled holes in both pieces must

align. Study the dimensioning of both pieces and

observe that the dimensions of position (P) are cor-

related so that the intended alignment and fitting

of the parts will be accomplished.

Not only must dimensions be correlated with the

dimensions of the mating part, but the accuracy to

which these distances are produced must meet cer-

tain requirements, or the parts still may not fit and

function properly. Distances between the surfaces

or center lines of finished features of an object must

usually be more accurately made than distances

between unfinished features. In Fig. 23, note that

the position dimensions between center lines or

surfaces of finished features are given as three-place

decimals, as dimension A. Dimensions of position

for unfinished features are given as common frac-

tions, as dimension B. The decimal dimensions call

for greater precision in manufacture than do the

common fractions. Dimension B is in this case used

by the patternmaker to position cylinder C from the

right end of the piece. The machinist will first locate

the finished hole in this cylinder, making it concen-

tric with the cylinder; then all other machined sur-

faces will be positioned from this hole, as, for exam-

ple, the spline position by dimension A. The four

spot-faced holes are positioned with reference to

each other with fractional dimensions since the

holes are oversize for the fastenings used, allowing

enough shifting of the fastenings in the holes so that

great accuracy in location is not necessary. The
mating part, with its holes to receive the screws,

would be similarly dimensioned.

Study Fig. 23 and note the classification, size, and

position of each dimension.

24. Superfluous Dimensions.
Duplicate or unnecessary dimensions are to be

avoided because they may cause confusion and

delay. When a drawing is changed or revised, a

duplicate dimension may not be noticed and

changed along with its counterpart; hence a distance

-5 Drill, SSpotfbce, S Deep

fig. 22. Correlation of dimensions. Dimen-

sions must be given so that parts will assem-
ble properly.
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£ Drill,

Spotface jgD x jg <

\Si ®rlll x l§deep

\ 1 002 êam * *i deep

0. 375

fig. 23. An example of dimensioning. See
text for detailed explanation.

will have two different values, one incorrect. An
unnecessary dimension is any dimension, other

than a duplicate, that is not essential in making the

piece. Because of the allowable variation permitted

the manufacturer on each dimension (see Art. 54),

difficulties will be encountered if unnecessary di-

mensions occur when parts are to be inter-

changeable. Actually, if the proper dimensions have
been selected, it will be possible to establish a point

on the object in any given direction with only one
dimension. Unnecessary dimensions always occur

when all the individual dimensions are given, in

addition to the over-all dimension (Fig. 24). One
dimension of the series must be omitted if the

over-all dimension is used, thus allowing only one
possible positioning from each dimension (Fig. 25).

In architectural and structural work, where the

interchangeability of parts is usually irrelevant, un-

necessary dimensions cause no difficulty and all

dimensions are given.

—S Drill, 3 Holes

G) O O

fig. 24. One unnecessary dimension.

^5 Drill, 3 Ho

s

p
! I

&—$---$

fig. 25. Unnecessary dimension omitted.
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Although it is important not to "over-dimension"

a part, it is equally important to give all the dimen-

sions that are needed to locate every point, line, or

surface of the object. Every dimension that the

workman will require in making the part must be

given.

Dimensions for similar features, such as the

thickness of several ribs obviously of the same size,

need not be repeated (Fig. 26). Also, such details

as the size of fillets and rounds can be provided

for with a general note. Any superfluous or omitted

dimensions can be easily discovered by mentally

going through the manufacture, or even the drawing,

of the part, checking each dimension as it is needed.

25. Reference Dimensions.
Occasionally it is useful, for reference and checking

purposes, to give all dimensions in a series as well

as the over-all dimension. In such cases one dimen-

sion is marked with the abbreviation "REF" as

shown in Fig. 26. According to the American Stand-

ard definition, a referencedimension is "a dimension

without tolerance, used for informational purposes

only, and does not govern machining or inspection

operations."

26. Dimensions from Datum.
Datum points, lines, and edges of surfaces of a part

are features that are assumed to be exact for pur-

poses of computation or reference, and from which

the position of other features is established. In Fig.

27a the left side and bottom surfaces of the part

are the datum surfaces, and at (/;) the center lines

of the central hole in the part are datum lines. Where
positions are specified by dimensions from a datum,

different features are always positioned from this

datum and not with respect to one another.

27. Selection of a Datum.
A feature selected to serve as a datum must be

clearly identified and readily recognizable. Note in

Fig. 27 that the datum lines and edges are obvious.

On an actual part, the datum features must be

accessible during manufacture so that there will be

no difficulty in making measurements. In addition,

corresponding features on mating parts must be

ALL FILLETS f^R

fig. 26. One reference dimension.
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shape, or position of a feature. It is used as a refer-

ence from which permissible variations are estab-

lished.

29. Maximum and Minimum Sizes.

In some cases a maximum or a minimum size rep-

resents a limit beyond which any variation in size

cannot be permitted, but in the opposite direction

there is no difficulty. To illustrate, Fig. 28« shows

a shaft and hub assembly. If the change in diameter

of the shaft (rounded) is too large or the hub edge

(chamfer) too small, the hub will not seat against

the shaft shoulder; but if the shaft radius is some-

what smaller or the hub edge somewhat larger, no

difficulty exists. Therefore, in the dimensioning of

both, at (/;) and (c), MAX and MIN are applied to

the dimensions. This method is often used in con-

nection with depths of holes, lengths of threads,

chamfers, and radii.

PLACEMENT OF DIMENSIONS

30. Placement of Dimensions.
After the distances have been selected, it is possible

to decide (1) the view on which the distance will be

indicated, (2) the particular place on that view, and

(3) the form of the dimension itself. Numerous prin-

ciples, some with the force of a rule, can be given,

but in all cases the important consideration is clarity.

31. Views.
Tlw Contour Principle. One of the views of an object

will usually describe the shape of some detailed

feature better than will the other view or views, and

the feature is then said to be "characteristic" in that

particular view. In reading a drawing, it is natural

to look for the dimensions of a given feature

wherever that feature appears most characteristic,

and an advantage in clarity and in ease of reading

will certainly result if the dimension is placed there.

In Fig. 29 the rounded corner, the drilled hole, and

the lower notched corner are all characteristic in,

and dimensioned on, the front view. The projecting

shape on the front of the object is more charac-

teristic in the top view and is dimensioned there.

to

CHFR +

MIN x45-

(h)

to

fig. 28. Maximum and minimum sizes.

Mating edges at (a) are dimensioned as at

(/?) and (c) so that there will be no assembly
interference.
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FIG. 30. Dimensions for cylinders, (a) shows
usual practice for cylindrical parts; (/>), (c),

and (rf), for holes.

(<)

0.812 DRILL
.78 DEEP

(./)

30<;). This practice keeps the dimensions on one

view, a convenience for the workman. Occasionally

a cylindrical hole is dimensioned with the diameter

at an angle on the circular view, as indicated at (/>).

This practice should never be used unless there is

a clear space for the dimension value. In some

cases, however, the value can be carried outside the

view, as at (c). When a round hole is specified by

a note, as at ((/), the leader should point to the

circular view if possible. The note has an advantage

in that the diameter, operation, and depth can all

be given together. Giving the diameter on the circu-

lar view as at (/>), (c), and (</) may make for ease

of reading, as the dimensions of position will proba-

bly be given there also, as indicated at (</). When
it is not obvious from the drawing, a dimension may
be indicated as a diameter by following the value

with the letter D, as shown in Fig. 31.

Principles for the Placement of Dimensions:

1. Dimensions outside the view are preferred,

unless added clearness, simplicity, and ease of

reading will result from placing some of them inside.

For good appearance, dimensions should be kept

off the cut surfaces of sections. When it is not possi-

ble to do this, the section lining is omitted around

the numbers, as shown in Fig. 31 (see Art. 35).

2. Dimensions between the views are preferred

unless there is some reason for placing them else-

where, as in Fig. 29 where the dimensions for the

lower notched corner and the position of the hole

must come at the bottom of the front view.

3. Dimensions should be applied to one view only;

that is, with dimensions between views, the exten-

sion lines should be drawn from one view, not from

both views (Fig. 32).

4. Dimensions should be placed on the view that

shows the distance in its true length (Fig. 33).

5. Dimension lines should be spaced, in general,

V
2

in. away from the outlines of the view. This applies

to a single dimension or to the first dimension of

several in a series.

6. Parallel dimension lines should be spaced uni-

formly with at least % in. between lines.

7. Values should be midway between the arrow-

heads, except when a center line interferes (Fig. 34)

or when the values of several parallel dimensions

are staggered (Fig. 35).

8. Continuous or staggered dimension lines may

be used, depending upon convenience and read-

ability. Continuous dimension lines are preferred

where possible (Figs. 36 and 37).

9. Always place a longer dimension line outside

a shorter one to avoid crossing dimension lines with

the extension lines of other dimensions. Thus an

over-all dimension (maximum size of piece in a given

direction) will be outside all other dimensions.

10. Dimensions should never be crowded. If the

space is small, follow one of the methods given in

Art. 32.

11. Center lines are used to indicate the sym-
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extension line as a dimension line.

2. Never place a dimension line on a center line

or place a dimension line where a center line should

properly be.

3. Never allow a line of any kind to pass through

a dimension figure.

4. Never allow the crossing of two dimension lines

or an extension line and a dimension line.

5. Avoid dimensioning to dashed lines if possible.

32. Dimensioning in Limited Space.
Dimensions should never be crowded into a space

too small to contain them. One of the methods in

Fig. 38 can be used where space is limited. Some-

times a note is appropriate. If the space is small

and crowded, an enlarged removed section or part

view can be used (Fig. 39).

33. Order of Dimensioning.
A systematic order of working is a great help in

placing dimensions. Figure 40 illustrates the proce-

dure. First complete the shape description (a). Then

place the extension lines and extend the center lines

where necessary (b), thus planning for the location

of both size and position dimensions; study the

placement of each dimension and make alterations

if desirable or necessary. Add the dimension lines

(c). Draw arrowheads and leaders for notes (d).

Then add values and letter notes (e and f).

It is desirable to add the notes after the dimen-

sions have been placed. If the notes are placed first,

they may occupy a space needed for a dimension.

Because of the freedom allowed in the use of lead-

ers, notes may be given in almost any available

space.

-M- -Ih
Groove^ wide k§ deep -

Aligned Unidirectional

fig. 38. Dimensions in limited space.

w

fig. 39. Use of enlarged view to clarify di-

mensions.

34. Dimensioning of Auxiliary Views.
In placing dimensions on an auxiliary view, the same
principles of dimensioning apply as for any other

drawing, but special attention is paid to the contour

principle given in Art. 31. An auxiliary view is made
for the purpose of showing the normal view (size)

of some inclined or skew face, and for this reason

the dimensioning of the face should be placed where

it is easiest to read, which will he on the normal view.

Note in Fig. 41 that the spacing and size of holes

as well as the size of the inclined face are dimen-

sioned on the auxiliary view. Note further that the

angle and dimension of position tying the inclined

face to the rest of the object could not be placed

on the auxiliary view.

35. Dimensioning of Sectional Views.
Dimensions that must be placed on sectional views

are usually placed outside the view so as not to

be crowded within crosshatched areas. However,

sometimes a dimension must be placed across a

crosshatched area. When this is the case, the cross-

hatching is left out around the dimension figures,

as illustrated in Fig. 31. Examples showing dimen-

sioning practice on sectional views are given in

Probs. 36, 37, and 49 of the final chapter.
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(a) (M

1—.-L^-l

I

I

(c)

'.

(</) (r) (/)
rj'Drill, Spotface^D

'" x/gdeep

-T-L-r-'
n

h?i r*i

_L1

fig. 40. Order of dimensioning. See text for

details.

fig. 41. Dimensioning on an auxiliary (nor-

mal) view.
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36. Dimensioning a Half Section.
In general, the half section is difficult to dimension

clearly without some possibility of crowding and

giving misleading or ambiguous information. Gener-

ous use of notes and careful placement of dimen-

sion lines, leaders, and figures will in most cases

make the dimensioning clear; but if a half section

cannot be clearly dimensioned, an extra view or part

view should be added on which to describe the size.

Inside diameters should be followed by the letter

D and the dimension line carried over the center

line, as in Fig. 42, to prevent the possibility of read-

ing the dimension as a radius. Sometimes the view

and the dimensioning can both be clarified by show-

ing the dashed lines on the unsectioned side. Di-

mensions of internal parts, if placed inside the view,

will prevent confusion between extension lines and

the outline of external portions.

37. Dimensioning of Pictorial Drawings.
Pictorial drawings are often more difficult to dimen-

sion than orthographic drawings because there is

one view instead of several, and the dimensioning

may become crowded unless the placement is care-

fully planned. In general, the principles of dimen-

sioning for orthographic drawings should be followed

whenever possible. The following rules should be

observed:

1. Dimension and extension lines should be

placed so as to lie in or perpendicular to the face

on which the dimension applies. See Probs. 4 and

5, Chap. 24.

2. Dimension numerals should be placed so as

to lie in the plane in which the dimension and exten-

sion lines lie. See Probs. 8 and 14, final chapter.

3. Leaders for notes and the lettered note should

be placed so as to lie in a plane parallel or perpen-

dicular to the face on which the note applies. See
Probs. 18 and 59 in Chap. 24.

4. Finish may be indicated by the standard finish

symbol (V). The symbol is applied perpendicular to

the face with its point touching a short line lying

in the surface. The symbol and line should be paral-

lel to one of the principal axes. If the symbol cannot

be applied in the above manner, the finish symbol

may be attached to a leader pointing to the face.

See Probs. 5 and 18 in Chap. 24.

5. Lettering of dimension values and of notes

Vjj? Drill, Ream for
s6 Taper Pin

V

fig. 42. Dimensioning a half section.
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should be made so that the lettering appears to lie

in or parallel to one ot the principal faces of the

pictorial drawing. To do this, the lettering must be

the pictorial representation of vertical figures. Note the

placement and lettering of the dimension values and

the notes in Probs. 54 and 56, Chap. 24.

The American Standard permits lettering of picto

rial drawings according to the unidirectional system

with either vertical or slant lettering. This is princi

pally to make possible the use of mechanical letter

ing devices. If the unidirectional system is employed

1. Dimension values are lettered to read from the

bottom of the sheet.

2. Notes are lettered so that they lie in the picture

plane, to read from the bottom of the sheet. Notes

should be kept off the view, if possible.

DIMENSIONING STANDARD
FEATURES

38. Notes.
These are word statements giving information that

cannot be given by the views and dimensions. They

almost always specify some standard shape, opera-

tion, or material, and are classified as general or

specific. A general note applies to the entire part,

and a specific note applies to an individual feature.

Occasionally a note will save making an additional

view or even an entire drawing, for example, by

indicating right- and left-hand parts.

Do not be afraid to put notes on drawings. Sup-

plement the graphic language with the English lan-

guage whenever added information can be conveyed

by so doing, but be careful to word the note so

clearly that the meaning cannot possibly be misun-

derstood.

General notes do not require the use of a leader

and should be grouped together above the title

block. Examples are "Finish all over," "Fillets %R,
rounds 1

/S R, unless otherwise specified," "All draft

angles 7°," "Remove burs."

Much of the information provided in the title strip

of a machine drawing is a grouping of general notes.

Stock size, material, heat-treatment, etc., are gen-

eral notes in the title of the drawing of Fig. 106.

Specific notes almost always require a leader and

should therefore be placed fairly close to the feature

to which they apply. Most common are notes giving

an operation with a size, as "% Drill, 4 holes."

Recommended wordings for notes occurring more

or less frequently are given in Fig. 43.

When lower-case lettering is used, capitalization

of words in notes depends largely on company pol-

icy. One common practice is to capitalize all impor-

tant words. However, for long notes, as on civil

engineering or architectural drawings, the gram-

matical rules for capitalization usually prevail.

39. Angles.
The dimension line for an angle is a circle arc with

its center at the intersection of the sides of the angle

(Fig. 44). The value is placed to read horizontally,

with the exception that in the aligned system large

arcs have the value aligned with the dimension arc.

Angular values should be written in the form 35°7'

with no dash between the degrees and the minutes.

40. Chamfers.
Chamfers may be dimensioned by note, as in Fig.

45«, if the angle is 45° . The linear size is understood

to be a short side of the chamfer triangle; the di-

mensioning without a note shown at (h) is in con-

formity with this. If the chamfer angle is other than

45°, it is dimensioned as at (c).

41. Tapers.
The term "taper" as used in machine work usually

means the surface of a cone frustum. The dimen-

sioning will depend on the method of manufacture

and the accuracy required. If a standardized taper

(see Appendix) is used, the specification should be

accompanied by one diameter and the length as

shown at (a) in Fig. 46. The general method of giving

the diameters of both ends and the taper per foot

is illustrated at (/>). An alternate method is to give

one diameter, the length, and the taper per foot.

Taper per foot is defined as the difference in diame-

ter in inches for 1 ft of length. The method of di-

mensioning for precision work, where a close fit

between the parts as well as a control of entry dis-



362 DIMENSIONS, NOTES, LIMITS. AND PRECISION 10

Carburize. Harden
£ Orii

I6NC-2. 4 deep

Spot for Set- (7)
screw Pc No , ^
Locate from Pc No. J

I—-—=cj

-GENERAL NOTES-
10. All draft angles 7

' un-

less otherwise noted.
1 1

.

Fillets j R. Rounds g R.

unless otherwise noted.

12. Unspecified radii .12
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22. Tumble after remov-
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fig. 44. Dimensions for angles.

Chamfer ~ x 45 °—

U>

00

(c)

fig. 45. Dimensioning of chamfers.

tance is required, is shown at (r). Because of the

inaccuracy resulting from measuring at one of the

ends, a gage line is established where the diameter

is to be measured. The entry distance is controlled

through the allowable variation in the location of the

gage line, and the fit of the taper is controlled by

the accuracy called for in the specification of the

angle.

Am. Std. Taper No. 200y

M

00

~r~

Taper l4 per

-10s-

(c)

fig. 46. Dimensioning of tapers.

fig. 47. Dimensioning of batters and slopes.

42. Batters, Slopes, and Grade.
Batter is a deviation from the vertical, such as is

found on the sides of retaining walls, piers, etc., and

slope is a deviation from the horizontal. Both are

expressed as a ratio with one factor equal to unity,

as illustrated in Fig. 47. Grade is identical with slope

but is expressed in percentage, the inclination in

feet per hundred feet. In structural work angular

measurements are shown by giving the ratio of run

to rise with the larger side 12 in.

43. Arcs.
Arcs should be dimensioned by giving the radius on

the view that shows the true shape of the curve. The
dimension line for a radius should always be drawn

as a radial line at an angle (Fig. 48), never horizontal

or vertical; and only one arrowhead is used. There

is no arrowhead at the arc center. The numerical
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$? ^>

Aligned

y i,

Unidirectional

fig. 48. Dimensioning of radii.

value should be followed by the letter R. Depending

upon the size of the radius and the available space

for the value, the dimension line and value are both

inside the arc, or the line is inside and the value

outside, or, for small arcs, both are outside, as

shown in the illustration.

When the center of an arc lies outside the limits

of the drawing, the center is moved closer along a

center line of the arc and the dimension line is

jogged to meet the new center (Fig. 49). The portion

of the dimension line adjacent to the arc is a radial

line of the true center.

A curved line made up of circle arcs is dimen-

sioned by radii with the centers located, as in Fig.

50.

44. Curves.
Curves for which great accuracy is not required are

dimensioned by offsets, as in Fig. 51. For greater

accuracy, dimensions from datum features, as in

Fig. 52, are recommended. Note in Fig. 52 that any

pair of dimensions (indicated at x) could be given

to greater accuracy than the others, in order to

fig. 49. Dimensioning of radii having inac-

cessible centers. Note that the positioning

dimension is marked out of scale.

fig. 50. Dimensioning a curve made up of

radii. The position of centers must be given.

fig. 51. A curve dimensioned by offsets.
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45. Shapes with Rounded Ends.
These should be dimensioned according to their

method of manufacture. Figure 53 shows several

similar contours and the typical dimensioning for

each. The link (a), to be cut from thin material, has

the radius of the ends and the center distance given

as it would be laid out. At (/;) is shown a cast pad

dimensioned as at (a), with the dimensions most

usable for the patternmaker. The drawing at (<)

shows a slot machined from solid stock with an

end-milling cutter. The dimensions give the diameter

of the cutter and the travel of the milling-machine

table. The slot at (d) is similar to that at (c) but it

is dimensioned for quantity production, where, in-

stead of the table travel, the over-all length is wanted

for gaging purposes. Pratt and Whitney keys and

key seats are dimensioned by the method shown

at id).

46. Dimensions and Specifications
for Holes.
Drilled, reamed, bored, punched, or cored holes are

usually specified by note giving the diameter, opera-

tion, and depth if required. If there is more than

one hole of the same kind, the leader needs to point

to but one hole, and the number of holes is stated

in the note (Fig. 54). Several operations involving

one hole may be grouped in a common note. Figures

54 to 57 show typical dimensioning practice for

drilled and reamed, counterbored, countersunk, and

spot-faced holes.

The ANSI specifies that standard drill sizes be

given as decimal fractions, such as 0.250, 0.375,

0.750, and 1.500. If the size is given as a common
fraction, the decimal equivalent should be added.

The leader to a hole should point to the circular

view if possible. The pointing direction is toward the

center (Fig. 9/?). With concentric circles, the arrow-

head should touch the inner circle (usually the first

operation) unless an outer circle would pass through

the arrowhead. In such a case, the arrow should be

drawn to touch the outer circle.

Holes made up of several diameters and involving

several stages of manufacture may be dimensioned
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£{.484) Drill

.500 Ream
2 Holes

(5~=$

fig. 54. Dimensioning of drilled and reamed
holes.

$ Drill.? Chore
Z Holes

.375 Drill. .75 Chore

.40 Deep. 2 Holes §-

fig. 55. Dimensioning of counterbored
holes.

fig. 56. Dimensioning of countersunk holes.

FIG. 57.
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fig. 59. Dimensions of position for holes.

o

(a)

(fc)

o

fig. 60. Dimensions of position for holes.

important to have the positions of both holes estab-

lished from datum features (left and lower sides of

the part).

The coordinate method for the positioning of holes

(Fig. 61«) is preferred in precision work. The hole

circle is often drawn and its diameter given for

reference purposes, as in the figure. The diameter

of a hole circle is invariably given on the circular

view. The datum lines in this case are the center

lines of the part.

Hole circles are circular center lines, often called

"bolt circles," on which the centers of a number

of holes are located.

One practice is to give the diameter of the hole

circle and a note specifying the size of the holes,

the number required, and the spacing, as in Fig.

61b. If one or more holes are not in the regular

equally spaced position, their location may be given

by an offset dimension, as shown at (r).

Figure 62 shows holes located by polar coordi-

nates. This method should be used only when mod-

ern, accurate shop equipment is available for lo-

cating holes by angle.

48. Cylindrical Surfaces.
Cylindrical surfaces on a drawing having an end view

may be dimensioned as in Fig. 63a; if there is no

end view, "DIA" should be placed after each value

as in Fig. 63/>.

49. Spherical Surfaces.
Spherical surfaces should be dimensioned as in Fig.

64, that is, by placing the abbreviation "SPHER"
after the dimension value.

V 375 Drill, 6 holes

g Drill. 6 holes
equally spaced -

.375 Drill. 8 holes.

7 holes on basis of
8 equally spaced holes.

I hole offset as shown.

fig. 61. Positioning of holes on "hole cir-

cles." (a) From datum lines; (b) equally

spaced; (c) one hole offset.
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fig. 62. Holes positioned by angle from
datum line.

50. Curved Surfaces.
A position on a curved part may be misconstrued

unless there is a specification showing the surface

of the part to which the dimension applies, as in

Fig. 65.

fig. 64. Dimensioning a spherical surface.

fig. 65. Dimensioning
curved surface.

a position on a

51. Threads, Fasteners, Keyways,
and Keyseats.
The dimensioning of these will be given in a later

section.

52. The Metric System.
A knowledge of the metric system is advantageous,

as it is used on all drawings from countries where

this system is standard and with increasing fre-

quency on drawings made in the United States. The
first instance of international standardization of a

mechanical device is that of ball bearings, which

have been standardized in the metric system.

Scale drawings in the metric system are not made
to English or American scales, but are based on

divisions of 10 as full size and then 1 to 2, 1 to

2V2 , 1 to 5, 1 to 10, 1 to 20, 1 to 50, and 1 to 100.

The unit of measurement is the millimeter (mm),

and the figures are all understood to be millimeters,

without any indicating marks. Figure 66 is an exam-

ple of metric dimensioning. A table of metric equiv-

alents is given in the Appendix.
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fig. 66. A metric drawing. Dimensions are

in millimeters.

53. Standard Sizes, Parts, and Tools.

In dimensioning any machine part, it is often neces-

sary to specify some standard thickness or diameter

or the size produced by some standard tool. The

American Standard, prevailing company standard,

or manufacturer's standard should be consulted in

order to assure giving correct information.

Wire and sheet-metal gages are given by number

and are followed by the equivalent thickness or

diameter in decimal form.

Bolts and screws are supplied in fractional and

numbered sizes.

Keys are available in manufacturer's numbered
sizes or, for square and flat keys, in fractional sizes.

Rivets, depending upon the variety, are supplied

in fractional or numbered sizes.

Drills are available in numbered, lettered, frac-

tional, and metric sizes.

Reamers, nulling cutters, and other standard tools

are available in a variety of standard sizes.

The Appendix gives tables of standard wire and

metal gages, bolt and screw sizes, key sizes, etc.

ANSI or manufacturer's standards will give further

information required.
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PRECISION AND TOLERANCE

54. Precision and Tolerance.
In the manufacture of any machine or structure,

quality is a primary consideration. The manufac-

turing care put into the product determines its qual-

ity in relation to competitive products on the market

and, in part, its accompanying relative cost and

selling price.

Precision is the degree of accuracy necessary to

ensure the functioning of a part as intended. As an

example, a cast part usually has two types of sur-

faces: mating surfaces and nonmating surfaces. The

mating surfaces are machined to the proper

smoothness and to be at the correct distance from

each other. The nonmating surfaces, exposed to the

air and with no important relationship to other parts

or surfaces, are left in their original rough-cast form.

Thus mating surfaces ordinarily require much
greater manufacturing precision than nonmating

surfaces. The dimensions on a drawing must indi-

cate which surfaces are to be finished and the de-

gree of precision required in finishing. However,

because it is impossible to produce any distance to

an absolute size, some variation must be allowed

in manufacture.

Tolerance is the allowable variation for any given

size and provides a practical means of achieving the

precision required. The tolerance on any given di-

mension varies according to the degree of precision

necessary for the particular surface. For nonmating

surfaces, the tolerance may vary from 0.01 in. for

small parts to as much as 1 in. on very large parts.

For mating surfaces, tolerances as small as a few

millionths of an inch are sometimes necessary (for

extremely close-fitting surfaces), but usually sur-

faces are finished to an accuracy of 0.001 to 0.010,

depending upon the function of the part. Figure 67

shows variously toleranced dimensions on a ma-

chine drawing. Methods of expressing tolerances are

given in Art. 61.

In some cases, particularly in structural and

architectural work, tolerances are not stated on the

drawing but are given in a set of specifications or

are understood to be of an order standard for the

industry.
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-Neck for Grinding, g wide xg^ deep

-Neck q wide x^ deep
-a%-16N-3

-Neck for Grinding, £ wide x^ deep-

fig. 67. Toleranced dimensions. The title

strip gives tolerances on fractional, decimal,

and angular dimensions. All other tolerances

are specified directly as limits.

55. Fits of Mating Parts.
The working parts of any machine have some defi-

nite relationship to their mating parts in order to

achieve a particular function, such as free rotation,

free longitudinal movement, clamping action, per-

manent fixed position, etc. To ensure the proper

relationship, the old practice was to mark the draw-

ings of both parts with the same fractional dimen-

sion and add a note such as "running fit" or "drive

fit," leaving the difference in size required (the

allowance) to the experience and judgment of the

machinist.

The tongue of Fig. 68 is to slide longitudinally in

the slot. Thus, if the slot is machined first and

measures 1.499 in. and the machinist, from his

experience, assumes an allowance of 0.004 in., he

will carefully machine the tongue to 1.495 in.; the

parts will fit and function as desired. In making up

a second machine, if the slot measured, say, 1.504

in. after machining, the tongue would be made
1.500 in. and an identical fit obtained; but the

tongue of the first machine would be much too loose

in the slot of the second machine, and the tongue

of the second would not enter the slot of the first.

The parts would, therefore, not be interchangeable.

Since it is not possible to work to absolute sizes,

it is necessary where interchangeable assembly is

required to give the dimensions of mating parts with

"limits," that is, the maximum and minimum sizes

within which the actual measurements must fall in

order for the part to be accepted. The dimensions

for each piece are given by three- or four-place deci-

mals, the engineering department taking all the

responsibility for the correctness of fit required.

Figure 69 shows the same tongue and slot as in

Fig. 68 but dimensioned for interchangeability of

parts. In this case, for satisfactory functioning, it

has been decided that the tongue must be at least
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fig. 68. Dimensioning a fit. According to

this practice the machinist fits one part to

the other.

1.500
r 1,502

fig. 69. Dimensioning a fit with limits. Tol-

erance on tongue, 0.002 in.; tolerance on
groove, 0.002 in.: allowance, 0.002 in.

496
,|

1,494

I.5O0

fig. 70. An example of limit dimensioning.

Tolerance on tongue, 0.002 in.; tolerance on
groove, 0.001 in.; allowance, 0.004 in.

0.002 in. smaller than the slot but not more than

0.006 in. smaller. This would provide an average fit

similar to that used in the previous example. The

maximum and minimum sizes acceptable for each

part are then figured.

The value 1.500 in. has been assigned as the size

of the minimum acceptable slot. This value minus

the minimum clearance, 0.002 in., gives a size for

the maximum tongue of 1.498. The maximum al-

lowable clearance, 0.006, minus the minimum al-

lowable clearance, 0.002, gives the amount, 0.004,

available as the total manufacturing tolerance for

both parts. This has been evenly divided and applied

as 0.002 to the slot and 0.002 to the tongue. Thus

the size of the maximum slot will be the size of the

minimum slot plus the slot tolerance, or 1.500 +
0.002 = 1.502. The size of the minimum tongue will

be the size of the maximum tongue minus the tongue

tolerance, or 1.498 - 0.002 = 1.496.

A study of Fig. 69 will show that, made in any

quantity, the two parts will allow interchangeable

assembly and that any pair will fit approximately as

any other pair, as planned. This system is essential

in modern quantity-production manufacture. Quan-

tity-production and unit-production methods are

discussed in Sec. 80.

56. Nomenclature.
The terms used in limit dimensioning are so inter-

connected that their meaning should be clearly un-

derstood before a detailed study of the method is

attempted.

The following are adapted from ANSI definitions;

Nominal Size. The nominal size is the designation

that is used for the purpose of general identification.

Dimension. A dimension is a geometric charac-

teristic such as diameter, length, angle, or center

distance.

Size. Size is a designation of magnitude. When
a value is assigned to a dimension, it is referred

to as the size of that dimension.

Allowance. An allowance is an intentional differ-

ence between the maximum material limits of

mating parts. (See definition of "Fit.") It is a mini-

mum clearance (positive allowance) or maximum
interference (negative allowance) between mating

parts.

Tolerance. A tolerance is the total permissible

variation of a size. The tolerance is the difference

between the limits of size.
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Basic Size. The basic size is that size from which

the limits of size are derived by the application of

allowances and tolerances.

Design Size. The design size is that size from

which the limits of size are derived by the application

of tolerances. When there is no allowance, the de-

sign size is the same as the basic size.

Actual Size. An actual size is a measured size.

Limits of Size. The limits of size are the applicable

maximum and minimum sizes.

Maximum Material Limit. A maximum material

limit is the maximum limit of size of an external

dimension or the minimum limit of size of an inter-

nal dimension.

Minimum Material Limit. A minimum material

limit is the minimum limit of size of an external

dimension or the maximum limit of size of an inter-

nal dimension.

Tolerance Limit. A tolerance limit is the variation,

positive or negative, by which a size is permitted

to depart from the design size.

Unilateral Tolerance. A unilateral tolerance is a

tolerance in which variation is permitted only in one

direction from the design size.

Bilateral Tolerance. A bilateral tolerance is a toler-

ance in which variation is permitted in both direc-

tions from the design size.

Unilateral Tolerance System. A design plan that

uses only unilateral tolerance is known as a Unilat-

eral Tolerance System.

Bilateral Tolerance System. A design plan that uses

only bilateral tolerances is known as a Bilateral

Tolerance System.

Fit. Fit is the general term used to signify the

range of tightness which may result from the appli-

cation of a specific combination of allowances and

tolerances in the design of mating parts.

Actual Fit. The actual fit between two mating

parts is the relation existing between them with

respect to the amount of clearance or interference

that is present when they are assembled.

Clearance Fit. A clearance fit is one having limits

of size so prescribed that a clearance always results

when mating parts are assembled.

Interference lit. An interference fit is one having

limits of size so prescribed that an interference

always results when mating parts are assembled.

Transition Fit. A transition fit is one having limits

of size so prescribed that either a clearance or an

interference may result when mating parts are as-

sembled.

Basic-hole System. A basic-hole system is a sys-

tem of fits in which the design size of the hole is

the basic size and the allowance is applied to the

shaft.

Basil shaft System. A basic-shaft system is a sys-

tem of fits in which the design size of the shaft is

the basic size and the allowance is applied to the

hole.

In illustration of some of these terms, a pair of

mating parts is dimensioned in Fig. 70. In this ex-

ample the nominal size is 1'
2

in. The basic size is

1.500. The allowance is 0.004. The tolerance on the

tongue is 0.002, and on the slot it is 0.001. The

limits are, for the tongue, 1.496 (maximum) and

1.494 (minimum) and, for the slot, 1.501 (maxi-

mum) and 1.500 (minimum).

57. General Fit Classes.
The fits established on machine parts are classified

as follows:

A clearance fit is the condition in which the internal

part is smaller than the external part, as illustrated

by the dimensioning in Fig. 71. In this case the

largest shaft is 1.495 in. and the smallest hole 1.500

in., leaving a clearance of 0.005 for the tightest

possible fit.

An interference fit is the opposite of a clearance

fit, having a definite interference of metal for all

possible conditions. The parts must be assembled

by pressure or by heat expansion of the external

member. Figure 72 is an illustration. The shaft is

0.001 in. larger than the hole for the loosest possible

fit. The allowance in this case is 0.003 in. inter-

ference.

A transition fit is the condition in which either a

clearance fit or an interference fit may be had.

Figure 73 illustrates a transition fit; the smallest

shaft in the largest hole results in 0.0003 in. clear-

ance and the largest shaft in the smallest hole re-

sults in 0.0007 in. interference.
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/. J-95
,4-93

1.50
*~~

1.502

FIG. 71. A clearance fit. The tightest fit is

0.005 in. clearance; the loosest, 0.009 in.

clearance.

2.O03 I

2002

.
2.000

, ]

2.001

fig. 72. An interference fit. The loosest fit

is 0.001 in. interference; the tightest, 0.003
in. interference.

fig. 73. A transition fit. The loosest fit is

0.0003 in. clearance; the tightest, 0.0007 in.

interference.

58. Selective Assembly.
Sometimes the fit desired may be so close and the

tolerances so small that the cost of producing inter-

changeable parts is prohibitive. In such cases toler-

ances as small as practical are established; then the

parts are gaged and graded as, say, small, medium.

and laroc. A small shaft in a small hole, medium
in medium, or large in large will produce approxi-

mately the same fit allowance. Transition and inter-

ference fits often require a selection of parts in

order to get the amount of clearance or interference

desired. Antifriction bearings are usually assembled

selectively.

59. Basic-hole and Basic-shaft Systems.
Production economy depends to some extent upon

which mating part is taken as a standard size. In

the bask-holc system, the minimum size of the hole

is taken as a base from which all variations are

made; the hole can often be made with a standard

tool.

Where a number of different fits of the same
nominal size are required on one shaft, as, for ex-

ample, when bearings are fitted to line shafting, the

basic-shaft system is employed, in which the maxi-

mum shaft size is taken as the basic size.

60. Unilateral and Bilateral Tolerances.
A unilateral tolerance is one in which the total allow-

able variation is in one direction, plus or minus (not

both) from the basic value. A bilateral tolerance is

one in which the tolerance is divided, with part plus

and the remainder minus from the basic value.

61. Methods of Expressing Tolerances.
Tolerances may be specific, given with the dimension

value; or general, given as a note in the title block.

The general tolerances apply to all dimensions not

carrying a specific tolerance. The general tolerance

should be allowed to apply whenever possible, using

specific tolerances only when necessary. If no toler-

ances are specified, the value usually assumed for

fractional dimensions is ±%4
in.; for angular di-

mensions ± 1

/2 °; and for decimal dimensions plus

or minus the nearest significant figure, as, for ex-

ample, ±0.01 in. for a two-place decimal and

±0.001 in. for a three-place decimal.

There are several methods of expressing toler-

ances. The method preferred in quantity-production

work, where gages are employed extensively, is to

write the two limits representing the maximum and

minimum acceptable sizes as in Fig. 74. An internal

dimension has the minimum size above the line, and

an external dimension has the maximum size above
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1.250
1.252
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Sand Castings. For unmachined surfaces, a toler-

ance of ±%2
is recommended for small castings and

a tolerance of ±V16
for medium-sized castings. On

larger castings the tolerance should be increased to

suit the size. Small- and medium-sized castings are

rarely below the nominal size since the pattern is

"rapped" for easy removal from the sand, and this

tends to increase the size.

Die Castings and Plastic Moulding. A tolerance of

±VM or less can easily be held with small and

medium-sized parts; for large parts, the tolerance

should be increased slightly. Hole-center distances

can be maintained within 0.005 to 0.010, depending

on the distance of separation. Certain alloys can be

die-cast to tolerances of 0.001 or less.

Forgings. The rough surfaces of drop forgings

weighing 1 lb or less can be held to ±y32 ; for weights

up to 10 lb, ±yi6 ;
for weights up to 60 lb, ±%.

Because of die wear, drop forgings tend to increase

in size as production from the die increases.

Drilling. For drills from no. 60 to no. 30, allow a

tolerance of +0.002 - 0.000; from no. 29 to no. 1,

+ 0.0004 - 0.000; from \ to l

/2 in., +0.005 -
0.000; from % to % in., +0.008 - 0.000; from 3

4

to 1 in., +0.010 - 0.000; from 1 to 2 in., a toler-

ance of +0.015 - 0.000.

Reaming. In general, a tolerance of +0.0005 —
0.0000 can be held with diameters up to '

2
in. For

diameters from % to 1 in., +0.001 - 0.000; from

1 in. and larger, +0.0015 - 0.0000.

Lathe Turning: Rough Work. For diameters of %
to y2 in., allow a total tolerance of 0.005; for diame-

ters of y2 to 1 in., 0.007; for diameters of 1 to 2

in., 0.010; for diameters of 2 in. and larger, 0.015.

Finish Turning. For diameters of V4 to x

/2 in., allow

a total tolerance of 0.002; for diameters of \ 2
to

1 in., 0.003; for diameters of 1 to 2 in., 0.005;

for diameters of 2 in. and larger, 0.007.

Milling. When single surfaces are to be milled,

tolerances of 0.002 to 0.003 can be maintained.

When two or more surfaces are to be milled, the

most important can be toleranced to 0.002 and the

remainder to 0.005. In general, 0.005 is a good value

to use with most milling work.

Planing and Shaping. These operations are not

commonly used with small parts in quantity-

production work. For larger parts, tolerances of

0.005 to 0.010 can be maintained.

Broaching. Diameters up to 1 in. can be held

within 0.001; diameters of 1 to 2 in., 0.002; diame-

ters of 2 to 4 in., 0.003. Surfaces up to 1 in. apart

can be held within 0.002; 1 to 4 in. apart, 0.003;

4 in. apart and over, 0.004.

Threads. Tolerances for ANSI threads are provided

on the pitch diameter through the thread class given

with the specification. For a given class, the toler-

ances increase as the size of the thread increases.

Grinding. For both cylindrical and surface grind-

ing, a tolerance of 0.0005 can be maintained.

65. Selection of Tolerances.
A common method of determining and applying

tolerances is to determine at the outset how much
clearance or interference there can be between the

mating parts without impeding their proper function-

ing. The difference between the tightest and loosest

conditions will be the sum of the tolerances of both

parts. To obtain tolerances for the individual parts,

take half of this value; or if it seems desirable be-

cause of easier machining on one part, use slightly

less tolerance for that part, with a proportionately

larger tolerance for the part more difficult to ma-

chine. The following example will illustrate the pro-

cedure:

Assume that a running fit is to be arranged be-

tween a 2-in. shaft and bearing. It has been deter-

mined that in order to provide clearance for a film

of oil, the parts cannot fit closer than 0.002 in., and

in order to prevent excessive looseness and radial

movement of the shaft, the parts cannot be looser

than 0.007 in. Then we have the following calcula-

tions:

Loosest fit

Tightest fit

Difference

= 0.007 (maximum
clearance)

= 0.002 (minimum
clearance

—

allowance)

= 0.005 (sum of

tolerances)
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y2 of difference = 0.0025 (possible value

for each

tolerance)

Assuming that the shaft will be ground and the

bearing reamed, 0.002 can be used for the shaft

tolerance and 0.003 for the bearing tolerance since

these values conform better to the precision attain-

able by these methods of production.

Figure 76 illustrates the completed dimensions.

Note that the minimum hole is taken as the basic

size of 2.000 and the tolerance of 0.003 applied.

Then the largest shaft size will be the basic size

minus the value for the tightest fit (the allowance);

the shaft tolerance then subtracted from the maxi-

mum shaft size gives the minimum shaft size. From

the figure, the 2.003 bearing minus the 1.996 shaft

gives 0.007, the loosest fit; the 2.000 bearing minus

the 1.998 shaft gives 0.002, the tightest fit.

66. ANSI Preferred Limits and Fits for

Cylindrical Parts.

This standard conforms with the recommendations

of American-British-Canadian conferences. Agree-

ment has been reached for diameters up to 20 in.,

and larger diameters are under study.

67. Designation of ANSI Fits.

The standard ANSI fits are designated by symbols

that facilitate reference for educational purposes.

These symbols are not to be shown on manufac-
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RC 5 and RC 6, medium running fits are for higher

running speeds, heavy journal pressures, or both.

RC 7, free running fits are for use where accuracy

is not essential, where large temperature variations

are likely, or under both these conditions.

RC 8 and RC 9, loose running fits are for materials

such as cold-rolled shafting and tubing, made to

commercial tolerances.

Locational Fits (Tables 2, 3. and 4). These fits

determine only the location of mating parts and

may provide rigid or accurate location— as in inter-

ference fits—or some freedom of location— as in

clearance fits. They fall into three groups:

LC, locational clearance fits are for normally sta-

tionary parts that can be freely assembled or dis-

assembled. They run from snug fits for parts re-

quiring accuracy of location, through the medium
clearance fits for parts such as spigots, to the looser

fastener fits where freedom of assembly is of prime

importance.

LT, transition locational fits fall between clearance

and interference fits for application where accuracy

of location is important, but a small amount of clear-

ance or interference is permissible.

LN, locational interference fits are used where ac-

curacy of location is of prime importance, and for

parts needing rigidity and alignment with no special

requirements for bore pressure. Such fits are not

for parts that transmit frictional loads from one part

to another by virtue of the tightness of fit; these

conditions are met by force fits.

Force Fits [Table 5). A force fit is a special type

of interference fit, normally characterized by main-

tenance of constant bore pressures throughout the

range of sizes. Thus the interference varies almost

directly with diameter, and to maintain the resulting

pressures within reasonable limits, the difference

between its minimum and maximum value is small.

FN 1, light drive fits require light assembly pres-

sures and produce more or less permanent assem-

blies. They are suitable for thin sections, long fits,

or cast-iron external members.

FN 2, medium drive fits are for ordinary steel parts

or for shrink fits on light sections. They are about

the tightest fits that can be used with high-grade

cast-iron external members.

FN 3, heavy drive fits are suitable for heavier steel

parts or for shrink fits in medium sections.

FN 4 and FN 5, force fits are for parts that can

be highly stressed, or for shrink fits where heavy

pressing forces are impractical.

69. Examples of Dimensioning
Standard ANSI Fits.

Assume that a 1 -in. shaft is to run with moderate

speed but with a fairly heavy journal pressure. The
fit class chosen is RC 6. From Table 1 (Appendix)

the limits given are:

Hole:

Shaft:

+ 1.2

-0
-1.6
-2.8

These values are thousandths of an inch. The basic

size is 1.0000. Therefore, for the hole, 1.0000 +
0.0012 gives 1.0012 as the maximum limit, and

1.0000 + 0.0000 gives 1.0000 for the minimum
limit. For the shaft, 1.0000 - 0.0016 gives 0.9984

for the maximum limit, and 1.0000 — 0.0028 gives

0.9972 for the minimum limit. The dimensioning is

shown in Fig. 77. To analyze the fit, the tightest

condition (largest shaft in smallest hole) is 1.0000 —
0.9984, or 0.0016, clearance. This is the allowance.

The loosest condition (smallest shaft in largest hole)

is 1.0012 - 0.9972, or 0.0040, clearance. The val-

0.9984
, |

0.9972

fig. 77. An ANSI clearance fit. This one is

class RC 6. Tolerance on shaft, 0.0012 in.;

tolerance on hole, 0.0012 in; allowance,

0.0016 in. clearance.
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ues of these two limits are given in the table under

"limits of clearance."

To illustrate further, suppose a 2-in. shaft and hub

are to be fastened permanently with a drive fit. The

hub is high-grade steel. Fit FN 4 has been chosen.

Table 5 gives:

Hole:

Shaft:

+ 1.2

-0
+ 4.2

+ 3.5

These values are in thousandths of an inch. The

basic size is 2.0000. Thus, for the hole 2.0000 +
0.0012 gives 2.0012 for the maximum limit, and

2.0000 - 0.0000 gives 2.0000 as the minimum
limit. For the shaft, 2.0000 + 0.0042 gives 2.0042

for the maximum limit, and 2.0000 + 0.0035 gives

2.0035 for the minimum limit. The limits of fit are

0.0023 minimum interference and 0.0042 maxi-

mum interference. The allowance is 0.0042. The

dimensioning of this fit is shown in Fig. 78.

Note in both the above cases that, in dimension-

ing, the maximum limit of the hole and the minimum
limit of the shaft are placed below the dimension

line. This is for convenience in reading the drawing

and to help prevent mistakes by the machinist.

The ANSI fits are based on standard hole practice.

Note in the tables (1 to 5) that the minimum hole

size is always the basic size.

70. Cumulative Tolerances.
Tolerances are said to be cumulative when a position

in a given direction is controlled by more than one

tolerance. In Fig. 79 the holes are positioned one
from another. Thus, the distance between two holes

separated by two, three, or four dimensions will vary

in position by the sum of the tolerances on all the

dimensions. This difficulty can be eliminated by

dimensioning from one position, which is used as

a datum for all dimensions, as shown in Fig. 80.

This system is commonly called base-line dimen-

sioning.

Figure 81 is a further example of the effect of

cumulative tolerances. The position of surface V with

respect to surface W is controlled by the additive

' 2.0000~~ 2.0012

fig. 78. An ANSI interference fit. This one is

class FN 4. Tolerance on shaft, 0.0007 in.;

tolerance on hole, 0.0012 in.: allowance,

0.0042 in. interference.

fig. 79. Successive dimensioning. Toler-

ances accumulate.

fig. 80. Dimensions from datum. Position

from datum is subject to only one tolerance,

but the center distance between two holes

positioned from datum is subject to variation

of two tolerances.

tolerances on dimensions A and B. If it is important,

functionally, to hold surface Y with respect to sur-

face X, the dimensioning used is good. If, however,

it is more important to hold surface Y with respect

to surface YV, the harmful effect of cumulative toler-

ances can be avoided by dimensioning as in Fig.

82. Cumulative tolerance, however, is always pres-

ent; in Fig. 82 the position of surface Ywith respect
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ated about common axes in manufacture, will be

concentric to a degree of precision more than ade-

quate for functional requirements, and no statement

is required on the drawing concerning the allowable

variation. However, mating pairs of two (or more)

precise, close-fitting, machined cylindrical surfaces

must have the axes of adjoined cylinders closely

coinciding in order to permit assembly of the parts;

thus it is sometimes necessary to give the permis-

sible deviation from concentricity. Since the center

lines of adjoining cylinders coincide on a drawing,

the tolerance cannot be given as a dimension. One

method of indicating it is to mark the diameters with

reference letters and give the tolerance in note form

as in Fig. 85a. The reference letters can be dis-

pensed with if the note is applied directly to the

surfaces, as at (/;).

73. Tolerance for Angular Dimensions.
When it is necessary to give the limits of an angular

dimension, the tolerance is generally bilateral, as

32 ± y2 °. When the tolerance is given in minutes,

it is written ±0° 10'; and when it is given in seconds,

it is written ±0'30". Where the location of a hole

or other feature depends upon an angular dimen-

sion, the length along the leg of the angle governs

the angular tolerance permitted. A tolerance of ±1°

gives a variation of 0.035 in. for a length of 1 in.

and can be used as a basis for computing the toler-

ance in any given problem.

As an example, assume an allowable variation of

0.007 in.; then (0.007/0.035) x 1° = %° is the

angular tolerance at 1 in. If the length is assumed

as 2 in., the tolerance would be one-half the toler-

ance computed for 1 in., or y5
° x l

/2 = Vio°' or0°6'.

74. Coinciding Center Lines
and Dimensions.
In many cases the center lines for two different

features of a part will coincide. Often one center line

(6)

These surfaces

concentric within

0.OOO5 full

indicator reading

-$ Drill, 4 holes

' Neck

§ wide xs deep

Dimensions C, D and E concentric

within 0,0005 full indicator

reading.

fig. 85. Tolerance of concentricity, («)

Shown by general note; (b) shown by note

with leaders to surfaces.
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75. Positional Tolerances.
Figures 61 and 62 show holes positioned by rectan-

gular or polar coordinates. This method of position-

ing by tolerances on two dimensions produces a

square tolerance zone for the common case where

the positioning dimensions are at right angles to

each other. The engineering intent can often be

specified more accurately by giving information that

states the true position, with tolerances to indicate

how far actual position on the part can vary from

true position. True position denotes the basic or

theoretically exact position of a feature. This method

results in a circular tolerance zone when the toler-

ance applies in all directions from true position.

Features such as holes may be allowed to vary

in any direction from the specified true position.

Features such as slots may be allowed to vary from

the specified true position on either side of the

true-position plane. Thus there are two methods of

applying true-position tolerances. Both methods are

shown in Fig. 88.

fig. 88. True-position dimensioning (ANSI).

"37- 39DIA4HOLES
SPACED AS SHOWN AND
LOCATED WITHIN .02R

30° OF TRUE POSITION

AND LOCATED WITHIN
005 R OF TRUE
POSITION REGARDLESS
OF HOLE SIZE

FIG. 89. True-position dimensioning (ANSI).

When a feature is allowed to vary in any direction,

a note in one of the following forms should be used:

(a) 6 holes located at true position within 0.010

dia.

(/>) 6 holes located within 0.005R of true position.

When features are allowed to vary from a true-

position plane, a note in one of the following forms

should be used:

(a) 6 slots located at true position within 0.010

wide zone.

(b) 6 slots located within 0.005 either side of true

position.

When a feature is allowed to vary in any direction

from true position, the position of the feature is

given by untoleranced dimensions, as shown in Figs.

88 and 89. The fact that there is no allowable varia-

tion on the positioning dimensions should be indi-

cated either on the drawing, in the title block, or

in a separate specification, by a note— "Dimensions

locating true position are basic." If this is not done,

the word "basic" should be shown on each dimen-

sion subject to true-position tolerance.

76. Maximum Material Condition.
Since all features of a part have allowable variations

in size, for mating parts the least favorable assembly

condition exists when the mating parts are both at

their maximum material condition. This means that

a hole is at its minimum size and a shaft at its

maximum. In terms of the cylindrical surface of a

hole, it means that no point on the surface will be

inside a cylinder having a diameter equal to the

actual diameter of the hole, minus the true-position

tolerance (diameter or twice the radius of the toler-

ance circle), the axis of the cylinder being at true

position.

Where the maximum material condition applies,

it is stated by the addition of "maximum material

condition" to the true-position note, or by using the

abbreviation "MMC," as shown in Fig. 89. Also, MMC
may be stated in a general note or a specification.

In some cases it may be necessary to state a

positional tolerance without reference to MMC. This

is done by the reference "regardless of feature size"

(abbreviated RFS), as shown on Fig. 89, or by a

general note or specification.
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In most cases the datum for true position is obvi-

ous from the dimensioning itself, but where there

may be any doubt, the positional tolerance note

should read "XX holes located within .xxxR of true

position in relation to datum A." Of course, datum

A must be clearly marked on the drawing.

For a complete discussion of true-position toler-

ancing and related details, see ANSI Y14.5 (tenta-

tive) or any subsequent revisions thereof.

77. Zone Tolerances.
A zone tolerance may be specified where a uni-

form variation can be permitted along a contour,

as in Fig. 90. For complete coverage, see ANSI

Y14.5 or any subsequent revisions thereof.

78. Form Tolerances.
Tolerances of form state how far actual surfaces may
vary from the perfect geometry implied by the draw-

ing. The methods of indicating straightness, flat-

ness, and parallelism are shown in Fig. 91; square-

ness in Fig. 92; angularity, symmetry, concentricity,

and roundness in Fig. 93; and parallelism with a

surface and another hole in Fig. 94. For complete

details on form tolerances, see ANSI Y14.5 (tenta-

tive).

79. Surface Quality.
The proper functioning and wear life of a part fre-

quently depend upon the smoothness quality of its

surfaces. ANSI B46.1 defines the factors of surface

quality and describes the meaning and use of sym-

bols on drawings. Any surface, despite its apparent

smoothness, has minute peaks and valleys, the

height of which is termed "surface roughness" and

which may or may not be superimposed on a more
general "waviness." The most prominent direction

of tool marks and minute scratches is called "lay."

Roughness, produced principally by cutting edges
and tool feed, is expressed as the arithmetical aver-

age from the mean in microinches (Fig. 95).

Roughness width is rated in inches as the maxi-

mum permissible spacing between repetitive units

of the surface pattern (Fig. 95).

-2.166-

fig. 90. Zone tolerances (ANSI).

STRAIGHT WITHIN 003 TOTAL

4>
'ITHIN 003 TOTAL

rz.

fig. 91. Form tolerances. Straightness, flat-

ness, and parallelism (ANSI).

Roughness- aid tli cutoff' is the maximum width in

inches of surface irregularities to be included in the

measurement of roughness height (Fig. 95).

Waviness designates irregularities of greater spac-

ing than the roughness, resulting from factors such

as deflection and vibration (Fig. 95). The height is

rated in inches as peak-to-valley height. The width

is rated in inches as the spacing of adjacent waves.

Lay is the direction of the predominant surface
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n
s-

c

SQUARE WITH
A WITHIN
003 TOTAL

z

-SQUARE WITH
A WITHIN
.003 TOTAL

ca

-SQUARE WITH BORE A
WITHIN .003 TOTAL

ca

fig. 92. Form tolerances. Squareness

(ANSI).

I*

-ANGULAR TOLERANCE
003 TOTAL
DATUM A

- SYMMETRICAL

S^S^
fig. 93. Form tolerances. Angularity, sym-
metry, concentricity, and roundness (ANSI).

pattern, produced by tool marks or grains of the

surface ordinarily determined by the production

method used (Fig. 95).

Although other instruments are used, the common
method of measuring surface roughness employs

electrical amplification of the motion of a stylus over

the surface.

The symbol for indicating surface irregularities is

a "check mark" with the horizontal extension as

shown in Figs. 96 to 103. Symbols for lay and the

application of the symbols on a drawing are shown

in Fig. 104. The caption explains each case.

Values for roughness height, waviness height, and

roughness-width cutoff are shown in Table 1.

Figure 105 is a chart adapted from several

sources, giving the range of surface roughness for

various methods.

Table 1
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PRODUCTION METHODS

80. Production Methods and
Dimensioning Practice.

Production methods can be classified as (1) unit

production, when one or only a few devices or struc-

tures are to be built, and (2) quantity or mass pro-

duction, when a large number of practically identical

machines or devices are to be made with the parts

interchangeable from one machine to another.

Unit-production methods almost always apply to

large machines and structures, especially if they are

custom-made. The large size to some extent elimi-

nates the need for great accuracy. Each individual

part is produced to fit or is fitted to the adjacent

parts, frequently on the job, by experienced work-

men in accordance with common fractional dimen-

sions and directions given on the drawings. Since

interchangeability of parts is no object, tolerances

are not ordinarily used.

Similar methods are employed for unit production

of smaller machines and mechanical devices. The

drawings may have common fractional dimensions

exclusively, on the assumption that the parts will be

individually fitted in the shop. If this practice is

followed, the manufacturing group accepts the re-

625 DIA HOLE LOCATED-
AT TRUE POSITION
WITHIN .010 DIA AND
PARALLEL TO A
WITHIN 003 TOTAL

250 DIA LOCATED
AT TRUE POSITION
WITHIN .010 DIA IN
RELATION TO A AND
PARALLEL TO A
WITHIN .003 TOTAL

fig. 94. Form tolerances. Parallel to surface

and parallel to hole (ANSI).

WAVINESS HEIGHT

ROUGHNESS HEIGHT
(ARITHMETICAL AVERAGE)

SYMBOL
WAVINESS WIDTH

ROUGHNESS-WIDTH CUTOFF

LAY

ROUGHNESS WIDTH

ROUGHNESS WIDTH

'—ROUGHNESS HEIGHT

DIRECTION

ROUGHNESS -WIDTH CUTOFF

fig. 95. Surface roughness (ANSI).
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fig. 96. Symbol. The roughness height rat-

ing is placed at the left of the long leg.

fig. 97. Symbol. The specification of maxi-

mum and minimum roughness height indi-

cates the allowable range.

fig. 98. Symbol. The maximum waviness

height rating is placed above the horizontal

extension.

fig. 99. Symbol. The maximum waviness

width rating is placed to the right of the

waviness height rating.

fig. 100. Symbol. To specify the contact

area, when required, the percentage value is

placed above the extension line.

.002-2

fig. 101. Symbol. Lay designation is given

by the lay symbol placed to the right of the

long leg.

.002-2

FIG. 102. Symbol. The roughness width

cutoff rating is placed below the horizontal

extension.

.002-2

030

R .005

fig. 103. Symbol. When it is required, the

maximum roughness width rating is placed

at the right of the lay symbol.

sponsibility for the proper functioning of the ma-

chine, and in some cases even for designing some
of the parts. Skilled workmen are employed for this

work. Usually one machine is completed before an-

other is started, and the parts are not inter-

changeable.

Quantity-production methods are used whenever

a great many identical products are made. After a

part has been detailed, the operations-planning

group of the engineering department plans the shop

operations step by step. Then special tools are de-

signed by the tool-design group so that, in produc-

tion, semiskilled workmen can perform operations

that would otherwise require skilled workmen. These

tools, built by a highly skilled toolmaker, simplify and

greatly increased the rate of production.

One workman performs a single operation on a

part; then it is passed to a second workman, who
performs another operation; and so on until the part

has been completed. Specially designed tools and

equipment make it possible to produce economical

parts that have dimensional exactness consistent

with the requirements for interchangeability. The

assembly may also be made by semiskilled workers

using special assembly fixtures and tools.

With this system nothing can be left to the judg-

ment of the workman. In preparing drawings in-

tended for quantity production, the engineering de-
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partment must assume full responsibility for the

success of the machine by making the drawings so

exact and complete that, if followed to the letter,

the resulting parts cannot fail to be satisfactory. The

engineering department alone is in a position to

correlate corresponding dimensions of mating parts,

establish dimensional tolerances, and give complete

directions for the entire manufacturing job.

It is sometimes expedient for concerns doing unit

or small-production work to follow the methods of

the quantity-production system. The advantage they

gain is interchangeability of parts, which can be

produced without reference or fitting to mating

parts.

81. Principles for the Selection

of Dimensions.
Systematic selection of dimensions demands con-

sideration of the use or function of the part and the

manufacturing process to be used in producing it.

Multi- Circular Radial
directional

SYMBOLS FOR LAY

0.002

APPLICATION

fig. 104. Lay symbols and application of

surface-quality symbols on the drawing.

The functional principle recognizes that it is es-

sential to dimension between points or surfaces

associated through their functional relationship with

points or surfaces of mating parts. This is accom-

plished by correlating the dimensions on a drawing

of one part with the mating dimensions on the

drawing of a mating part and arranging the toler-

ances of these dimensions to ensure inter-

changeability and proper functioning.

The process principle, or "workman's rule." as it

is sometimes called, recognizes that the work of

manufacture can be made easier by giving directly

the dimensions the shop will find most convenient

to "work to" in producing the part. Here a knowl-

edge of manufacturing processes and procedure is

necessary, as explained in Chap. 9.

In some cases there may be a conflict between

these two principles. Whenever there is, the func-

tional principle must take precedence, as any at-

tempt to satisfy both principles would result in over-

dimensioning, as described in Sec. 24, causing

confusion for the workmen and possible malfunc-

tioning of the part. With few exceptions, however,

dimensions can be chosen to satisfy both principles.

82. Procedure for the Selection

of Dimensions.
A systematic procedure for selecting dimensions is

of course desirable. The following steps can serve

as a guide:

1. Carefully study the part along with its mating

part or parts. Pay particular attention to the mating

and controlling surfaces. Plan dimensions meeting

functional requirements before placing any dimen-

sions on the drawing so that you can correlate di-

mensions of mating parts.

2. Study the part to determine whether or not the

manufacturing processes can be simplified by an

alteration of any of the functional dimensions. Do

not make changes if the functioning of the part

would be impaired in any way.

3. Select the nonfunctional dimensions, being

guided by the process principle, so that the dimen-

sions will be readily usable by the workmen. Avoid

overdimensioning and duplication.
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ROUGHNESS VALUES IN MICROINCHES

CF a G 500 250 125 63 32 16 8 4

MACHINE FINISHES

CUTTING TORCH, CHIP & SAW
HAND GRIND

DISC GRIND OR FILE -

LATHE SHAPER. MILL -

BORE

DRILL

REAM

SURFACE GRIND —
CYLINDRICAL GRIND

HONE OR LAP
* POLISH OR BUFF-

SUPERFINISH —

NATURAL FINISHES

SAND CASTINGS

FORGINGS

PERMANENT MOLD CASTINGS

ROLLED SURFACES -

DIE CASTINGS

EXTRUSIONS

PROTECTIVE FINISHES

PHOSPHATE COATINGS —
OXIDE BLACK COATINGS -

PLATING

— SURFACE UPON WHICH APPLIED DOES NOT CHANGE
I I I I I I I

-ROUGHNESS INCREASES WITH THICKNESS OF PLATING

CF 8t G 500 250 125 63 32 16 8

* DEPENDENT ON PREVIOUS FINISH AND GRIT AND GRADE OF ABRASIVE

CF 8 G FINISHES OBTAINED BY COARSE MACHINING CHIPPING COARSE GRINDING OR FILING

fig. 105. Surface-roughness values.

In general, dimensions for mating surfaces are

governed by the functional and process principles,

and the dimensions for nonmating surfaces are

governed by the process principle only.

Occasionally the manufacturing process will not

be known at the time of dimensioning. This may
happen when there are optional methods of manu-
facture, all equally good, or when the details of the

manufacturing equipment of a contracting firm are

not known. When this is the case, the dimensions

should be selected and toleranced in a logical man-

ner so that the part, regardless of the method by

which it is produced, cannot fail to be satisfactory.

The size and location dimensions arrived at by the

shape-breakdown system described in Art. 22 apply

here to a great extent since these dimensions fulfill

most production requirements. Contracting firms

often redraw incoming part drawings, dimensioning

them for the most economical production with their

own shop equipment.

83. Methods of Part Production.
In following the process principle, the basic methods

of part production—casting, forging, etc.— as de-

scribed in Chap. 9, must be known. The manufac-

turing procedures followed with the particular type
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of part involved are then considered in selecting the

dimensions. The only workman to be considered in

dimensioning a part cut from solid stock is the

machinist. For parts produced by casting, the work-

men to be considered are the patternmaker (for sand

castings) or the diemaker (for die castings) and, for

finishing, the machinist. Forged parts subject to

quantity production are dimensioned for the die-

maker and machinist. For parts produced from sheet

stock, the template maker, the diemaker, and the

machinist must be considered; information for

making the template and for forming the blank is

obtained from a detail drawing showing the part as

is should be when completed. In every case one

drawing, appropriately dimensioned, must show the

finished part.

The sections that follow give examples of the

dimensioning of machine parts for quantity produc-

tion.

84. Dimensioning a Part Machined
from Stock.
Figure 106 is a detail drawing of the stud from the

rail-transport hanger in Prob. 51, final chapter.

Study the drawing to determine the function of

the stud. The stud is produced by machining on a

lathe. Cold-rolled steel stock, 1% in. in diameter, is

used. The stock diameter is the same as the large

end of the stud, thus eliminating one machining

operation.

Shape breakdown of the part results in a series

of cylinders each requiring two dimensions—diam-

eter and length. The important functional dimen-

sions have been marked (on Fig. 106) with the

.54 D. x .08 Wd.

Thd. relief—

.

1.25 (Stock)

Heat- treatment
/. Corbunze at 1650'to 1700"F.

2. Quench direct.

3. Draw at 275'
Protect threads during hardening.

'.K.K 1-3-47

I 7-47

- -1
1-&4T

RAIL TRANSPORT HANGER
COMPANY NAME

fig. 106. Dimensioning a part macnined
from stock.
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letters A, B, C, and D. Diameter A is given to

correlate with the bore of the bearings; a four-place

decimal limit provides for the desired fit. Dimen-

sion B is a three-place decimal limit to correlate

with a similar dimension for the hole in the hanger.

Dimension C is made 0.03 in. larger than the com-

bined width of the two bearings in order to allow

the inner races of the bearings to "creep." Dimen-

sion C, a two-place decimal, can vary ±0.030 in.,

but clearance for the bearings is assured under all

conditions. Dimension D is made approximately

0.05 in. less than the length of the hanger hub to

ensure that the nut will bear against the hanger

rather than on the shoulder of the stud.

Functional dimensions need not always be ex-

tremely accurate. Note that dimensions C and D,

with the relatively broad tolerance of two-place deci-

mals, will allow the part to function as intended.

The thread specification can be considered as a

functional dimension with the tolerance provided

through the thread class.

The remainder of the dimensions selected are

those that best suit shop requirements. Note that

the thread length and over-all dimension cannot

both be given, or the part would be overdimen-

sioned.

85. Dimensioning a Casting.
The dimensions required for sand castings can be

classified as those used by the patternmaker and

those used by the machinist. Since a cast part has

two distinct phases in its manufacture, we will dis-

cuss a particular case first with the drawings made
according to the multiple system explained in Chap.

9, one for the patternmaker (Fig. 107) and one for

the machinist (Fig. 108).

FIG. 107.

casting.
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For "Casting "see
Dwg. 87312.

d-~
ROCKER ARM

MODEL 47 DIESEL

r.v,' - ..-••.,

fig. 108. Dimensions for machining a cast-

ing.

The casting drawing gives the shape of the un-

machined casting and carries dimensions for the

patternmaker only. Shape breakdown will show that

each geometric shape has been dimensioned for size

and then positioned, thus providing dimensions

easily usable by the workman. Some of the dimen-

sions might be altered, depending upon how the

pattern is made; the most logical and easily usable

combination should be given. Note that the main

central shape is dimensioned as it would be laid out

on a board. Note also that several of the dimensions

have been selected to agree with required functional

dimensions of the machined part although the di-

mensions employed have been selected so as to be

directly usable by the patternmaker; they also

achieve the main objective, which is to state the sizes

that the unmachined casting must fulfill when pro-

duced.

The machining drawing shows only the dimen-

sions required by the machinist. These are almost

all functional dimensions and have been selected to

correlate with mating parts. It is important to note

that a starting point must be established in each

of the three principal directions for machining the

casting. In this case a starting point is provided by

(1) the coincidence of the center lines of the large

hole and cylinder (positioning in two directions) and

(2) dimension A to position the machined surface

on the back, from which is positioned the drilled

hole. Dimension A is a common fraction carrying

the broad tolerance of ±}/M 'n -> as there is no func-

tional reason for working to greater precision.

Figure 109 is a drawing of the same part used

in Figs. 107 and 108 but with the casting drawing

dispensed with and the patternmaker's dimensions

incorporated in the drawing of the finished part. In
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combining the two drawings, some dimensions have

been eliminated, as the inclusion of all the dimen-

sions of both drawings would result in over-

dimensioning; thus the patternmaker must make
use of certain machining dimensions in his work.

In working from the drawing in Fig. 109, the pat-

ternmaker provides for machining allowance, being

guided by the finish marks. In the drawing in Fig.

107 the engineering department provides for the

machining allowance by showing and dimensioning

the rough casting oversize where necessary for

machining, and no finish marks are used.

86. Dimensioning a Drop Forging.
Figure 110 is a drawing of a drop forging showing,

at the left, the unmachined forging and, at the right,

the machined forging. The drawing of the un-

machined forging carries the dimensions it must

fulfill when produced; these dimensions have been

selected so as to be most useful to the diemaker

for producing the forging dies. As the draft on drop

forgings is considerable, it is shown on the drawing

and dimensioned (usually) by a note. If the draft

varies for different portions of the part, the angles

may be given on the views. The dimensions parallel

to the horizontal surfaces of the die are usually given

so as to specify the size at the bottom of the die

cavity. Thus, in dimensioning, visualize the draft as

stripped off; then its apparent complication will no

longer be a difficulty.

The machining drawing shows the dimensions for

finishing. These are all functional, selected from the

standpoint of the required function of the part.

Study the illustration carefully.

87. Dimensioning a Sheet-metal Part.

Parts to be made of thin materials are usually drawn

showing the part in its finished form, as in Fig. 111.

±.005
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Draff angle 7°

Unspecified radii .10

FIG. 110. Dimensioning a drop forging.
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fig. 111. Dimensioning a sheet-metal part.
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The template maker first uses the drawing to lay

out a flat pattern of the part. If only a few parts

are to be made, this template will serve as a pattern

for cutting the blanks. Then the part will be formed

and completed by hand. If a large number of parts

are to be made, the diemaker will use the template

and drawing in making up the necessary dies for

blanking, punching, and forming. The work of both

template maker and diemaker is simplified by giving

the dimensions to the same side of the material

inside or outside, whichever is more important from

the functional standpoint, as shown in Fig. 111.

Dimensions to rounded edges (bends) are given to

the theoretical sharp edges, which are called mold

lines. The thickness of the material is given in the

"stock" block of the title strip. Note in the figure

that the holes are positioned in groups (because of

functional requirements) and that important func-

tional dimensions are three-place decimals.

88. Metric Dimensioning.
There are no significant differences (except for de-

tails) between the practices of (1) metric and

(2) inch dimensioning. The only important item to

specify is the units in which the dimensions are

given. Thus, a prominent note on the drawing must

state: All dimensions in [give unit] unless otherwise

specified. The units given may be millimeters, centi-

meters or meters.

The following, adapted from the ANSI standards

on dimensioning, (ANSI Y14. 5-1973), gives instruc-

tions for metric dimensioning and, specifically, dual

dimensioning (both inch and metric units).

DUAL DIMENSIONING 1

General
Dual dimensioning is a procedure where both U.S. cus-

tomary (inch) units and SI (metric) units of measurement
are shown on the same engineering drawing. This proce-

dure permits the use of certain ISO (International Orga-

nization for Standardization) recommendations related

'Caution: This form of dimensioning is applicable where inter-

changeable parts are to be manufactured in both US customary

(inch) and SI (metric) units of measurement. It is not recom-

mended as a practice for implementing the transition from inch

to metric units.

to drawing practices in conjunction with SI units. The

International System of Units (SI) is described in the NBS
(National Bureau of Standards) Special Publication 330

and in ISO/R1000.

Intel-changeability

Both U.S. customary and SI dimensions on a drawing

must achieve the required degree of interchangeability of

parts from a drawing. Interchangeability is determined at

the time of dimensional conversion by the number of

decimal places retained when rounding off a converted

dimension as well as to what degree the tolerance limits

of the conversion are allowed to violate the limits of the

original dimension. Suggested sources for conversion

principles and conversion tables are:

1. Rules for Conversion and Rounding—American

National Standard Z210.1-1973. Standard Metric Prac-

tice Guide.

2. Conversion of Toleranced Linear Dimensions

—

Society of Automotive Engineers J390, Dual Dimension-

ing Standard.

3. National Bureau of Standards Miscellaneous Publi-

cation 286, Units of Weights and Measure, International

(Metric) and U.S. Customary.

Examples herein demonstrate placement and presen-

tation practices only and do not exemplify conversion

practice.

Identification of Units
Each drawing must identify which units are U.S. custom-

ary and which are SI. Two methods are illustrated to

distinguish the U.S. customary unit from the SI unit,

either the position or the bracket (symbol) method.

Position method. Units may be displayed in either

of two ways:

(a) Show the millimetre dimension above the inch di-

mension, separated by a horizontal line, or to the left of

the inch dimension, separated by a virgule (slash line).

Examples:
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(b) Same as (a) except inch dimension above or to the

lett of the millimetre dimension.

MILLIMETRE
INCH

ILLIMETRE INCH

Bracket method. Units may be displayed in either of

two ways:

(a) Show the millimetre dimension enclosed in square

brackets (symbol [ ]). Location of the millimetre dimen-

sion is optional but shall be uniform on any drawing; that

is, above or below, or to the left or the right of the inch

dimension.

Examples:

[31.318 ±0.076]

— 1.233 ± .003—

"31.3941

.31.242J

1.236

1.230

1.233 .003-

[31.318 ± 0.076]

1.236

"1.230H
"31.3941

_31.242j

1.233 ± .003 [31.318 ± 0.076]-

H 236 [31.394

230 L31.242H
[31.318 ± 0.076] 1.233 .003-

U 31 39411.236

242 J 1.230'-\

(b) Same as (a), except enclose the inch dimension in

square brackets instead of the millimetre dimension.

Computer prepared drawings may require the use of

parentheses rather than brackets due to computer char-

acter limitations. In such cases, parentheses shall not be

used to identify reference dimensions.

Only one method, position (a) or (b) or bracket (a) or

(b), shall be used to identify the inch and millimetre

dimensions on a single drawing. Each drawing shall

illustrate or make note of how the inch and millimetre

dimensions can be identified. An illustration can apply to

the position or bracket method as:

CMIL

l"NCH

TRE];
[MILLIMETRE] INCH

Note form may be used for the bracket method, as:

DIMENSIONS IN [ ] ARE MILLIMETRES

or

DIMENSIONS IN
[ ] ARE INCHES

Other units. Units other than linear dimensions and

all units in notes or text on a arawing are shown in the

same manner as that for dimensions, except the appro-

priate measurement unit symbol is specified.

Example:

DENSITY [32 kg/m 3
] 2 LB/FT 3

Common units. The callout of some unit quantities

can satisfy both systems of measurement, that is, 0.006

inch per inch of taper and 0.006 millimetre per millimetre

have the same rate and can be expressed as a ratio,

.006:1. A note could read, TAPER .006:1.

Angles. Angles stated in degrees, minutes, and sec-

onds, or in degrees and decimals of a degree are com-

mon to the inch and metric systems of measurement.

Nominal designations. Designations such as nom-

inal thread sizes, pipe sizes, and wood cross-sectional

sizes, are not converted. In such cases, the origin of the

drawing controls which measurement system is the basis

of such designations.

Practices Applying to SI Values.
In general, SI numerical values appear on engineering

drawings in the manner prescribed by international

drawing practices. The following paragraphs point out

the manner in which zeros are used. Two other details are

shown that apply equally to both the inch and the SI

values.

Use of zeros. A zero precedes a decimal point in an SI

value of less than unity.

Example: 0.13
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Zeros do not follow a significant digit of an SI value to

the right of the decimal point. Where equal plus and

minus tolerancing is used, the millimetre dimension and

its tolerance may not have the same number of decimal

places. In addition, if a millimetre dimension is a whole

number, neither the decimal point nor a zero is shown.

Where unilateral tolerancing is used and either the plus

or minus tolerance is nil, a single zero is shown without a

plus or minus sign.

Example:

32
-0.02

32
+ 0.02

Where bilateral tolerancing is used, both the plus and

minus tolerance have the same number of decimal

places, using zeros where necessary.

Example:

32
+ 0.25

-0.10
not 32

+ 0.25

-0.1

Where limit dimensioning is used and either the maxi-

mum or minimum value has digits following a decimal

point, the other value has zeros added for uniformity.

Example:

25.45

25.00

25.45

25

Commas. Commas shall not be used to denote thou-

sands with either U.S. customary or SI values because it

is the practice in many countries to use the comma as a

decimal point sign. Another practice is to leave a space
where a comma would otherwise be used to denote thou-

sands. On engineering drawings, a space may be inter-

preted as a place where a decimal point was missing,

particularly when a reproduction of the drawing was
made. Therefore, spaces and commas are not permitted

in numerical expressions. See following example:

Example:

32541 not 32,541 nor 32 541

Application.

Some procedures related to the metric drawing practice

and individual company drawing practices could cause

difficulty in producing a dual dimensioned drawing. The

following paragraphs indicate a uniform procedure that

will eliminate a drafting problem or a language transla-

tion problem and will clarify some of the questions that

seem to be frequently asked.

Decimal point. A period is used for the decimal point

sign for both U.S. customary and SI units of measure-

ment. (The comma, which is used as the decimal point

sign in many metric or SI oriented countries, could have

been used with SI units without prejudice to the principles

established herein.)

Angle of projection. Many metric or SI oriented

countries use first angle projection while third angle

projection is normal U.S. practice. To avoid confusion,

dual dimensioned drawings shall specify the angle of

proiection. See American National Standard for Projec-

tions, Y14.3.

New drawings. Dual dimensioning of new drawings

is facilitated if all dimensions are shown in decimals

except where fractions normally designate nominal sizes.

Existing drawings with fractional dimen-
sions. Existing drawings with dimensions in fractions

may be dual dimensioned by adding the millimetre con-

version adjacent to the fractional inch dimension. Frac-

tions are considered the same magnitude as two place

decimal inch dimensions when determining the number

of places to retain in the millimetre conversion.

Examples:

[61.91 ±0.4] [61.91 ±0.4]

h^ 2 16 — '64^-H h 2 7

16 ± J

64 H

General tolerances. General tolerances expressed

as part of the drawing format or in a general note shall be

dual identified.
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The following problems are given as studies in dimen-

sioning in which the principles presented in this chapter

are to be applied. Attention should be given to the

methods of manufacture. Assume a function for the part

in order to fix the position of finished surfaces and limit

possibilities in the selection of dimensions.

Group 1. Dimensioned Drawings from Models.
Excellent practice in dimensioning is afforded by making

a detail drawing from a pattern, casting, or forging or

from a model made for the purpose. Old or obsolete

patterns can often be obtained from companies manu-
facturing a variety of small parts, and "throw-out" cast-

ings or forgings are occasionally available. In taking

measurements from a pattern, a shrink rule should be

used; allowance must be made for finished surfaces.

Group 2. Pieces to be Drawn and Dimensioned.
The problem illustrations are printed to scale, as indi-

cated in each problem. Transfer distances with dividers

or by scaling, and draw the objects to a convenient scale

on paper of the size to suit. For proper placement of

dimensions, more space should be provided between the

views than is shown in the illustrations.

Use the aligned or horizontal dimensioning system, as

desired. It is suggested that some problems be dimen-

sioned in the complete decimal system.

13. Stud shaft, shown half size. Machined from steel-bar

stock.

PROB. 12. Desurger case. (Courtesy of West-

inshouse Air Brake Co.)

o

prob. 13. Stud shaft.
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14. Shaft bracket, shown half size. Malleable iron. Hole

in base is drilled and counterbored for a socket-head cap

screw. Base slot and front surface of hub are finished.

Hole in hub is bored and reamed. The function of this

part is to support a shaft at a fixed distance from a

machine bed, as indicated by the small pictorial view.

15. Idler bracket, shown half size. Cast iron. Hole is

bored and reamed. Slot is milled.

15A. See Prob. 15. Draw and dimension the right-hand

part.

~^ L
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16. Filter flange, shown half size. Cast aluminum. The

small holes are drilled. Add spot faces.

17. Boom-pin rest. Steel drop forging. Shown half size;

draw half size or full size. Add top view if desired. Show
machining allowance with alternate position lines. All

draft angles 7"
. Holes are drilled, corner notches milled.

17A. Same as Prob. 17, but make two drawings; (a) the

unmachined forging dimensioned for the diemaker and

(fo) the machined forging dimensioned for the machinist.

Reference: Fig. 110.

prob. 16. Filter flange

prob. 17. Boom-pin rest.



400 DIMENSIONS, NOTES, LIMITS, AND PRECISION/10

18. Clutch lever. Aluminum drop forging. Shown half

size, draw full size or twice size. Add top view if desired.

Holes are drilled and reamed; ends of hub are finished;

left-end lug is straddle milled; slot in lower lug is milled.

Show machining allowance with alternate position lines,

and dimension as in Fig. 8, Chap. 9. Draft angles 7 .

ISA. Same as Prob. 18, but make two drawings: («) the

unmachined forging dimensioned for the diemaker and

(/;) the machined forging dimensioned for the machinist.

Reference: Fig. 110.

19. Radiator mounting clip, LH, no. 16 (0.0625) steel

sheet. Shown half size. Holes and slot are punched.

Reference: Fig. 111.

:
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20. Pulley bracket. Shown half size. Aluminum sheet,

24-ST, 0.032 in. thick.

21. Using the scale shown, draw and dimension the

check-valve body.

22. Using the scale shown, draw and dimension the

hydrostatic pressure housing. Draw to convenient scale

on paper of a size adequate for clear representation. Use

either the fractional or decimal system.

23. Using the scale shown, draw and dimension the

universal-joint housing. Use a scale and paper size ade-

quate for clear representation. Either the fractional, met-

ric, or decimal system may be used.

24. Using dividers on the scale shown, draw and di-

mension the universal joint. Note that the flexing-rod

portions are helical. Use fractional or decimal system.

prob. 20. Pulley bracket.

o

SC All - INCHES

prob. 21. Check-valve body.
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SCALE

prob. 24. Universal joint.

Group 3. Dimensioned Drawings from an Assembly or Design Drawing.
The assembly drawings given in the problem section of

the final chapter are well suited for exercises in dimen-

sioning detail working drawings. The assembly shows the

position of each part, and the function can be under-

stood by a study of the motion, relationship, etc., of the

different parts. Note particularly the mating and con-

trolling surfaces and the logical reference surfaces for

dimensions of position. Inasmuch as the dimensioning

of an assembly drawing is crowded, and it will probably

not even have the same views as the detail drawing of

one of the parts, disregard the position and selection of

the assembly dimensions, and use them only to obtain

sizes.
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1. Graphic Presentations

—

Their Importance.
This chapter is given as an introduction to the use

of graphic methods in tabulating data for analysis,

solving problems, and presenting facts. We will dis-

cuss the value of this application of graphics in

engineering and suggest ways of studying the sub-

ject further.

The graphic chart is an excellent method for pre-

senting a series of quantitative facts quickly. When
properly constructed, charts, graphs, and diagrams

constitute a powerful tool for computation, analysis

of engineering data, and the presentation of statis-

tics for comparison or prediction.

2. Classification.

Charts, graphs, and diagrams fall roughly into two

classes: (1) those used for purely technical purposes

and (2) those used in advertising or in presenting

information in a way that will have popular appeal.

The engineer is concerned mainly with those of the

first class, but he should be acquainted also with

the preparation of those of the second and under-

stand their potential influence. The aim here is to

give a short study of the types of charts, graphs,

and diagrams with which engineers and those in

allied professions should be familiar.

It is assumed that the student is familiar with the

use of rectangular coordinates and that such terms

as "axes," "ordinates," "abscissas," "coordinates,"

and "variables," are understood.

3. Representation of Data:
Rectilinear Charts.
Because the preliminary chart work in experimental

engineering is done on rectilinear graph paper, the

student should become familiar with this form of

chart early in his course. The rectilinear chart is

made on a sheet ruled with equispaced horizontal

lines crossing equispaced vertical lines. The spacing

is optional. One commercial graph paper is divided

into squares of '/
20 in., with every fifth line heavier,

to aid in plotting and reading. Sheets are available

with various other rulings, such as 4, 6, 8, 10, 12,

and 16 divisions per inch.

It is universal practice to use the upper right-hand

quadrant for plotting experimental-data curves,

making the lower left-hand corner the origin. In case

both positive and negative values of a function are

to be plotted, as occurs with many mathematical

curves, the origin must be placed so as to include

all desired values.

Figure 1 shows a usual form of rectilinear chart,

such as might be made for inclusion in a report.
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4. Drawing the Curve.
In drawing graphs from experimental data, it is often

a question whether the curve should pass through

all the points plotted or strike a mean between them.

In general, observed data not backed up by definite

theory or mathematical law are shown by connecting

the points plotted with straight lines, as in Fig. 2a.

An empirical relationship between curve and plotted

points may be used, as at (/;), when, in the opinion

of the engineer, the curve should exactly follow some
points and go to one side of others. Consistency of

observation is indicated at (c), in which case the

curve should closely follow a true theoretical curve.

5. Titles and Notation.
The title is an important part of a chart, and its

wording should be clear and concise. In every case,

it should contain sufficient description to tell what

the chart is, the source or authority, the name of

the observer, and the date. Approved practice places

the title at the top of the sheet, arranged in phrases

symmetrically about a center line. If it is placed

within the ruled space, a border line or box should

set it apart from the sheet. Each sheet of curves

should have a title; and when more than one curve

is shown on a sheet, the different curves should be

drawn so as to be easily distinguishable. This can

be done by varying the character of the lines, using

full, dashed, and dot-and-dash lines, with a tabular

key for identification, or by lettering the names of

the curves directly along them. When the charts are

not intended for reproduction, inks of different

colors can be used.

6. To Draw a Chart.
In drawing a coordinate chart, the general order is:

(1) compute and assemble all data; (2) determine

the size and kind of chart best adapted and whether

to use printed or plain paper; (3) determine, from

the limits of the data, the scales for abscissas and

ordinates to give the best effect to the resulting

curve; (4) lay off the independent variable (often

time) on the horizontal, or X, axis and the dependent

variable on the vertical, or Y, axis; (5) plot points

from the data and pencil the curves; (6) ink the

curve; (7) compose and letter the title and coordi-

nates.

So

(<>

fig. 2. Methods of drawing curves, (a)

"Curve" for data not supported by theory and
therefore not necessarily producing a smooth
curve; (b) and (c) curves for data known to

produce smooth curves.
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The construction of a graphic chart requires good

draftsmanship, especially for the lettering, but in

engineering and scientific work the primary consid-

erations are judgment in the proper selection of

coordinates, accuracy in plotting points and drawing

the graph, and an understanding of the functions

and limitations of the resulting chart.

When the chart is drawn on a printed form, to

be blueprinted, the curve can be drawn on the re-

verse side of the paper, enabling erasures to be

made without injuring the ruled surface.

Green is becoming the standard color for printed

forms. Blue will not print or photograph; red is trying

on the eyes.

If the curve is for purposes of computation, it

should be drawn with a fine, accurate line; if for

demonstration, it should be fairly heavy, for contrast

and effect.

The following rules are adapted from ANSI Y15
(formerly Z15):

Standards for Graphic Presentations

1. A graph should be free of all lines and lettering

that are not essential to the reader's clear under

standing of its message.

2. All lettering and numbers on a graph should

be placed so as to be easily read from the bottom

and from the right-hand side of the graph, not the

left-hand side.

3. Standard abbreviations should be used where

space is limited as, for example, in denoting the unit

of measurement in scale captions.

4. The range of scales should be chosen so as

to ensure effective and efficient use of the coordi-

nate area in attaining the objective of the chart.

5. The zero line should be included if visual com-
parison of plotted magnitudes is desired.

6. When it is desired to show whether the rate

of change of the dependent variable is increasing,

constant, or decreasing, a logarithmic vertical scale

should be used in conjunction with an arithmetical

horizontal scale.

7. The horizontal (independent variable) scale

values should usually increase from left to right and

the vertical (dependent variable) scale values from

bottom to top.

8. Scale values and scale captions should be

placed outside the grid area, normally at the bottom

for the horizontal scale and at the left side for the

vertical scale. On wide graphs it may be desirable

to repeat the vertical scale at the right side.

9. For arithmetical scales, the scale numbers
shown on the graph and the space between coordi-

nate rulings should preferably correspond to 1, 2,

or 5 units of measurement, multiplied or divided by

1, 10, 100, etc.

10. The use of many digits in scale numbers

should be avoided.

11. The scale caption should indicate both the

variable measured and the unit of measurement. For

example: exposure time in days.

12. Coordinate rulings should be limited in

number to those necessary to guide the eye in

making a reading to the desired degree of approxi-

mation. Closely spaced coordinate rulings are ap-

propriate for computation charts but not for graphs

intended primarily to show relationship.

13. Curves should preferably be represented by

solid lines.

14. When more than one curve is presented on

a graph, relative emphasis or differentiation of the

curves may be secured by using different types of

line, that is, solid, dashed, dotted, etc., or by differ-

ent widths of line. A solid line is recommended for

the most important curve.

15. The observed points should preferably be

designated by circles.

16. Circles, squares, and triangles should be used

rather than crosses or filled-in symbols to differenti-

ate observed points of several curves on a graph.

17. Curves should, if practicable, be designated

by brief labels placed close to the curves (horizon-

tally or along the curves) rather than by letters,

numbers, or other devices requiring a key.

18. If a key is used, it should preferably be placed

within the grid in an isolated position, and enclosed

by a light line border—grid lines, if convenient.

19. The title should be as clear and concise as

possible. Explanatory material, if necessary to en-

sure clearness, should be added as a subtitle.

20. Scale captions, designations, curves, and

blank spaces should, so far as practicable, be ar-
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ranged to give a sense of balance around vertical

and horizontal axes.

21. The appearance and the effectiveness of a

graph depend in large measure on the relative

widths of line used for its component parts. The

widest line should be used for the principal curve.

If several curves are presented on the same graph,

the line width used for the curves should be less

than that used when a single curve is presented.

22. A simple style of lettering, such as Gothic with

its uniform line width and no serifs, should in gen-

eral be used.

7. Logarithmic Scales.

An important type of chart is that in which the

divisions are made proportional to the logarithms

of the numbers instead of to the numbers them-

selves, and accordingly are not equally spaced.

When ruled logarithmically in one direction with

equal spacing at right angles, the spacing is called

"semilogarithmic."

Logarithmic spacing may be done directly from

the graduations on one of the scales of a slide rule.

Logarithmic paper is sold in various combinations

of ruling. It is available in one, two, three, or more
cycles; in multiples of 10; and also in part-cycle and
split-cycle form. In using logarithmic paper, inter-

polations should be made logarithmically; arithmet-

ical interpolation with coarse divisions might lead

to considerable error.

8. Semilogarithmic Charts.
These charts have equal spacing on one axis, usually

the X axis, and logarithmic spacing on the other axis.

Owing to a property by virtue of which the slope of

the curve at any point is an exact measure of the

rate of increase or decrease in the data plotted, the

semilogarithmic chart is frequently called a "ratio

chart." Often called the "rate-of-change" chart as

distinguished from the rectilinear, or "amount-

of-change," chart, it is extremely useful in statistical

work as it shows at a glance the rate at which a

variable changes. By the use of this chart it is possi-

ble to predict a trend, such as the future increase

of a business, growth of population, etc.

In choosing between rectilinear ruling and semi-

logarithmic ruling, the important point to consider

is whether the chart is to represent numerical in-

creases and decreases or percentage increases and

decreases. In many cases it is desirable to empha-

size the percentage, or rate, change, not the numer-

ical change; for these a semilogarithmic chart should

be used.

An example of a semilogarithmic chart is given

in Fig. 3. This curve was drawn from data compiled

for the World Almanac. The dashed line shows the

actual production by years, and the full line is the

trend curve, the extension of which predicts future

production.

Exponential equations of the form i/ = aehx plot

on semilogarithmic coordinates as a straight line.

This represents the type of relationship in which a

quantity increases or decreases at a rate propor-

tional to the amount present at any time. For exam-

ple, the passage of light through a translucent sub-

stance varies (in intensity) exponentially with the

thickness of material.

9. Logarithmic Charts.
These are charts in which both abscissas and ordi-

nates are spaced logarithmically. Any equation of

the form ij = ax1
', in which one quantity varies di-

rectly as some power of another, will plot as a

straight line on logarithmic coordinates. Thus, mul-

tiplication, division, powers, and roots are examples.

Figure 4 shows a logarithmic plot of sound intensity

(and the power required to produce it) which varies

as a power of the distance from the source. Other

examples are the distance-time relationship of a

falling body and the period of a simple pendulum.

10. Polar Charts.
The use of polar coordinate paper for representing

intensity of illumination, intensity of heat, polar

forms of curves, etc., is common. Figure 5 shows

a candle-power distribution curve for an ordinary

Mazda B lamp, and Fig. 6 the curve for a certain

type of reflector. The candle power in any given

direction is determined by reading off the distance

from the origin to the curve. Use of polar forms of

curves enables the determination of the foot-candle

intensity at any point.
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fig. 5. A polar chart. This type is used when
direction from a point (pole) must be shown.

fig. 6. A polar chart. This one shows the

area of illumination from a reflector.

work it is essential to present the facts honestly and

with scientific accuracy.

13. Analysis of Experimental Data.
So far we have discussed only the representation

of data. In many cases representation alone on

suitable coordinates gives an accurate descrip-

tion—for, from the plot, the value of one variable

relative to a second variable can be ascertained.

Nevertheless, the equation of a relationship can

often be obtained from the data. To do this, the data

must be plotted on coordinates that will "justify"

the curve to a straight line. The equation of a straight

line on any system of coordinates is easily deter-

mined. Equations thus resolved are known as em-

pirical equations.

The standard procedure is first to plot the data

on rectangular coordinates. If a straight line results,

it is known that the equation is of the first degree

(linear). If a curve results from the plot, the equation

is of a higher form, and semilogarithmic coordinates

or logarithmic coordinates should be tried; if the data

justifies to a straight line on either system, the

equation can be determined.

14. Rectangular Plots:

Linear Equations.
If a plot of data results in a straight line on recti-

linear coordinates, the equation is of the first degree.

Figure 8 shows a plot that justifies to a straight line

on rectilinear coordinates. To determine the equa-

tion of the line, select two points, such as ii : \\ and

y 2
x
2
shown in Fig. 8. Then by simple proportion,

</i
'/.-

and from Fig. 8,
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16. Semilogarithmic Plots:

Exponential Equations.
If plotted data justifies to a straight line on semi-

logarithmic coordinates, the equation is an exponen-

tial form, (/ = aebl or r/ = alO6* (for base 10 loga-

rithms). Figure 10 shows a typical plot. Two selected

points give

0.8

4.5

3.8

50.0

Writing the equation of the straight line,

In y - In 3.8 In 50.0 - In 3.8

0.8 4.5 - 0.8

whence,

In y = 0.777 + 0.697.V

and

;/ = 2.18p° 697j

17. Nomography.
After the equation of a relationship has been deter-

mined, specific values of the variables can be found

by substitution in the equation. To facilitate such

calculations, a chart called a nomogram can be

made in which the variables are represented by

plotted scales arranged so that a straightedge placed

across the scales will give corresponding values of

the variables. A simple example of a nomogram
(conversion chart) is shown in Fig. 11.

The construction of a nomogram requires a

knowledge of functional scales, chart forms, and the

necessary mathematics. Thus, nomography is a

special graphic field and is beyond the scope of this

book. For a discussion of it, see "Graphic Science

and Design" by Thomas E. French and Charles J.

Vierck. 1

18. Graphic Calculus.
Considered in the same light as nomography, this

is a specialized field of chart construction in which

the rates of change of variables are determined

graphically. This field is also beyond the scope of

this book. For a discussion of graphic calculus, see

"Graphic Science and Design" by Thomas E. French

and Charles J. Vierck. 1
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the method of presentation requires the exercise of

careful judgment and the application of a certain

amount of psychology.

21. Bar Charts.
The bar chart is a type of chart easily understood

by nontechnical readers. One of its simplest forms

is the 100 per cent bar for showing the relations of

the constituents to a given total. Figure 14 is an

example. The different segments should be cross-

hatched, shaded, or distinguished in some other

effective manner, the percentage represented

should be placed on the related portion of the dia-

gram or directly opposite, and the meaning of each

segment should be clearly stated. Bars may be

placed vertically or horizontally, the vertical position

giving an advantage for lettering and the horizontal

an advantage in readability, as the eye judges hori-

zontal distances readily.

Figure 15 is an example of a multiple-bar chart, in

which the length of each bar is proportional to the

magnitude of the quantity represented. Means
should be provided for reading numerical values

represented by the bars. If it is necessary to give

the exact value represented by the individual bars,

the values should not be lettered at the ends of the

bars as this would increase their apparent length.

This type of chart is made horizontally, with the

description at the base, and vertically. The vertical

form is sometimes called the "pipe-organ chart."

When vertical bars are drawn close together, touch-

ing along the sides, the diagram is called a "stair-

case chart." This chart is more often made as the

"staircase curve," a line plotted on coordinate paper

representing the profile of the tops of the bars.

A compound-bar chart is made when it is desirable

to show two or more components in each bar. It

is really a set of 100 per cent bars of different

lengths set together in pipe-organ or horizontal

form.

22. Pie Charts.
The "pie diagram," or 100 per cent circle (Fig. 16)

is much inferior to the bar chart but is used con-

stantly because of its popular appeal. It is a simple

form of chart and, except for the lettering, is easily

constructed. It can be regarded as a 100 per cent

Weight Percentage Analysis for ,

Internally Braced Cabin Mohoplaa

Wing Group \ Body Group Power Plant Fixed
" -Tail Group 2.5Z Equip

fig. 14. A 100 per cent bar chart. This is

a simple and impressive method of showing

percentages of a whole.

nn

Ten Leading States ,

Population in the
United States

H
n

1

fig. 15. A multiple-bar chart. Each bar gives

(graphically) the magnitude of the item rep-

resented.

bar bent into circular form. The circumference of

the circle is divided into 100 parts, and sectors are

used to represent percentages of the total.

To be effective, this diagram must be carefully

lettered and the percentages marked on the sectors

or at the circumference opposite the sectors. For

contrast, it is best to Crosshatch or shade the indi-

vidual sectors. If the original drawing is to be dis-

played, the sectors may be colored and the diagram

supplied with a key showing the meaning of each
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fig. 16. A pie chart. This chart shows per-

centages of a whole. Compare it with a 100
per cent bar chart.

color. The percentage notation should always be

placed where it can be read without removing the

eyes from the diagram.

23. Strata and Volume Diagrams.
The use of strata and volume diagrams has been

common although they are usually the most decep-

tive of the graphic methods of representation. Figure

17 is a strata chart showing a change in amounts
over a period of time. The area between the curves

is shaded to emphasize each variable represented.

However, in reading it should be remembered that

the areas between curves have no significance.

24. Pictorial Charts.
Pictorial charts were formerly much used for com-
parisons, for example of costs, populations, standing

armies, livestock, and various products. It was cus-

tomary to represent the data by human or other

figures whose heights were proportional to numeri-

cal values or by silhouettes of the animals or prod-

ucts concerned whose heights or sometimes areas

were proportional. Since volumes vary as the cubes
of the linear dimensions, such charts are grossly

misleading. Bar charts or charts such as the one
shown in Fig. 18, where the diameter of the column
is constant, should be used for the type of com-
parisons that are shown in pictorial charts.

25. Charts for Reproduction.
Charts for reproduction by the zinc-etching process

should be carefully penciled to about twice the size

of the required cut. Observe the following order in

inking: First, ink the circles around plotted points;

second, ink the curves with strong lines. A border

pen is useful for heavy lines, and a Leroy pen (in

socket holder) may be used to advantage, particu-

larly for dashed lines. Third, ink the title box and

Manufacturers' Purchases
of Copper, Zinc and Lead

Thousands of Tons

250 r

J FMAM J J A S ON DJ FMAMJ J AS
1948 1949

fig. 17. A strata chart. The individual charts

are superimposed.

Mill Price of Bar Stock
Cents per Pound

fig. 18. A pictorial chart. Pictorialism adds
to popular interest but detracts from accu-

racy of representation.
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all lettering; fourth, ink the coordinates with fine

black lines, putting in only as many as are necessary

for easy reading and breaking them wherever they

interfere with title or lettering or where they cross

plotted points.

26. Charts for Display.
Large charts for demonstration purposes are some-

times required. These can be drawn on sheets 22

by 28 in. or 28 by 44 in. known as "printer's

blanks." The quickest way to make them is with

show-card colors and single-stroke sign-writer's

brushes. Large bar charts can be made with strips

of black adhesive tape. Lettering can be done with

the brush or with gummed letters.

27. Standards.
Many standards are available for graphic pre-

sentations of data. Of particular interest are the

ANSI standards for graphic symbols (Y32), letter

symbols (Y10), and time-series charts

(Y15.2— 1960), and ANSI Y15.1 "Guide for Prepar-

ing Technical Illustrations for Publications and Pro-

jections."

28. The Advantage of Color.

Even though "black-and-white" charts, graphs, and

diagrams are satisfactory for statistical and scientific

purposes, the use of color will add greatly to read-

ability, separation, and emphasis. In black and

white, line codes (dashes, etc.) must be used and
areas can be emphasized only by crosshatching. In

color, lines stand out prominently and areas are

easily distinguished. Especially for popular charts,

color is almost mandatory. Today, many of the

charts in good periodicals, corporate reports, pro-

motional charts, and many others are being done

in color. The use of color is increasing rapidly. Note

the use of color techniques in all of the illustrations

in this chapter, especially Figs. 12, 13, 15, and Figs.

19 to 23. 2 Also, compare Fig. 19 with Fig. 20.

29. Principles for the Use of Color.
The use of color always requires some artistic judg-

2 Figures 19 to 23 are supplied through the courtesy of Mr.

W. Anthony Dowell of the Palm Beach office to Merrill. Lynch,

Pierce, Fenner, and Smith and are adapted from the U.S. Indus-

trial Outlook, 1965, by the U.S. Department of Commerce.

ment and consequently it is difficult to give definitive

rules. Nevertheless, the following principles will

serve as a guide.

Backgrounds. A pure white background for a chart

is not nearly so effective as a background made of

a light tint of color. This is because a white back-

ground, even if it is outlined, is the same value as

the page itself. A background made as a light tint

adds cohesiveness and vigor to the charts. Notice

the use of tinted backgrounds in all the charts in

this chapter.

White lines and areas. White lines and areas can

be produced only if a tinted background is employed.

This adds one more color to any series used and

is quite effective. Notice the white area in Fig. 23

and the white line in Fig. 22.

Values of tints. Tints of a color are made either

by diluting the color with white or, in printing, by

the use of screens which reduce the color intensity.

In printing, the screens are rated in percentage,

which means that a 75% screen will print (in actual

minute areas) 75% of the color and 25% white

(blank area). Thus a 30% screen would print 30%
of the color and 70% as blank area. For the dilution

of a color with white when applying color by hand,

it is advantageous to think of the color value also

in percentage because it is easy to judge color inten-

sity, for example, as approximately 3

/4 the intensity

of the pure color. The actual dilution will not be the

same as the value of the intensity; the dilution must

be made by carefully adding white and then judging

the intensity. Note the various intensities of colors

used in the illustrations of this chapter.

Contrast. Contrast may be defined as the degree

of dissimilarity. Thus, high contrast is had when a

color of strong intensity is placed adjacent to a color

of very weak intensity. Low contrast is had when
two colors of about the same intensity are placed

together. High contrast will accentuate the areas and

low contrast will diminish the impact of the areas.

Notice the gradual (low-contrast) changes in both

color and value of the areas in Fig. 19 and also the

high contrast and accentuation of the darkest and

white areas of Fig. 20. If emphasis is needed, use

high contrast. If a subtle change is desirable, use

low contrast.
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Material handling shipment

fig. 19. A multiple-bar chart in color. Two
basic colors and tints ot each are used. Com-
pare with Fig. 20.

~^^^^^^™

Material handling shipments escalate

fig. 20. The chart of Fig. 19 in "black and
white" and tints. Compare with Fig. 19.

Adjacent areas. Adjacent areas are well defined

and easily read if they are made of different colors.

Notice in Fig. 21 that adjacent areas are different

colors and also that different values of the colors

have been used. Maximum separation of areas oc-

curs when a strong color and value is placed next

to a weak color and value. In some cases maximum

separation is needed, in others a more gradual

change is desirable. For example, in Fig. 20 the

stronger colors are used at the bottom of the bars

and the weaker colors at the top. This is done not

only for the sake of stability of the bars, but because,

if adjacent areas of the bars are made as high-

contrast areas, the bars become "spotty" in ap-
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Domestic ores provide

bulk of new supply

of refined copper

Wire rod mills

take half of

refined copper

Copper mills

use two-fifths of

copper-base scrap

FOUNDRIE & OTHI

fig. 21. A series of pie charts in color.

Readability and appeal is superior to single-

color rendition.

pearance and the value of a continuous bar is lost.

Adjacent lines. The best separation of lines occurs

when adjacent lines are contrasty, either in color or

value, or both. Note the use of alternate brown and
green lines in Fig. 22 and the contrasting white

line at the top.

Choice of Colors. The actual choice of colors is

almost entirely one of artistic judgment, but this is

often tempered by other factors. Colors at the high

(wave-length) end of the spectrum are known as

"cold" colors. Colors at the low end of the spectrum

are known as "warm" colors. The colors of nature

are the blue of the sky; the greens of trees, grass,

and shrubbery; and the browns of tree trunks, soil,

and rock. Note that these colors comprise a cold

color, a medium color, and a warm color. However,

even though we view the colors of nature daily and
are not disturbed by them, such colors are not com-
monly put together in a chart. Also, strange as it

may seem to the layman, a study of the colors of

the spectrum and other scientific aspects of color

transmission and reflectance will be of little help in

the choice of colors to be used for a chart, graph,

or diagram. This is because the only important con-

siderations are those of pleasing and visually effec-

tive combinations, contrasts, and color values.

Colors that are not pleasingly compatible should not

be used together unless a startling or garish effect

is wanted. For example, violet, purple, and yellow

are almost never used for charts. The colors used

most are blues, greens, reds, browns, white, and
black. The symbolic colors of a company or orga-

nization may also play a part in the choice, as for

example, the blue and white of the Pure Oil Com-
pany or the red, white, and blue of The Standard

Oil Company. Of interest is the fact that blue has

predominated recently in the annual reports of

many large companies. In addition, many of the

charts and graphs in such magazines as Scientific

American have been printed in black, shades of black

(gray), red, blue, and green with occasionally some
yellow, but black, gray, and red are predominant.

The best practice is to lay out the chart and then

try several colors by holding colored sheets or strips

over the chart to judge finally the most pleasing and
effective combination.

30. Color for Primary Charts.
By the term "primary charts" is meant the chart

that is made by hand for use directly. This excludes



420 CHARTS, GRAPHS AND DIAGRAMS/11

fig. 22. A graph in color. Note that one
more colored line is produced by employing

a tinted background with the white line on
it.

reproduction. Color may be applied in the form of

colored inks, water color, or tempera. All of these

may be used in a ruling pen for making lines or

applied with a brush for areas. Chart-Pak (Chart-Pak

Inc., River Road, Leeds, Mass.) colored acetate fiber

strip, available in many colors and widths, is a con-

venient method of coloring for line graphs and bar

charts. Colored paper can be used for backgrounds,

drawing the chart on the colored paper.

31. Color for Reproduced Charts.
When the chart is made exclusively for reproduction,

the basic chart is outlined and drawn in india ink

as would be done for a black-and-white chart, with

the exception that areas are not blacked-in. Then,

an overlay sheet of tracing paper or drafting film

such as Mylar is placed over the chart and fastened

with drafting (or transparent) tape. On this overlay

sheet directions are lettered or written, designating

the colors to be used for lines and areas. The en-

graver, following these directions, will then make
plates for the printing of each color. In giving the

directions for color and color value, either an ap-

proximate value must be given, such as light blue,

or an exact value must be designated, such as 30%
blue.
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PROBLEMS
These problems are given for practice in preparing vari-

ous types of charts, graphs, and diagrams for technical

or popular presentation.

1. The data given below were obtained in a tension test

of a machine-steel bar. Plot the data on rectangular

coordinates, using the elongation as the independent

variable, the applied load as the dependent variable.

Applied load,

lb per sq in.

Elongation per
in. of length

3,000

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

42,000

0.00011

0.00018

0.00033

0.00051

0.00067

0.00083

0.00099

0.00115

0.00134

0.00142

2. A test of the corrosive effect of 5 per cent sulfuric acid,

both air-free and air-saturated, on 70 per cent nickel,

30 per cent copper alloy (Monel) over a temperature

range from 20 to 120°C resulted in the data tabulated

below. Plot this data on rectangular coordinates with cor-

rosion rate as ordinate versus temperature as abscissa.

Corrosion rate, MDD
(mg per sq dm per day)

Temp.
Acid sat.

with air

Acid air-free,

sat. with N

20

30

40

50

60

70

80

8 -;

85

92

95

lol

L95
.-'40

315

425

565

670

705
71',

7. II

I

500

470

60

ib

40

50

63

70

74

70

70

68

57

4.'

10

3. In testing a small 1-kw transformer for efficiency at

various loads, the following data were obtained: Watts

delivered: 948, 728, 458, 252, 000. Losses: 73, 62, 53,

49, 47.

Plot curves on rectangular coordinate paper show-

ing the relation between percentage of load and effi-

ciency, using watts delivered as the independent variable

and remembering that efficiency = output -s- (output 4-

losses).

4. The following data were obtained from a test of an

automobile engine:
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7. Put the data ot Fig. 14 into pie-chart form.

8. A test of the resistance of alloy steels to high-

temperature steam resulted in the data tabulated below.

Represent the results of the test graphically by means
of a multiple-bar chart.

Corrosion of Steel Bars in Contact
with Steam at HOO°F for 2,000 Hr

Population

Steel Average penetration, in.

SAE 1010

1.25 Cr-Mo

4.6 Cr-Mo

9 Cr 1.22 Mo
12 Cr

18-8-Cb

0.001700

0.001169

0.000956

0.000694

0.000045

0.000012

9. From the data below, plot curves showing the "think-

ing distance" and "braking distance." From these

curves, plot the sum curve "total distance." Title "Auto-

mobile Minimum Travel Distances when Stopping

—

Average Driver."
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1

11. On polar coordinate paper, plot a curve for the first

set of data given below as a solid line (Fig. 6) and a curve

for the second set as a broken line (Fig. 5). The lower

end of the vertical center line is to be taken as the

zero-degree line. The curves will be symmetrical about

this line, two points being plotted for each angle, one

to the left and one to the right. Mark the candle power

along this center line also.

12. On trilinear coordinate paper plot the data given

below. Complete the chart, identifying the curves and

lettering the title below the coordinate lines (Fig. 7).

Freezing Points of Solutions of

Glycerol and Methanol in Water
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1. Definition and Classifications.

In making orthographic drawings, there is the re-

peated necessity to represent the lines of intersection

between the various surfaces of a wide variety of

objects. Nearly every line on a drawing is a line of

intersection, generally the intersection of two

planes, giving a straight line, or of a cylinder and

a plane, giving a circle or an ellipse. The term "in-

tersection of surfaces" refers, however, to the more

complicated lines that occur when geometric sur-

faces such as planes, cylinders, and cones intersect

one another. These lines of intersection are shown

by one of two basic methods: (1) conventional inter-

sections, ordinarily used to represent a fillet, round,

or runout, as explained in Sec. 23, Chap. 7, and

shown in Fig. 43 of that chapter, or (2) plotted inter-

sections, used when an intersection must be located

accurately for purposes of dimensioning or for de-

velopment of the surfaces. In sheet-metal combina-

tions the intersection must be found before the piece

can be developed. In this chapter we are concerned

solely with the methods of projecting plotted inter-

sections.

Classification of Surfaces. A surface may be con-

sidered to be generated by the motion of a line: the

generatrix. Surfaces are thus divided into two gen-

eral classes: (1) those that can be generated by a

moving straight line, and (2) those that can be

generated by a moving curved line. The first are

called ruled surfaces; the second, double-curved sur-

faces. Any position of the generatrix is called an

clement of the surface.

Ruled surfaces are divided into (a) the plane, (b)

single-curved surfaces, and (c) warped surfaces.

The plane is generated by a straight line moving
so as to touch two other intersecting or parallel

straight lines or a plane curve.

Single-curved surfaces have their elements parallel

or intersecting. In this class are the cylinder and
the cone and also a third surface, which we shall

not consider, known as the "convolute," in which

only consecutive elements intersect.

Warped surfaces have no two consecutive elements

that are parallel or intersecting. There are a great

variety of warped surfaces. The surface of a screw

thread and that of an airplane wing are two exam-

ples.

Double-curved surfaces are generated by a curved

line moving according to some law. The commonest
forms are surfaces of revolution, made by revolving

a curve about an axis in the same plane, such as

the sphere, torus or ring, ellipsoid, paraboloid,

hyperboloid. Illustrations of various surfaces may be

found in Fig. 101, Chap. 3.

Definitions and Details of Common Surfaces. A

prism is a polyhedron whose bases or ends are equal

parallel polygons and whose lateral faces are paral-

lelograms. A right prism is one whose lateral faces

are rectangles; all others are called oblique prisms.

The axis of a prism is a straight line connecting the

centers of the bases. A truncated prism is that por-

tion of a prism lying between one of its bases and

a plane which cuts all its lateral edges.

A pyramid is a polyhedron whose base is a

polygonal plane and whose other surfaces are trian-

gular planes meeting at a point called the "vertex."

The axis is a line passing through the vertex and

the mid-point of the base. The altitude is a perpen-

dicular from the vertex to the base. A pyramid is

right if the altitude coincides with the axis; it is

oblique if they do not coincide. A truncated pyramid

is that portion of a pyramid lying between the base

and a cutting plane which cuts all the lateral edges.

The frustum of a pyramid is that portion of a pyra-

mid lying between the base and a cutting plane

parallel to the base which cuts all the lateral edges.

A cylinder is a single-curved surface generated by

the motion of a straight-line generatrix remaining

parallel to itself and constantly intersecting a curved

directrix. The various positions of the generatrix are

elements of the surface. It is a right cylinder when
the elements are perpendicular to the bases, an

oblique cylinder when they are not. A truncated

cylinder is that portion of a cylinder which lies be-

tween one of its bases and a cutting plane which

cuts all the elements. The axis is the line joining

the centers of the bases.

A cone is a single-curved surface generated by the

movement, along a curved directrix, of a straight-line

generatrix, one point of which is fixed. The directrix
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is the base, and the fixed point is the vertex of the

cone. Each position of the generatrix is an element

of the surface. The axis is a line connecting the

vertex and the center of the base. The altitude is

a perpendicular dropped from the vertex to the base.

A cone is right if the axis and altitude coincide; it

is oblique is they do not coincide. A truncated cone

is that portion of a cone lying between the base and

a cutting plane which cuts all the elements. The

frustum of a cone is that portion of a cone lying

between the base and a cutting plane parallel to the

base which cuts all the elements.

2. Intersections of Plane Surfaces.

The intersection of a line and a plane is a point

common to both. The intersection of two planes is

a line common to both. After mastering the graphic

methods of locating intersections (Sees. 3 to 10),

apply the principles you have learned to finding the

line of intersection between objects made up of

plane surfaces (prisms and pyramids, Sees. 11 to

13). The method of solution for the intersection of

other polyhedrons should follow logically from the

examples given.

3. Intersection of a Line and a Plane,
Both in Principal Positions.
Principal positions of planes are horizontal, frontal,

or profile. Principal positions of lines occur when

the lines are not inclined to any principal plane; thus

a line is (1) horizontal-frontal, (2) horizontal-profile,

or (3) frontal-profile. Therefore, if the line is parallel

to, or lies in, the principal plane, no single point of

intersection is possible, but in other positions when

the line is perpendicular to the plane, a single point

exists. To illustrate, Fig. 1 shows a rectangular object

made up of horizontal, frontal, and profile planes,

with an accompanying horizontal-profile line AB.

Because the line is parallel to horizontal and profile

planes, the line and these planes do not intersect

except at infinity. However, the line is perpendicular

to frontal planes and there is a single point of inter-

section, observed in the top view at PT and in the

side view at PK , where the front of the object appears

as an edge. The front view of the intersection is

coincident with A FBF at PF because this is the end

view of line AB.

Thus it is established that the intersection of a line

and plane is a point on the line coincident with the

edge view of the plane. The point of intersection of

a line and plane is often called a "piercing point."

4. Intersection of an Inclined Line
with Planes in Principal Positions.

Two points of intersection are possible, one with

each plane to which the line is not parallel. For

example, Fig. 2 shows a frontal line AB and an object

made up of horizontal, frontal, and profile planes.

The line will not intersect any frontal plane (except

e-

Pf Pr
+

B c A c B„

fig. 1. Intersection of a line and plane. The
line is perpendicular to the plane.

fig. 2. Intersection of an inclined line with

planes. In this case the line intersects the

horizontal and profile sides of an object.
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at infinity). The intersection with the (profile) right

side is seen at PT and PF , where the plane appears

as an edge, and is then easily projected to PR . The

intersection with the horizontal bottom is observed

at QF and QK , where the plane appears as an edge,

and is projected from QF to <^r .

Observe that line AB does not intersect the top

or left side of the object, but if the top and side

planes were extended, a point of intersection would

exist.

5. Intersection of a Skew Line
with Planes in Principal Positions.

Theoretically, a skew line (a line inclined to all prin-

cipal planes) will intersect all three principal planes.

However, on a rectangular object, depending upon

the length and position of the line, only one or two

intersections exist. Figure 3 illustrates all possi-

bilities. At (a), the skew line from point A inside the

object emanates upward, backward, and to the right,

and obviously intersects the top (horizontal) surface

of the object at F, observed first at PF and PR ,
where

the top surface appears as an edge, and then

projected to PT . But line AB does not intersect any

other surface of the object.

At (/>), line AB is seen to intersect two surfaces

of the object, the right side at Q and the front at

P. Note that in each case the points are found first

where the surface appears as an edge, ()r and QF
for point Q, and PT and PR for point P.

At (r), the top surface of the object is extended

so that three intersections are possible. Physically

this occurs on an object when two rectangular

shapes are offset or when a base or lug extends.

The line AB intersects the right side at P and the

front at Q. The top surface and the line give an

intersection at B, shown on the figure with dashed

lines for the extensions.

Note in every case, (a), (/>), and (c), of Fig. 3, that

the intersection is found by observing where the line

intersects the surface in the edge mew of the surface.

For horizontal, frontal, and profile surfaces, two

views always show the surface as an edge. Thus it

is easily seen that, for example, at (b) the line

crosses the edge view of the right side of the object

in the top view at QT and in the front view at QP ,

/ T

/ Bf— —

/

B

A r S~ 'A,
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and because point () falls within the confines of the

surface, a real point of intersection has been found.

Also observe at (a) that line AB apparently crosses

the edge view of the right side of the object in the

top view. Nevertheless, reading the front view, line

AB is seen to miss the right side and there is there-

fore no intersection of AB with the right side. To

illustrate further, line AB of Fig. 4a apparently inter-

(a) INTERSECTION WITH
TOP SURFACE

"-
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</>>

fig. 5. Intersection of a skew line and in-

clined plane. The edge view of the plane

determines the intersection.

as shown in Fig. 8, where AB is a line and RST a

skew plane. A plane appearing as an edge in the top

fig. 6. Intersection of a skew line and skew
plane. An auxiliary (edge view) determines the

intersection.

view, passed through AB, will intersect RS at ZT and

RT at Xr , and these points projected to the front view

at ZF and XF establish ZX as the line of intersection

between the edge-view plane and RST, the skew

plane. The front view shows the intersection of AB
with ZX at PF , the point common to line, skew plane,

and edge-view plane. To complete, F is projected to

the top view at Pr .

It often happens that one edge of a skew surface

is profile, as is ST in Figs. 8 and 9; and when the

line, in this case AB, is in a position like that of Fig.
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fig. 8. Intersection of a skew line and skew
plane. The intersection is determined by a

receding plane (edge view plane in top view)

passed through line AB.

fig. 9. Intersection of a skew line and skew
plane. This illustrates enlargement of the

skew plane to eliminate difficult projection.

9, the intersection (with the skew plane) of an edge-

view plane through the line is not easily projected.

An accepted method in such cases is to extend the

skew plane to eliminate the profile edge. In Fig. 9,

RS has been extended to U, making the skew sur-

face RUT, still the same surface but larger. An
edge-view plane (in the top view) passed as before

gives XZ as its line of intersection with RUT. Point

P, the point common to edge-view plane, skew plane,

and line, is then located first in the front view at

PF and then projected to top and side views.

8. Intersection of a Plane with a
Plane in a Principal Position.
Any line of a given plane will intersect a second

plane on the line of intersection between two planes.

Therefore, to establish the line of intersection be-

tween two planes, the intersection of either of two

lines of one plane with the other plane (or one line

of each plane with the opposite plane) will establish

two points on the line of intersection of the planes.

The simplest case is when one of the planes is in

a principal position as is the top surface of the object

in Fig. 10. Lines A-A' and B-R' are edges of a skew

plane, which, extended, are seen to intersect the top

surface of the rectangular object at P and Q, as

explained in Sec. 5.

fig. 10. Intersection of a skew plane with

a plane in principal position. The edge view

of the principal plane determines the inter-

section.
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9. Intersection of a Plane with an
Inclined Plane.
Figure 11 is similar to Fig. 10 but the intersection

this time is with the inclined surtace ot the object.

The intersection is again found by extending A-A'

and B-B' to the edge view of the inclined surface.

Refer to Sec. 6.

10. Intersection of Two Skew Planes.
As before, the points of intersection of two lines

determine the intersection of the planes. In Fig. 12

two edge-view (in the front view) planes have been

passed through A-A' and B-B' extended. The edge-

view planes then intersect the skew plane RSTU in

lines WX and YZ. Then Pr and QT , the intersections

of A-A' and B-B' extended, in the top view determine

the top view of the line of intersection, which,

projected to the front view at PF and QF , completes

the solution. Compare Fig. 12 (edge-view plane in

front view is used) with Fig. 8 (edge-view plane in

top view is used). An edge-view plane can also be

passed in a side view whenever it is convenient to

do so.

1 1 . To Find the Intersection of
Two Prisms (Fig. 13).

In general, find the line of intersection of a surface

on one prism with all surfaces on the other. Then
take a surface adjacent to the first surface, and find

its intersection with the other prism. Continue in this

manner until the complete line of intersection of the

prisms is determined.

The method of locating end points on the line of

intersection of two surfaces depends upon the posi-

tion of the surfaces, as follows:

Both Surfaces Receding (Edge View), Their inter-

section appears as a point in the view in which they

recede. Project the intersection to an adjacent view,

locating the two ends of the intersection on the

edges of one or both intersecting surfaces so that

they will lie within the boundaries of the other sur-

face. The intersection 4-5 of surfaces QRST and

EF-3 was obtained in this manner.

One Surface Receding, the Other Skew. An edge

of the oblique surface may appear to pierce the

receding surface in a view in which these conditions

exist. If, in an adjacent view, the piercing point lies

on the edge of the oblique surface and within the

fig. 11. Intersection of a skew plane with

an inclined plane. The edge view of the in-

clined plane determines the intersection.

/ -

//
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boundaries of the other surface, it is an end point

on the intersection of the surfaces. Point 5, lying

on edge F-5 of the oblique surface FG-1-5 and the

surface QRST, is located in the top view in this

manner. Point 1 was similarly established. Point 6,

lying on edge ST, is found by passing a vertical plane

AA through edge ST. Plane AA cuts line 1-c from

plane GF-5-1, giving point 6 where line 1-c crosses

ST.

Both Surfaces Skew. Find the piercing point of an

edge of one surface with the other surface, as fol-

lows: Pass a receding plane through an edge of one

surface. Find the line of intersection of the receding

plane and the other surface, as explained above. The

piercing point of the edge and surface is located

where the line of intersection, just found, and the

edge intersect. Repeat this operation to establish the

other end of the line of intersection of the surfaces.

Point 3, on the line of intersection 2-3 of the oblique

surfaces NORS and EG-1-3, was found in this man-

ner by passing the receding plane BB through edge

£-3, finding the intersection b-4 of the surfaces, and

then locating point 3 at the intersection of b-4 and

E-3.

12. To Find the Intersection

of Two Pyramids.
In general, find the point where one edge on one

pyramid pierces a surface of the other pyramid.

Then find where a second edge pierces, and so on.

To complete the line of intersection, the piercing

points of the edges of the second pyramid with

surfaces of the first will probably also have to be

found. Figure 14 illustrates the method. Find where

edge AD pierces plane EHG, by assuming a vertical

cutting plane through edge AD. This plane cuts line

1-2 from plane EHG, and the piercing point is point

P, located first on the front view and then projected

to the top view. Next, find where AD pierces plane

EFG, by using a vertical cutting plane through AD.
This plane cuts line 3-4 from plane EFG, and the

piercing point is point C-.

After finding point P on plane EHG and point Q
on plane EFG, locate the piercing point of edge EG
with plane ABD in order to draw lines of intersection.

A vertical plane through EG cuts line 5-6 from plane

ABD, and the intersection is point R on edge EG.

fig. 13. Intersection of two prisms. The

edges of one, intersecting the faces of the

other, determine the complete "line" of in-

tersection.

fig. 14. Intersection of two pyramids. The
edges of one, intersecting the faces of the

other, determine the intersection.
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Thus edges of the "first" pyramid pierce surfaces

of the "second," and edges of the second pierce

surfaces of the first. Continue in this manner until

the complete line of intersection PRQSTV has been

found.

The use of a vertical cutting plane to obtain the

piercing points is perhaps the simplest method and

the easiest to visualize. Nevertheless, it should be

noted that a plane receding from the frontal or

profile plane could also be used. As an example of

the use of a plane receding from the frontal, con-

sider that such a plane has been passed through

line CA in the front view. This plane cuts line 7-8

from plane EFG, and the point of intersection is S

on line CA. The use of a plane receding from the

profile plane would be basically the same but would

require a side view.

13. To Find the Line of Intersection

between a Prism and a Pyramid
(Fig. 15).

The method is basically the same as for two pyra-

mids. Thus a vertical plane through edge G cuts line

1-2 from surface AED, and a vertical plane through

edge K cuts line 3-4 from surface AED, giving the

two piercing points P and () on surface AED. A

vertical plane through edge AE cuts elements 7 and

8 from the prism and gives piercing points R and

T. Continue in this manner until the complete line

of intersection P^fSTVR is found.

14. Intersections of Curved Surfaces.
The intersections of single- and double-curved sur-

faces with lines and planes and with each other,

especially when one or both of the surfaces are in

a skew position, are properly a part of the study of

engineering geometry and therefore not included

here. However, the intersections of cylinders and

cones in simple positions occur more or less fre-

quently on machine parts, and so are discussed in

the paragraphs that follow.

15. Intersection of a Cylinder and Line.
The common case occurs when the cylinder is in

a simple position, as in Fig. 16, with one view the

fig. 15. Intersection of a prism and pyra-

mid. The edges of one, intersecting the faces

of the other, determine the intersection.

fig. 16. Intersection of a line and cylinder.

The edge view of the cylinder determines the

two piercing points.
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end view—the edge view of the surface and the other

view showing the normal view of all the elements.

Any line such as AX is therefore seen to intersect

the cylinder where the surface appears as an edge,

in this case the top view at YT and Z T . These two

points lie on elements of the cylinder P and (), which

are projected to the front view thus locating YP and

Z,.

16. Intersection of a Cylinder
and Plane.
Planes theoretically contain an infinite number of

lines, and so, by the method of Sec. 15, the inter-

section of a number of lines of a plane will determine

the intersection of a plane with a cylinder. In Fig.

17 the intersection of ABC with the cylinder is to

be located. Any line AX is drawn on the plane and
the intersections Z and Y found, giving two points

on the curved line of intersection. The process

repeated with a number of lines similar to AX will

give points to complete the curve.

fig. 17. Intersection of a plane and cylinder.

A number of lines on the plane are used.

17. Intersection of a Cone and a Line.
Figure 18<; illustrates pictorially the problem of find-

ing the points where a line pierces a cone. Select

a cutting plane, VXY, containing the given line AB
and passing through the apex, V, of the cone. A

plane passing through the apex of a cone will inter-

sect the cone in straight lines. The lines of inter-

section of the cutting plane and the cone are lines

V-l and V-2. These lines are determined by finding

the line of intersection, RS, between the cutting

plane and the base plane of the cone and then

finding the points 1 and 2 where this line crosses

fig. 18. Intersection of a line and cone. A
plane passed through the line and simulta-

neously through the apex of the cone is the

basis for determination.
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the base curve. Line AB intersects both lines V-l

and V-2, establishing the points P and P where line

AB pierces the cone.

The orthographic solution is illustrated at (/)).

Convenient points X and Y on line AB are selected

so that plane VAT (a plane containing the apex of

the cone and line AB) extended will intersect the

base plane of the cone in the line RS. In the top

view BS cuts the base curve at 1 and 2, thus locating

elements V-l and V-2 in the cutting plane and on

the surface of the cone. V-l and V-2 then intersect

BA at r and /", the piercing points of line AB and

the cone.

18. Intersection of a Cone and a Plane.
Figure 19« illustrates pictorially the determination

of the line of intersection between a cone and a

plane. Lines (elements) of the cone, such as VI,

V-2, etc., will intersect the plane at a, /;. etc., respec-

tively. If the edge view of the plane appears in one

of the views, as at (b), the solution is quite simple.

Selected elements of the cone, V-l, V-2, etc., are

drawn in both views. These elements are seen to

intersect the plane in the front view at a, />, etc.

Projection of these points to the top view then gives

points through which a smooth curve is drawn to

complete the solution. The edge view of the plane

(within the confines of the cone) is, of course, the

intersection in the front view.

If the plane intersecting the cone is skew, as in

Fig. 20, the cutting-plane method is probably prefer-

able because of the simplicity of the solution. Any

plane passed through the apex of the cone will cut

straight lines from the cone. Therefore, as shown

at (a), if vertical cutting planes are used, all passing

through V, the apex, these planes will cut lines such

as V-2 and V-8 from the cone. At the same time,

a vertical cutting plane will cut A'Z from the plane.

XZ then intersects V-2 at h and V-8 at h, giving two

points on the line of intersection. A series of planes

thus passed and points found will complete the

solution.

Even though the above plane method is simple

and requires only the given views for solution, it

might be advantageous to draw an extra view (auxil-

(,/)

(M

fig. 19. Intersection of a plane and cone.
The edge view of the plane determines the

intersection.

iary), as at (/>), where, by projecting parallel to a

horizontal line of the plane, the plane appears as an

edge. In this event, selected lines of the cone are

seen to intersect the plane in the auxiliary view

(where the plane appears as an edge), and the solu-

tion becomes basically the same as in Fig. 19/;. In

addition, points located first in the auxiliary view and

then in the top view will have to be found in the

front view by projection from the top view and



12 SURFACE INTERSECTIONS 439

fig. 20. Intersection of a plane and cone.

(a) A series of planes, passed through the

cone apex, locate points common to plane

and cone; (b) an auxiliary (edge view of plane)

determines points common to cone and
plane.

measurement from the auxiliary, indicated by dis-

tance X on the figure.

have been determined, a sufficient number of other

cutting planes are used to give an accurate curve.

19. Intersection of Two Cylinders
(Fig. 21).
Cutting planes parallel to the axis of a cylinder will

cut straight-line elements from the cylinder. The

frontal cutting planes A, B, C, and D, parallel to the

axis of each cylinder, cut elements from each cylin-

der, the intersections of which are points on the

curve. The pictorial sketch shows a slice cut by a

plane from the object, which has been treated as a

solid in order to illustrate the method more easily.

When the axes of the cylinders do not intersect,

as in Fig. 22, the same method is used. Certain

"critical planes" give the limits and turning points

of the curve. Such planes should always be taken

through the contour elements. For the position

shown, planes A and D give the depth of the curve,

the plane B the extreme height, and the plane C
the tangent or turning points on the contour ele-

ment of the vertical cylinder. After the critical points

20. Intersection of a Cylinder
and a Cone (Fig. 23).
Cutting planes may be taken, as at {a), so as to pass

through the vertex of the cone and parallel to the

axis of the cylinder, thus cutting the straight-line

elements from both cylinder and cone; or, as at (£>),

with a right-circular cone, when the cylinder's axis

is parallel or perpendicular to the cone's axis, cutting

planes may be taken parallel to the base so as to

cut circles from the cone. Both systems of planes

are illustrated in the figure. The pictorial sketches

show slices taken by each plane through the objects,

which have been treated as solids in order to illus-

trate the method more easily. Some judgment is

necessary in the selection of both the direction and

the number of cutting planes. More points need to

be found at the places of sudden curvature or

change of direction of the projections of the line of

intersections.
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rPi^

fig. 21. Intersection of two cylinders. Planes

cut straight-line elements from both.

fig. 22. Intersection of two cylinders, axes
not intersecting. Planes, parallel to each of

the axes, cut straight-line elements from both

surfaces.

fig. 23. Intersection of a cylinder and cone.

(«) Elements of the cone are observed to

intersect the cylinder in the side view (edge

view of cylinder); or (/;) horizontal planes cut

circles from both surfaces and locate points

common to both.
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In Fig. 23a the cutting planes appear as edges

in the right-side view, where the cylinder surface also

appears as an edge. The observed intersections in

the side view are then projected to the cone ele-

ments formed by the cutting planes, in the top and

front views, to complete the solution.

At (1)), horizontal cutting planes cut circles from

the cone and straight-line elements from the cylin-

der. The top view then reveals intersections of cone
circles and cylinder elements. Projection to the front

view will complete the solution.

PROBLEMS

Selections may be made from the following problems.

Construct the figures accurately in pencil without inking.

Any practical problem can be resolved into some combi-

PROB. 1. PROB. 2.

nation of the "type solids," and the exercises given

illustrate the principles involved in the various combina-

tions.

The following problems may be drawn on 8V
2

- x 11-in.

or 11- x 17-in. sheets. Assume the objects to be made
of thin metal with open ends unless otherwise specified.

Group 1. Intersections of Prismatic Ducts.
1. to 3. Find the line of intersection, considering the

prisms as pipes opening into each other. Use care in

indicating visible and invisible parts of the line of inter-

section.

4 to 6. Find the line of intersection, indicating visible

and invisible parts and considering prisms as pipes

opening into each other.

7. Find the intersection between the two prismatic

ducts.

PROB. 5. PROB. 6. prob. 7. Prismatic ducts.
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prob. 8. Tower and conveyor-belt galleys.

PROB. 11. PROB. 13.

8. The layout as illustrated shows a tower and proposed

conveyor-belt galleys. Find the intersection between the

tower and the main supply galley.

8A. Same layout as Prob. 8. After solving Prob. 8., find

the intersection between the two galleys.

Group 2. Intersections of Pyramidal Objects.

9 to 13. Find the lines of intersection.

14. Find the line of intersection between the prismatic

duct and hopper. prob. 14. Prismatic duct and hopper.
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Group 3. Intersections of Cylindrical Ducts.
15 to 17. Find the line of intersection, indicating visible

and invisible portions and considering cylinders as pipes

opening into each other.

18. The layout shows a pump casing composed of a

cylinder and elbow. Find the intersection between the

cylinder and elbow.

19. The layout shows a portion of a liquid oxygen

pumping system consisting of pipes A, B, C. and D. Find

the intersection of the pipes.

PROB. 15. PROB. 16.

prob. 19. Lox pump outlet.

-| prob. 18. Pump casing.
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20. The layout shows an oblique pipe meeting a cylin-

drical inlet in a power-station piping system. Find the

intersection between the inlet and pipe.

Group 4. Intersections of Conic Objects and Ducts.

21 to 31. Find the line of intersection.

32. The layout shows the plan view of an intake mani-

fold consisting of a conical connector intersected by two

cylindrical pipes. Find the intersection of the pipe that

PROB. 21.

mk-,3 i- Geao prob. 20. Power-station piping.

PROB. 22.

T
-U

r

—

4—ir^-i
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enters the side ot the conical connector. The axes of the

two shapes intersect. Solve this problem using only the

plan view.

33. The layout shows the cylindrical outlet pipe and

conical inlet pipe of a "Kaplan-system" outlet. Find the

intersection of the two shapes, using the cutting-sphere

method.

34. The layout shows a right circular cylinder and an

elliptical-base cone. Find the intersection of the two sur-

faces.

prob. 30. prob. 31.

prob. 32. Discharge manifold.

prob. 33. "Kaplan-system" outlet. prob. 34. Cylinder and cone.
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1. Developments, Denned.
In many different kinds of construction full-size

patterns of some or all of the faces of an object are

required; for example, in stonecutting, a template

or pattern giving the shape of an irregular face, or

in sheet-metal work, a pattern to which a sheet may
be cut so that when rolled, folded, or formed it will

make the object.

The complete surface laid out in a plane is called

the "development" of the surface.

Surfaces about which a thin sheet of flexible ma-

terial (such as paper or tin) can be wrapped

smoothly are said to be developable; these include

objects made up of planes and single-curved sur-

faces only. Warped and double-curved surfaces are

nondevelopable; and when patterns are required for

their construction, they can be made only by

methods that are approximate, but, assisted by the

ductility or pliability of the material, they give the

required form. Thus while a ball cannot be wrapped

smoothly, a two-piece pattern developed approxi-

mately and cut from leather can be stretched and

sewed on in a smooth cover, or a flat disk of metal

can be die-stamped, formed, or spun to a hemi-

spherical or other shape.

2. Basic Considerations.
We have learned the method of finding the true size

of a plane surface by projecting its normal view. If

the true size of all the plane faces of an object are

found and joined in order at their common edges

so that all faces lie in a common plane, the result

will be the developed surface. Usually this may be

done to the best advantage by finding the true

length of the edges.

The development of a right cylinder is evidently

a rectangle whose width is the altitude and length

the rectified circumference (Fig. 1); and the devel-

opment of a right-circular cone is a circular sector

with a radius equal to the slant height of the cone

and an arc equal in length to the circumference of

its base (Fig. 1).

As illustrated in Fig. 1, developments are drawn

with the inside face up. This is primarily the result

of working to inside rather than outside dimensions

of ducts. This procedure also facilitates the use of

fold lines, identified by punch marks at each end,

along which the metal is folded in forming the object.

In laying out real sheet-metal designs, an allow-

ance must be made for seams and lap and, in heavy

sheets, for the thickness and crowding of the metal;

there is also the consideration of the commercial

sizes of material as well as the question of economy
in cutting. In all of this some practical shop knowl-

edge is necessary. Figure 17 and Sec. 14 indicate

the usage of some of the more common joints,

although the developments given in this chapter will

be confined to the principles.

3. To Develop a Truncated
Hexagonal Prism (Fig. 2).

First draw two projections of the prism: (1) a normal

view of a right section (a section or cut obtained

by a plane perpendicular to the axis) and (2) a

normal view of the lateral edges. The base ABCDEF
is a right section shown in true size in the bottom

view. Lay off the perimeter of the base on line AA
of the development. This line is called by sheet-

metal workers the "stretchout" or "girth" line. At

points A, B, C, etc., erect perpendiculars called

"measuring lines" or "bend lines," representing the

lateral edges along which the pattern is folded to

form the prism. Lay off on each of these its length

A-l, B-2, C-3, etc., as given on the front view. Con-

nect the points 1, 2, 3, etc., in succession, to com-

plete the development of the lateral surfaces. Note

on the pattern that the inside of the lateral faces

is toward the observer. For the development of the

entire surface in one piece, attach the true sizes of

the upper end and the base as shown, finding the

true size of the upper end by an auxiliary (normal)

view as described in Sec. 4, Chap. 6. For economy

of solder or rivets and time, it is customary to make
the seam on the shortest edge or surface. In seam-

ing along the intersection of surfaces whose dihedral

angle is other than 90°, as is the case here, the

lap seam lends itself to convenient assembling. The

flat lock could be used if the seam were made on

one of the lateral faces.



13 DEVELOPED VIEWS 449

fig. 1. Theory of development. The surface

is composed into a plane by unfoldment.

fig. 2. Development of a prism. The true

size of each side is laid out in successive

order.

4. To Develop a Truncated Right Pyramid
(Fig. 3).

Draw the projections of the pyramid which show (1)

a normal view of the base or right section and (2)

a normal view of the axis. Lay out the pattern for

the pyramid, and then superimpose the pattern of

the truncation.

Since this is a portion of a right regular pyramid,

the lateral edges are all of equal length. The lateral

edges OA and OD are parallel to the frontal plane

and consequently show in their true length on the

front view. With center Ov taken at any convenient

place, and a. radius OfA f , draw an arc that is the

stretchout of the pattern. On it step off the six equal

sides of the hexagonal base, obtained from the top

view, and connect these points successively with

each other and with the vertex Ov thus forming the

pattern for the pyramid.

The intersection of the cutting plane and lateral

surfaces is developed by laying off the true length

of the intercept of each lateral edge on the corre-

sponding line of the development. The true length

of each of these intercepts, such as OH and OJ, is

found by rotating it about the axis of the pyramid

until they coincide with OfA f . The path of any point,

as H, will be projected on the front view as a

horizontal line. To obtain the development of the

entire surface of the truncated pyramid, attach the

base; also find the true size of the cut face and

attach it on a common line.

The lap seam is suggested for use here also for

convenient assembling.
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piece, four-piece, or five-piece elbows can be drawn

similarly, as illustrated in Fig. 7. As the base is

symmetrical, only one-half of it need be drawn. In

these cases, the intermediate pieces, as B, C, and

D, are developed on a stretchout line formed by

laying off the perimeter of a right section. If the right

section is taken through the middle of the piece,

the stretchout line becomes the center line of the

development.

Evidently any elbow could be cut from a single

sheet without waste if the seams were made
alternately on the long and short sides. The flat lock

seam is recommended for Figs. 6 and 7, although

other types could be used.

The octagonal dome (Fig. 8) illustrates an appli-

cation of the development of cylinders. Each piece

is a portion of a cylinder. The elements are parallel

to the base of the dome and show in their true

lengths in the top view. The true length of the

stretchout line for sections A and A' shows in the

fig. 7. Development of an elbow (cylinders).

Note the identity of A, E, B, and D.

fig. 8. Development of a dome (cylinders).

Each cylindrical portion is unrolled sepa-

rately.
True shapes of

hip rafters

Mr Kf Kr Hf.Nf
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front view at OfHf . By considering OrHr as the

edge of a plane cutting a right section, the problem

is identical with the preceding problem.

Similarly, the stretchout line for sections B, B', D,

and D' shows in true length at FK R in the front

view, and for section C and C" at OsMs in the side

view.

The true shape of hip rafter ON is found by rotat-

ing it until it is parallel to the frontal plane, as at

OfNr , in the same manner as in finding the true

length of any line. A sufficient number of points

should be taken to give a smooth curve.

7. To Develop a Truncated
Right-Circular Cone (Fig. 9).

Draw the projections of the cone which will show

(1) a normal view of the base or right section and

(2) a normal view of the axis. First develop the sur-

face of the complete cone and then superimpose

the pattern for the truncation.

Divide the top view of the base into a sufficient

number of equal parts so that the sum of the result-

ing chordal distances will closely approximate the

periphery of the base. Project these points to the

front view, and draw front views of the elements

through them. With center A
x
and a radius equal

to the slant height AP-1P , which is the true length

of all the elements, draw an arc, which is the

stretchout, and lay off on it the chordal divisions

of the base, obtained from the top view. Connect

these points lv 2, 3, etc., with A-l, thus forming

the pattern for the cone. Find the true length of each

element from vertex to cutting plane by rotating it

to coincide with the contour element A-l, and lay

off this distance on the corresponding line of the

development. Draw a smooth curve through these

points. The flat lock seam along element S-l is

recommended, although other types could be

employed. The pattern for the inclined surface is

obtained from the auxiliary (normal) view.

8. Triangulation.
Nondevelopable surfaces are developed approxi-

mately by assuming them to be made of narrow

sections of developable surfaces. The commonest
and best method for approximate development is

that of triangulation, that is, the surface is assumed

to be made up of a large number of triangular strips,

Fiat lock seam

-Right section and base

fig. 9. Development of a cone. This is a right

cone. All elements from vertex to base are

the same length.
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or plane triangles with very short bases. This method

is used for all warped surfaces and also for oblique

cones. Oblique cones are single-curved surfaces and

thus are theoretically capable of true development,

but they can be developed much more easily and

accurately by triangulation, a simple method which

consists merely of dividing the surface into triangles,

finding the true lengths of the sides of each, and

constructing them one at a time, joining these trian-

gles on their common sides.

9. To Develop an Oblique Cone (Fig. lO).

An oblique cone differs from a cone of revolution

in that the elements have different lengths. The

development of the right-circular cone is, practically,

made up of a number of equal triangles which meet

at the vertex and whose sides are elements and

whose bases are the chords of short arcs of the base

of the cone. In the oblique cone each triangle must
be found separately.

Draw two views of the cone showing (1) a normal

view of the base and (2) a normal view of the alti-

tude. Divide the true size of the base, here shown
in the top view, into a sufficient number of equal

parts so that the sum of the chordal distances will

closely approximate the length of the base curve.

Project these points to the front view of the base.

Through these points and the vertex, draw the ele-

ments in each view. Since this cone is symmetrical

about a frontal plane through the vertex, the ele-

ments are shown only on the front half of it. Also,

only one-half of the development is drawn. With the

seam on the shortest element, the element OC will

be the center line of the development and can be

drawn directly at O
l
C

l
, as its true length is given

at OfCf . Find the true length of the elements by

rotating them until parallel to the frontal plane or

by constructing a "true-length diagram." The true

length of any element would be the hypotenuse of

a triangle, one leg being the length of the projected

element as seen in the top view and the other leg

being equal to the altitude of the cone. Thus to make
the diagram, draw the leg OD coinciding with or

parallel to OfD f . At D and perpendicular to OD,
draw the other leg, on which lay off the lengths D-l,

D-2, etc., equal to DT l T , DT
-2

T , etc., respectively.

Distances from O to points on the base of the dia-

gram are the true lengths of the elements.

Construct the pattern for the front half of the cone

as follows: With O
x
as center and radius 0-1, draw

an arc. With C\ as center and radius CT -1
T , draw

a second arc intersecting the first at l
x ; then O^lj

will be the developed position of the element 0-1.

With 1
1
as center and radius l r

-2
r , draw an arc

One^a/fofa'e^e/opmer?/'

fig. 10. Development of an oblique cone. A
true-length diagram is used to obtain the

lengths of the elements.
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intersecting a second arc with O
t

as center and
radius 0-2, thus locating 2

1
. Continue this procedure

until all the elements have been transferred to the

development. Connect the points Cv lv 2V etc.,

with a smooth curve, the stretchout line, to complete

the development. The flat lock seam is recom-

mended for joining the ends to form the cone.

lO. A Conic Connection between
Two Parallel Cylindrical Pipes
of Different Diameters.
This is shown in Fig. 11. The method used in

drawing the pattern is an application of the develop-

ment of an oblique cone. One-half of the elliptical

base is shown in true size in an auxiliary view, here

attached to the front view. Find the true size of the

base from its major and minor diameters, divide it

into a number of equal parts so that the sum of

these chordal distances closely approximates the

periphery of the curve, and project these points to

the front and top views. Draw the elements in each
view through these points, and find the vertex O by

extending the contour elements until they intersect.

The true length of each element is found by using

the vertical distance between its ends as the vertical

leg of the diagram and its horizontal projection as

the other leg. As each true length from vertex to

base is found, project the upper end of the intercept

horizontally across from the front view to the true

length of the corresponding element to find the true

length of the intercept. The development is drawn
by laying out each triangle in turn, from vertex to

base, as in Sec. 9, starting on the center line
1
C

1

and then measuring on each element its intercept

length. Draw smooth curves through these points

to complete the pattern. Join the ends with a flat

lock seam.

11. Transition Pieces.
These are used to connect pipes or openings of

different shapes of cross section. Figure 12, showing

a transition piece for connecting a round pipe and
a rectangular pipe, is typical. Transition pieces are

always developed by triangulation. The piece shown
in Fig. 12. is made up of four triangular planes,

whose bases are the sides of the rectangle, and four

parts of oblique cones, whose common bases are

arcs of the circle and whose vertices are at the

corners of the rectangle. To develop it, make a true-

length diagram as in Fig. 10. When the true length

of 0-1 is found, all the sides of triangle A will be

known. Attach the development of cones B and B',

then those of triangles C and C, and so on.

Figure 13 is another transition piece joining a

rectangular to a circular pipe whose axes are non-

parallel. By using a partial right-side view of the

round opening, the divisions of the bases of the

oblique cones can be found (as the object is sym-

'
i iei/ehpment

4 S—6 fig. 11. Development of a transition
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Flat lock seam

fig. 12. Development of transition. This

transition connects a cylindrical with a rec-

tangular pipe. The surface is made up of

planes and portions of oblique cones.

FIG. 13. Development of a transition. This

transition connects cylindrical and rectan-

gular pipes with nonparallel axes. The surface

is made up of planes and portions of oblique

cones.

metrical, one-half only of the opening need be

divided). The true lengths of the elements are

obtained as in Fig. 11.

With the seam line the center line of the plane

E in Figs. 12 and 13, the flat lock is recommended

for joining the ends of the development.
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12. Triangulation of Warped Surfaces.

The approximate development of a warped surface

is made by dividing it into a number of narrow

quadrilaterals and then splitting each of these

quadrilaterals into two triangles by a diagonal, which

is assumed to be a straight line, although really a

curve. Figure 14 shows a warped transition piece

to connect an ovular (upper) pipe with a right-

circular cylindrical pipe (lower). Find the true size

of one-half the elliptical base by rotating it until

horizontal about an axis through 1, when its true

shape appears on the top view. The major diameter

is l-7
fi , and the minor diameter through 4R will

equal the diameter of the lower pipe. Divide the

semiellipse into a sufficient number of equal parts,

and project these to the top and front views. Divide

the top semicircle into the same number of equal

parts, and connect similar points on each end, thus

dividing the surface into approximate quadrilaterals.

Cut each into two triangles by a diagonal. On true-

length diagrams find the lengths of the elements

and the diagonals, and draw the development by

constructing the true sizes of the triangles in regualr

order. The flat-lock seam is recommended for

joining the ends of the development.

13. To Develop a Sphere.
The sphere may be taken as typical of double-curved

surfaces, which can be developed only approxi-

mately. It may be cut into a number of equal merid-

ian sections, or lunes, as in Fig. 15, and these may
be considered to be sections of cylinders. One of

these sections, developed as the cylinder in Fig. 15,

will give a pattern for the others.

Another method is to cut the sphere into hori-

zontal sections, or zones, each of which may be

fig. 14. Development of a transition

(warped surface). This transition connects an

oval and a cylindrical pipe. Triangulation of

surface portions is necessary.
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taken as the frustum of a cone whose vertex is at

the intersection of the extended chords (Fig. 16).

14. Joints, Connectors, and Hems.
There are numerous joints used in seaming sheet-

metal ducts and in connecting one duct to another.

Figure 17 illustrates some of the more common
types, which may be formed by hand on a break

or by special seaming machines. No attempt to

dimension the various seams and connections has

been made here because of the variation in sizes

for different gages of metal and in the forming

machines of manufacturers.

Hemming is used in finishing the raw edges of

the end of the duct. In wire hemming, an extra

allowance of about 2 l

/2 times the diameter of the

wire is made for wrapping around the wire. In flat

hemming, the end of the duct is bent over once or

twice to relieve the sharp edge of the metal.

fig. 15. Development of a sphere (gore

method). This is a double-curved surface and
development is only approximate.

®

fig. 16. Development of a sphere (zone

method). This is a double-curved surface and
development is only approximate.

Wire* i edge
Hemmed edges

Soldered Riveted

Lopjoints

Pittsburgh

corner lock

Riveted Button punched
Standing seams

Cupjoint
i/ipjomt

r~ r^ r S-hook slipjoint Cap strip connector

Side outletjoints

fig. 17. Joints and finished edges. These
are used in constructing sheet-metal parts.
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PROBLEMS

Selections may be made from the following problems.

Construct the figures accurately in pencil without inking.

Any practical problem can be resolved into some combi-

nation of the "type solids," and the exercises given

illustrate the principles involved in the various combina-

tions.

An added interest in developments may be found by

working problems on suitable paper, allowing for fasten-

ings and lap, and cutting them out. It is recommended

that at least one or two models be constructed in this

manner.

In sheet-metal shops, development problems, unless

very complicated, are usually laid out directly on the

metal.

The following problems may be drawn on 8 1:

2
- x 11-in.

or 11- x 17-in. sheets. Assume the objects to be made
of thin metal with open ends unless otherwise specified.

Group 1. Developments of Prisms.
1 to 6. Develop lateral surfaces of the prisms.

Group 2. Developments of Pyramids.
7 to 9. Develop lateral surfaces of the hoppers.

10 and 11. Develop lateral surfaces of the pyramids.

Group 3. Developments of Cylinders.
12 to 18. Develop lateral surfaces of the cylinders.

19. Develop the oblique pipe section of the power-

station piping of Prob. 20, Chap. 12. Also develop the

cylindrical inlet, showing the opening to be made for the

oblique pipe.

\,—

-
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\^W
PROB. 15. PROB. 16. PROB. 17. PROB. 18.

Group 4. Developments of Combinations of Prisms and Cylinders.

20 to 22. Develop lateral surfaces.

Group 5. Developments of Cones.
23 to 27. Develop lateral surfaces.

28. Develop the concentric reducer for the power-station

piping of Prob. 20, Chap. 12.

PROB. 20.

PROB. 22. PROB. 23. PROB. 24.

PROB. 25. PROB. 26. PROB. 29.
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Group 6. Developments of Combinations of Surfaces.

29 to 32. Develop lateral surfaces of the objects.

33. Develop the cylindrical pipe for the pump casing of

Prob. 18, Chap. 12.

34. Develop the elbow sections, A, B, and C, of the

pump casing of Prob. 18, Chap. 12.

Group 7. Developments of Cones and Transition Pieces.

35 to 42. Develop lateral surfaces of the objects (one-

half in Probs. 35, 36, 38, 39, and 41).

PROB. 31. PROB. 32. PROB. 35. PROB. 36. PROB. 37.

"T7"7
45 /

i

/I
/ I

/ J

PROB. 38. PROB. 39 PROB. 40.

V
PROB. 42.
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Group 8. Developments of Furnace-pipe Fittings.

43 to 50. Develop surfaces and make paper models.

PROB. 43.

h I j V\s I? x3 Opening

PROB. 44.

PROB. 46.

Group 9. Specialities.

There are innumerable combinations of geometric shapes

and, sometimes, nongeometric forms used in modern

engineering work that, fundamentally, are problems of

layout and intersection and then either development or

representation. The following three problems are typical

examples.

51. The diverter-duct system for a VTOL jet consists

essentially of a formed elbow and a cylinder. A typical

layout is shown in Prob. 51. Find the intersection between

the cylinder and elbow. Develop the cylinder and make
an accurate representational drawing of the elbow.

52. The evaporator shown in the layout consists of a

combustion sphere and cone. Connected to this combi-

nation is a steam outlet A and an exhaust pipe B. Find

all intersections and then develop the parts that can be

developed.

53. The microwave horn reflector antenna consists es-

sentially of three surfaces: a cone, a cylinder, and a

paraboloid of revolution, which, if chosen correctly,

should intersect one another on the same curve. To verify

this construction, lay out the complete horn according

to the dimensions shown in the illustration. Then, find

the intersection between the cone and cylinder and be-

tween the cylinder and paraboloid. Develop all parts that

can be developed.

PROB. 50

PROB. 48.
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prob. 51. Diverter duct system.

prob. 52. Evaporator.

prob. 53. Reflector horn.
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1. Introduction.
Digital and analog computers were developed in the

1940s. Today computers may perform several mil-

lion calculations per second and may be pro-

grammed to execute sophisticated tasks such as

guiding rockets to the moon. Development of the

computer dramatically affected all engineering and

science. As we shall see, the computer has en-

hanced the technical capabilities of the graphic lan-

guage.

2. Computer Graphics.
Computer graphics combines the methods of

graphic arts and the technical capabilities of the

computer to convert scientific data into descriptive

pictures. The most common and least expensive

form of computer graphic representation is the fa-

miliar line drawing. All the engineering drawings in

this text are basically line drawings. The actual

drawing may be displayed on paper or on a cath-

ode-ray tube. The second and more complicated

form of computer graphic representation is a lifelike

picture drawn according to the mathematical model

of an object, as shown in Figs. 1 and 2. In this

process a camera produces a pattern of light and

dark on a television screen according to mathemati-

cal calculations. This form of computer graphics is

the most dramatic because it is possible to produce

a picture of a nonexistent object with nothing more
than a mathematical model.

Computer graphics involves six basic steps: (1) a

design is conceptualized or planned; (2) the design

is translated into data that is acceptable to the

computer; (3) the data describing the design con-

cept is fed into the computer along with the pro-

gramming that will direct the graphics equipment
(this is the input stage, in which the data and pro-

gram make up the software of the graphics process);

(4) the computer operates the graphics equipment
and produces an image according to the data de-

scribing the design concept (this is the output stage,

in which the computer and graphics equipment
make up the hardware of the computer process);

(5) the graphics designer makes changes and
refines the design; and (6) reproduction of the final

fig. 1 A computer-generated picture of an
object which does not exist except as a set of

numbers in a computer program. This was
drawn on a matrix type display.

fig. 2 Another object also computer-drawn
which also does not exist except as a set of

numbers in a computer program.

design is implemented by any of the standard

methods such as photoprocessing.

3. Numerically Controlled Machine
Tools.

Numerically controlled machine tools are run by a

numerical control program rather than by a human
operator. (See Fig. 14.) A computer produces the

numerical control program.

Computer graphics and numerically controlled
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machining have many points in common, so much
so that paths to be taken by the numerically con-

trolled machine tools are often drawn using com-

puter graphics to verify whether or not the tools will

cut the correct contours.

4. Computer Graphics and Numerically
Controlled Machines.
Computer graphics and numerically controlled ma-

chine tools basically perform the same task of pro-

ducing a line with a given function at a specified

place on a drawing or machine part, according to a

computer-generated program. Both are forms of

automation in which the enormous calculating

power of the computer is used to direct a stylus

which will draw pictures or produce machined parts

more rapidly than could be done by conventional

hand methods. A strong advantage of both proc-

esses is that they may quickly and accurately pro-

duce a curve or contour matching a mathematical

function. This latter process, known as plotting a

curve, requires a large number of calculations of x

and y coordinates.

5. Line Plotters or Drafting Machines.
The graphic devices which draw lines on paper are

called plotters, line plotters, or automated drafting

machines.

6. The Flatbed Plotter.

As shown in Fig. 3, the flatbed plotter supports the

drawing with a flat surface. Bed dimensions of four

or five feet are fairly common. The plotter pen is

mounted on a bridge that moves as an entire unit in

both x and ;/ directions corresponding to the x and y
coordinates of a drawing. The pen module can lift or

drop the pen so that lines can be drawn or not

drawn as the pen moves across the paper.

Pen movements may be controlled by two differ-

ent types of motors: stepping motors or variable-

speed motors.

Plotters controlled by stepping motors are called

incremental or digital plotters. The majority of plot-

ters are of this type. The advantage of these plotters

is that voltage fluctuations within the system do not

affect the pen movement. Plotters of this type have

eight basic movements: positive and negative x,

positive and negative y, and the four combinations

of simultaneous x and y movements.

Alternatives to stepping motors are variable-

speed plotters, which are controlled by two motors,

one for the x function and one for the y function.

Thus, a line with a slope of one unit in the y direc-

tion and three units in the x direction would be

drawn with the x motor running at three times the

speed of the y motor.

The pen bridge flatbed plotter is constructed so

that the pen module remains stationary while a

linear motor, which is similar to a variable-speed

motor, moves the flatbed in x and y directions.

7. Drum Line Plotters.

As seen in Fig. 4, the drum line plotter also has a

stationary pen bridge. Paper is moved underneath it

on a rotating drum. The drum acts as a sprocket

wheel. The edge of the paper is perforated with

sprocket holes. Sprocket teeth on the drum pull the

paper in the desired direction. A typical drum plot-

ting system can handle ten feet of drawing. Drum
plotters are usually driven by stepping motors and

are therefore of the incremental type. Because the

steps around the drum are produced by an angular

motion of the drum, maintaining accuracy on a long

drawing is more of a problem with a drum plotter
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fig. 5 A cathode ray tube display device of

the storage tube type.

cuitry and not by a program in the computer. This

allows for speed and flexibility.

There are two major types of cathode-ray tubes:

refresh and storage.

12. Storage Cathode-ray Tube.
The storage-type cathode-ray tube has on the tube

face a phosphor which is continually bombarded
with a "fog" of electrons. To produce a picture the

phosphor is lit by additional electrons according to

the specifications of a program. The picture is, then,

stored on the face of the tube by the fog of elec-

trons. Unfortunately, once a line is drawn, it cannot

be erased individually. The only way to remove part

of a picture is to erase the entire thing and redraw it

correctly.

13. Refresh Cathode-ray Tube
Like the television tube, the picture on the refresh-

type cathode-ray tube must be continually redrawn,

or "refreshed," by the electron beam that produces

the image. This means that to erase a line on a

refresh tube one simply does not redraw it. Either

the display equipment must have an internal mem-
ory where the graphics program can be stored so

that it may be used to refresh the picture, or the

computer memory must be used for this purpose.

The impermanence of the refresh cathode-ray tube

allows for the creation of animation. Changing the

position of a given line on the display every time the

picture is refreshed gives the illusion of motion in a

cartoon style. When a computer graphics system

allows for motion to be simulated on a screen, it is

said to be operating in real time. This cartoon tech-

nique of producing motion on a refresh cathode-ray

tube is the most complex, difficult, and expensive of

the computer graphics techniques discussed so far.

However, the result is dramatic and provides infor-

mation about moving objects which cannot be ob-

tained in any other fashion. For instance, watching

computer simulation of the wing of a jet aircraft

undulating under the stresses of flight can provide

invaluable information to the aircraft designer.

14. The Raster Cathode-ray Tube.
The raster refresh tube is actually a computer-driven

television set. The picture on the screen is produced

as the result of the computer providing information

which is interpreted by the television tube as a pic-

ture. Television pictures are formations of raster

lines. Raster lines are successions of horizontal

lines. The quality of the picture depends on the

number of lines per inch. Each line in a raster also

has a certain brightness level that must be prepro-

grammed. A black-and-white television picture could

easily require a million bits of picture information.

To produce a realistic series of pictures, the picture

information must be changed often enough to give

the illusion of motion. Obviously, the raster cath-

ode-ray tube requires a fantastically fast computer.

The appropriate computer is correspondingly ex-

pensive and requires equally sophisticated pro-

gramming.

15. Plasma Panel Displays.
The screen of the plasma panel display consists of

glowing neon gas dots spaced in a matrix fashion.

The dots are spaced about 60 to the inch. (See Fig.

6.) Clever electronic circuitry permits any dot to be

lit or unlit. Plasma panels are storage-type display

panels. The display is stable as long as power is
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fig. 6 A matrix or dot-type ionized gas dis-

play known as a plasma panel.

applied to the panel. Since individual dots can be

erased, the display can be selectively updated with-

out the requirement of erasing the entire picture to

redraw those portions which are not desired. Thus,

the plasma panel has some of the advantages of the

refresh tube. However, an unwanted line on a

plasma panel must be erased abruptly. This causes

a noticeable flickering of the picture when attempt-

ing to produce motion. Although this effect may be

annoying, the plasma panel still produces the illu-

sion of motion and at a cost that is considerably

under that of typical refresh tubes. The dot pattern

of the screen resembles the dots of a halftone illus-

tration and, as a result, various shading patterns

can be used to produce realistic pictures. Shading

patterns can be formed by various combinations of

lighted and unlighted dots, providing some of the

shading capabilities of the raster refresh cathode-

ray tube.

The plasma panel is the thickness of two sheets of

glass and is essentially transparent. A rear-projec-

tion screen can be placed behind the display, per-

mitting slides or motion pictures to be projected

onto the screen while the plasma panel displays

computer-drawn pictures on the front of the screen.

Various combinations of actual pictures and com-

puter-drawn displays are possible. The plasma panel

operates in the matrix mode and is programmed

quite differently than vector or incremental types.

16. Hard-copy Devices.
Hard-copy devices seem to intrigue inventors, and

the variety of devices which have been developed is

staggering. Any attempt to do more than simply

describe a few popular types is an exercise in futility.

The obvious advantages of cathode-ray tubes are

that they can produce pictures much faster than

permanent copy devices, the illusion of motion can

be produced, and a great number of trial-and-error

solutions can be tested at little cost to the user.

However, when the user would like to retain a pic-

ture, some method must be used to produce a per-

manent copy of the cathode-ray tube display. One of

the earliest methods that is still used is to convert

the display information into data for use by a hard-

copy plotter. Unfortunately, hard-copy plotters are

slow, adding to the time required to convert the

picture information. More versatile methods are now
available.

The xerographic process is frequently used to

copy pictures from the face of the cathode-ray

screen. This is the process pioneered and made
famous by the Xerox Corporation. Two newer proc-

esses have become popular. One process places an

electrostatic image on paper using a charged stylus.

The paper is then treated with a toner, which reacts

with the electrical charge on the paper to produce a

permanent picture. Various companies make copi-

ers of this type, and each company uses some varia-

tion of the process to make theirs unique. Another

new process is called thermal printing, which uses

specially treated paper which turns dark when

heated. The paper is drawn over a printing head

which consists of a line of wires whose ends face the

paper. The wires, often spaced 100 to the inch, can

be heated very rapidly and cooled just as rapidly.

The picture on the cathode-ray tube is drawn ma-

trix-style as the paper is reeled past the thermal

printing head. Information in incremental or vector

mode must be converted to matrix information. A

picture may be drawn by a thermal printer much
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more rapidly than by the usual line plotter. In addi-

tion, thermal printers are silent.

17. Computer Programming for

Displays.

The user ot the computer graphics system is gener-

ally spared much of the logical difficulties associated

with computer programming. Fortunately, the soft-

ware and hardware necessary to produce a drawing

according to number input is usually furnished by

computer manufacturers, because only they are

familiar enough with the system to provide efficient

algorithms for these actions. The most basic opera-

tions of computer graphics programming may
sometimes be wired into electronic circuitry. Exam-

ples of basic operations are drawing a line and

forming an alphabet.

18. Standard Graphics Programs.
The computer graphics system manufacturers often

supply programs called graphics subroutine pack-

ages to perform standardized drawing operations.

For instance, normally a circle must be programmed

by describing a series of straight lines shaped into a

polygon of at least 180 sides. However, the graphics

subroutine user may program a circle by calling for a

radius R and a center at X and Y. These programs

can be added to, to provide for additional opera-

tions. However, because every engineering opera-

tion is unique, many engineers write their own sub-

routines to fit their individual needs.

19. User Graphics Programs.
Let us assume that we have received a computer

graphics system of the line drawing type for either a

line plotter or a cathode-ray tube. The manufacturer

has provided three basic drawing operations: DRAW,

MOVE, and ERASE. For the moment we shall ignore

the need for characters on the drawing. We might

decide that it would be nice to be able to draw

rectangles without having to move the drawing op-

erations to a specified point to plot four straight

lines from that point. So we might elect to produce

an operation called RECT (X,Y,L,W) which would

produce a rectangle of length L and width W with

the lower left corner at point X,Y. The program to do

so might look something like this:

MOVE (X,Y)

DRAW (X&L.Y)

DRAW (X&L, Y&W)

DRAW (X.Y&W)
DRAW (X,Y)

move drawing operation

to point X, Y

draw bottom edge of

rectangle of length L

draw right hand vertical

edge of length W
draw top horizontal edge

return to starting point,

drawing left vertical edge

To draw a rectangle of length 7.5 and width 3.75

with the starting corner at X = 2.75 and V = 1.35

would require only this command in the RECT pro-

gram:

RECT (2.75, 1.35, 7.5, 3.75)

This program would actually execute the previous

instructions, but the user would be spared the task

of actually writing out five commands. It can be

seen that the user has ample opportunity to make
mistakes in placing the correct numbers into state-

ment commands. Therefore, it is desirable to reduce

the number of places where the user needs to enter

numbers or perform mathematical operations.

In an attempt to reduce the amount of busywork

needed to produce drawings on computer graphics

systems, special computer languages are being de-

veloped especially for graphics work. They will be

oriented to easy usage and will try to provide com-

puter power without the need for computer knowl-

edge. The ultimate goal is to produce computer-gen-

erated pictures by describing the picture in strictly

layman's terms without the limitations imposed by

the computer. The fact that this is not yet present

technology is shown by the qualifications necessary

to be a computer graphics professional.

20. Mathematical Models.
Practical objects to be drawn by a computer graph-

ics system are seldom as simple as the foregoing
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rectangle illustrations. Even an elementary object

like a block letter E would require drawing four

rectangles of varying sizes and orientations and

then eliminating the three lines which are at the

junction of the rectangles. Drawing practical objects

becomes a major problem because of the sheer

volume of data which must be handled. A formida-

ble stumbling block to development of inexpensive,

easy-to-use computer graphics programs is the need

to describe designs by mathematical equations. This

mathematical model of the object is so difficult to

create that producing a new computer graphics pic-

ture can be likened to the process of producing a

new automobile model. It is not a casual, overnight

process.

21. Graphics Program Complexities.

Early attempts to draw pictures of solid objects usu-

ally consisted of producing a drawing made as

though the object were constructed of wires repre-

senting each of the edges. (See Fig. 7.) Even today,

drawing of solid objects is largely of the wire-frame

type. Drawing objects of the wire-frame model in

orthographic views, perspective views, or axonomet-

fig. 8 A slightly different view of the object

of Fig. 7 with the "hidden" edges really hid-

den.

fig. 9 The ob|ect of Figs. 7 and 8 reoriented

and drawn with the "hidden" edges repre-

sented by dashed lines.

ric views is relatively simple. Because a perspective

drawing of a wire-frame model of an object can be

processed very rapidly by the computer, it is possi-

ble to give a cartoon-type motion to wire-frame

drawings on cathode-ray tubes. However, wire-frame

models of objects provide poor pictures because the
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fig. 10 The object of Fig. 9 with the faces

"lit" by a light from the upper right.

fig. 11 Orthographic views produced by the

same program that drew the objects in Fig.

9-12.

parts of the object which should be hidden from our

view are just as visible as features on the front of the

object. Unfortunately, a wire-frame object that can

be drawn with 200 or 300 statements in a computer

program might suddenly require 1,500 or 2,000

statements if drawn using a hidden-line elimination

addition to the program. (See Figs. 7 to 11.) In

addition to the complexity added by the hidden-line

part of the program, the description of the object

itself becomes much more complex. Any attempt to

make a wire-frame drawing of an object in which the

faces or surfaces of the object are opaque adds

several magnitudes of complexity to the drawing. In

addition, hiding the edge of an object by a plane

surface is one thing, but hiding it by a cylindrical

surface is another vastly more difficult. It is so dif-

ficult that a general purpose picture-drawing pro-

gram is not now available for computer graphics.

22. Uses of Computer Graphics.

It should not be construed from the foregoing that

useful pictures of solid objects cannot be drawn by a

computer graphics system, because that is not true.

Very useful and dramatic pictures can be drawn, but

each one becomes something of a special case. This

leads one to ask, "Just what is computer graphics

good for?" The answer is, "Any design for which you

are willing to take the time to develop a special

program." A simplification is that computer graphic

systems are used to draw curves of equations. Com-

puter graphics techniques are best suited for those

calculations that are the most complex and time-

consuming. A good rule of thumb is that if the

development of a design requires a great number of

repetitive calculations, it is advantageous to use a

computer graphics system; if its development re-

quires a great deal of analysis of existing drawings,

it is not advantageous.

23. Computer Graphics-Generated
Lists.

One major use of display devices for graphics is to

exhibit lists requiring large quantities of characters

or alphanumeric material, such as metric-to-English

conversion tables. The display devices best suited to
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this usage are the cathode-ray tubes because of

their drawing speed and because many of them

have a variety of alphabets built into their operating

systems. Of course, unless the cathode-ray tube has

a hard-copy capability, the table must be read from

the face of the display while it is kept alive. Electro-

static plotters and thermal printers are also desira-

ble because they produce permanent copy. The

mechanical plotter is not desirable for list produc-

tion. The mechanical plotter is unable to obtain high

drawing speeds because of the need to stop, start,

or change direction constantly in drawing letters,

numbers, and other characters. An electron beam is

easier to move jerkily than a mechanical device

having a weighable mass. However, all the display

devices are superior to hand lettering, so the real

choice is whether or not it is economical to develop a

computer program to do a specific tabular chore.

24. Computer Graphics Graphs.
Graphing a function is suitable for any of the display

devices. (See Fig. 12.) Most commercial graphics

systems include a graph-drawing program devel-

oped to utilize the best features of that particular

system. Usually the graphing program includes

drawing the curve and the grid or coordinate sys-

tem, and putting in the calibrations, legends, and

other labels of the graph. Specialized types of charts

such as bar charts (See Fig. 13.) and pie charts are

also ideally suited to computer graphics display de-

vices. Except for speed or hard-copy considerations,

there is little reason to choose one display device

over another.

25. Computer Graphics Maps.
Map makers might disagree, but the development of

maps of all varieties presents special cases of the

process of plotting points and drawing curves in a

grid or coordinate system. To the computer, the

choice of a coordinate system makes no real differ-

ence, since all coordinate systems must be de-

scribed in mathematical terms. Complex coordinate

systems require complex equations of description

which, in turn, require more calculations to locate

items in those coordinate systems. But to a com-

fig. 12 A line graph drawn from data points

without any equations being known about

the data.

fig. 13 A bar chart with textured bars drawn
on a matrix-type display.

puter capable of doing hundreds of thousands or

even millions of calculations per second, the addi-

tional complexity does not seem to have a serious

practical effect. Maps requiring contour lines are

easily produced by computer graphics systems al-

though the programs which must calculate the con-

tour lines are complex. Flatbed plotters are usually

the only ones capable of producing a picture of



14 COMPUTER GRAPHICS AND NUMERICAL CONTROL 475

sufficiently large physical size to be suitable for most

maps. Developing a map-drawing program is not an

easy task, so the choice of a suitable computer

graphics system often depends upon whether or not

the manufacturer of the system has programs avail-

able to produce the kind of drawing needed. Civil

engineers use computer graphics systems exten-

sively in producing maps of highways.

26. Computer Graphic Pictures.

Solid objects are the most difficult to produce for

computer graphic representation. In this discussion

we shall redefine orthographic projection drawings

as special orientations of a pictorial projection of an

object; the purpose is to show that the problems of

drawing pictorials of a solid object are also the prob-

lems of orthographic projection, and that there are

no problems of orthographic projection that do not

have counterparts in general pictorial projection. In

other words, an orthographic drawing of an object

and a pictorial view of an object become much the

same project. The computer graphics designer may
attempt to shade or otherwise give three-dimen-

sional qualities to a picture, but the basic picture is

drawn as either an orthographic or pictorial repre-

sentation.

27. Wire-Frame Pictures.

A major problem in developing a picture of an object

is describing the object in computer language. One
common way is to imagine the object as composed

of wires which represent each edge of the object.

This is known as the wire-frame model of the object.

(See Figs. 7 to 11.) The description of a wire-frame

model must consist of the x,y,z coordinates of each

junction point and an explanation of the manner in

which corners, nodes, or vertices are connected.

Any type of object composed of plane surfaces is

easily described by this method, and pictorial draw-

ings of wire-frame objects are quite easy to produce.

Figure 7 illustrates a simple geometric solid drawn

in wire-frame style. Understanding this object is not

an easy task. Nevertheless, wire-frame models are

often drawn because of the simplicity of the com-

puter program which draws them.

28. Hidden Line Removal.
To convert the wire-frame model of an object into a

picture of a solid object we must remove those lines

or portions of lines which are on the back side of the

object and which should be hidden from view. This is

a most difficult task. Figure 8 represents the object

of Fig. 7 with the hidden lines deleted. The picture is

far easier to read and understand. However, the

object seems flat and the illusion of depth is not yet

pronounced.

29. Shaded or Lighted Objects.
The next step is to shade or color the surfaces of the

object to give the illusion of depth. One technique is

to assume the object is lighted from a certain angle.

With a raster cathode-ray tube it is possible to dupli-

cate the lighting by making some portions of the

object brighter than others. All mechanical plotters

must duplicate the illusion by cross-hatching, which

is a less than desirable illusion. Thermal printers,

plasma panels, storage cathode-ray tubes, and

nonraster cathode-ray tubes must use a density of

dots to produce shading. Electrostatic graphics de-

vices can also produce shaded areas with some

realism. Figure 10 shows the object of Figs. 7 to 9

with shading which produces the effect of light

shining on the object from a certain direction. The

illusion which is created gives the object a more solid

look and obviously adds to the ease of reading and

understanding the object.

The more realistic the pictorial representation of

the object, the greater the complexity of the com-

puter program. In addition, curved surfaces add a

very real degree of complexity which is not easy to

solve.

30. Orthographic Views.
To illustrate that orthographic projection drawings

are no more than special cases of general pictorial

drawing programs, the object of Figs. 7 to 10 is

shown in Fig. 11 from the top, front, and right-side

orthographic views produced with the identical pro-

gram that drew Fig. 7, changing only the angles

used to view the object. Once the general pictorial

case has been solved, a program is capable of draw-

ing all perspectives of a single object.
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31. Summary Orthographic Views.
The efficient use of computer graphics requires a

thorough knowledge of the principles of graphics

and graphic projection. The computer graphics rou-

tines do not relieve us of the responsibility of knowl-

edge. They provide us with a tireless robot which will

do our drawing for us, once we know what the draw-

ing is to be. We must command the robot, the robot

cannot command us. An old computer principle

reminds us that input mistakes create output mis-

takes. The picture will be only as good as our ideas.

32. Interactive Graphics.
A designer might wish to draw a picture, examine it,

and have some parts of the picture changed. This

can be done in various ways. One is to change the

computer program in use and resubmit it for proc-

essing. This type of operation is commonly known
as batch mode. Another method is to write the com-

puter graphics program so that it can accept

changes as it is being executed. This is commonly
known as interactive graphics and is the best way of

doing what might be called trial-and-error drawing.

33. Interactive Terminals.
The most common form of interactive graphics uti-

lizes a cathode-ray tube display connected to a type-

writer-like keyboard for typing information into the

computer program. So popular and common is this

form of interaction, that the very word "terminal"

has come to mean that type of device which includes

a cathode-ray tube display for printing out answers

from the computer. Terminals of this kind can be

operated just like a regular typewriter; the typing

appears on the display instead of on paper. Since a

terminal is a two-way device, the computer program

can type out questions and responses to user ac-

tions on the display. If the display equipment is

capable of producing pictorial graphics, the user can

type in parameters to produce a drawing, have it

produced on the display, examine it, and type in

changes in the parameters to produce another

drawing. An advantage of using cathode-ray tubes

for this operation is that hard copy is not obtained

until the drawing is correct. When using mechanical

plotters, for instance, an incorrect drawing takes as

long to draw as a correct one. In addition, cathode-

ray tube displays are usually much faster than me-

chanical plotters, and mistakes take less time to

find. Any graphics display device could be used for

interactive graphics.

34. Light Pens.
A unique device known as a light pen is used to

identify information on a display panel. The light

pen looks like an oversized pen with a cable at-

tached. It is used to point to a particular spot on the

display picture. When the electron beam which is

drawing a picture on the cathode-ray tube passes

the end of the light pen, a sensor in the pen triggers

special circuits in the display, which then identifies

the screen coordinates of the position of the elec-

tron beam at that instant. Thus, the position of the

pen is known. Special graphics programs have

built-in tests which are capable of interpreting this

light pen as a signal to produce specific actions. For

example, if the cathode-ray tube has a list of printed

items on the display, the light pen can be used to

point to one of the lines of print. If the display has a

drawing on it, the light pen can be used to drag

some portion of the design from one point to an-

other on the screen. If the picture on the display is

composed of separate representations of electronic

components such as transistors, capacitors, or re-

sistors, the light pen can be used to indicate how
wiring connections are to be made with these com-

ponents. The user gets the impression that one can

draw a line on the cathode-ray tube display with a

pen. Obviously, considerable hardware is involved in

this type of operation, so that light pens with cath-

ode-ray tubes are expensive.

35. Computer-assisted Instruction.

This computer-assisted instruction program utilizes

the interactive capabilities of a cathode-ray tube or

plasma panel display to ask questions of students

and respond to their answers. Because pictures are

helpful in learning, computer-assisted instruction
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displays usually utilize picture-graphics capabilities

extensively. Here, the picture is not the end result

but an aid to understanding a topic.

36. Numerical Control of Machine
Tools.

Numerically controlled machine tools are usually

used to produce complex objects. The programs

which run the tools are commonly produced with the

help of a computer. In most cases, a computer does

not run the machine tool directly. Note that we are

referring to numerically controlled machining, not

computer-controlled machining. Numerically con-

trolled machine tools are run by programs similar to

computer programs. Through a program code, the

programs describe each move the machine must

make. The numerical control program is usually

punched on tape. The tape is then read by the

machine as it produces the desired object. Many

of the numerically controlled tools merely substi-

tute electric or hydraulic motors for the machine

operator.

37. Numerically Controlled Machine
Types.
Almost any machine tool is capable of being de-

signed for numerical control operation. Some com-

mon machines which have been built as numerical

control models are lathes, drill presses, and boring

mills. Specialized machine tools have also been de-

veloped strictly for numerical control use. Two-axis

machines are capable of moving forward, backward,

to the left, and to the right. A three-axis machine

also has an up-and-down movement capability. The

two-and-a-half-axis machine has an up-and-down

motion that must be set manually (See Fig. 14.)

Note that the rotation of the drill bit or the milling

cutter is not considered an axis, so that the normal

lathe might be described as a two-axis machine.

Very special capability tools require more axes of

control. For example, if the basic three-axis drill

press were designed so that the drilling head could

be tipped forward or backward, or to the left or the

right, we would have a five-axis machine. Unlike the

usual drill press which moves the drill bit in and out

of the drill head, this five-axis machine would move

the drilling head along the drilling axis to produce

that axis of motion. Thus, any hole could be drilled

at any angle from vertical to horizontal and at any

point on the upper surface of an object. By replacing

the drill bit with a milling cutter, very complex

shapes could be produced using the five axes of

motion. It is axiomatic that cost follows function and

that five-axis machines are very expensive.

38. Two-axis Numerically
Controlled Machines.
The most familiar two-axis numerically controlled

machine is the engine lathe. The lathe, which has

been called the king of machine tools, basically pro-

duces surfaces of revolution. However, some items

such as screw threads are produced on lathes and

do not conform to the common definition of a sur-

face of revolution. Lathes for commercial production

are usually of the turret variety where a series of

cutting tools is held in a rotating assembly on the

carriages. The proper cutting tools for various ma-

chining operations such as cylinder turning, facing,

and threading can be easily rotated into cutting

position by turning the turret.

The functions of a lathe which are under the

control of a human operator include the rotational

speed of the workpiece, tool position of the turret,

direction of coolant to the workpiece, longitudinal

feed, cross feed, and gearing together of workpiece

and longitudinal feed to produce threads. A numeri-

cally controlled machining program can control all

these items automatically. Because of both the

amount of information and the precise timing

needed to produce tool actions correctly, a computer

would be helpful in producing the master tapes

which run the tool.

39. Two-and-a-half and Three-
axis Machines.
Another common machine is the drilling machine,

also known as the drill press. It consists of a table

upon which the workpiece is mounted, a drilling
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head which can rotate the drilling tool or bit, a

mechanism for moving the drill bit up and down,

and a sufficiently strong frame to connect all these

items. The drilling table can be designed to move to

the left or right and from front to rear, giving move-

ment in the a- and ij- coordinate directions. This

accounts for two axes of motion. Moving the drill bit

down to drill a hole gives a third axis of motion.

However, if the up-and-down motion is operated by

mechanical stops instead of by the numerically con-

trolled program, the machine is called a two-and-a-

half-axis machine. The machine shown in Figs. 14

and 15 has the third axis stops built into a sort of

turret so that a variety of stops can be chosen by

rotating the turret. This choice of stops is under

control of the numerically controlled program. By

moving the table with the workpiece attached, holes

can be drilled at selected places on the workpiece.

The functions under numerical control in a machine

of this type include .v-position of the workpiece; y-

position of the workpiece; rotational speed of the

drilling tool; choice of up-down stop pairs, of coolant

use (on or off), and of drill up, down, or feed; and

halting the machine. The use of a computer to pre-

pare the program for the numerical control of a

two-and-a-half-axis machine is helpful but not man-

datory.

Three-axis machines have full control over the X,

Y, and Z axes of motion. The machine of Fig. 14

could be converted to a three-axis machine by re-

placing the mechanical stops with numerical control

of the exact up-and-down positions of the drilling

tool. Other types of machines which might be

classed as three-axis machines include milling ma-

chines, shapers, and planers. Three-axis machines
require complex numerical control that must be

prepared by a computer.

40. Five-axis Machines.
The five-axis machines are the most versatile of the

numerically controlled machines. The five-axis ma-

chine gives the kind of flexibility that the wrist gives

our hand and arm. The five-axis machine has all the

capabilities of a three-axis machine. In addition, the

fig. 14 A two-and-half axis numerically

controlled drilling machine.

fig. 15 Boring and drilling tools for holes of

different diameters and depths to be used in

the machine of Fig. 14.
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drilling head of this machine is modified so that it

can operate with any rotary-cutting tool. The table

on which the workpiece is mounted can be moved in

x- and i/- coordinate directions as well as in -.-coordi-

nate directions. The head may also be moved up

and down while the table remains stationary in the

Z axis. An additional axis of motion is obtained by

hinging the drilling or milling head for rotation about

the X axis so that it can tip forward or backward.

The other additional axis of motion is rotation about

the V axis, causing the drilling head to lean from

side to side. With the proper machining head and

tool, practically any form can be machined. For

example, wing sections for supersonic aircraft are

often machined out of slab stock using a five-axis

machine. The use of a computer to prepare a five-

axis numerical control program is mandatory if any

practical work is to be done by machine. The five-

axis machine could be called a sculpting machine,

as it is capable of producing surfaces which are

neither planar nor surfaces of revolution. Numeri-

cally controlled machine tools can produce objects

which heretofore were the province of casting meth-

ods. The main reasons that five-axis machines do

not replace all sculpting methods of manufacture is

that they cost hundreds of thousands of dollars and

need a computer to keep them running.

41. Monitoring Numerically
Controlled Machines.
Numerically controlled machines must have the ma-

chining axis movements under precise control so

that the object being machined will be exactly the

desired design. Electric motors driving either me-

chanical linkages or hydraulic movements are often

used to produce the required motions. Two major

methods are used to monitor the magnitude of the

motion. One is to use a basic increment of motion

which can be counted to produce the desired total

motion. Thus a machining motion increment of

0.1 mm would require 283 increments to produce a

total machining motion of 28.3 mm. Problems exist

with this method, because small increments of mo-

tion require a large number of increments to pro-

duce a large motion, and large increments of motion

produce objects of less precision than might be

desirable.

A second method of monitoring motion is by

means of feedback. In essence, the position of the

numerically controlled cutting is detected by a mech-

anism, usually an electronic sensing circuit, so that

the numerically controlled tool can have its position

verified and modified with split-second timing. Nei-

ther of these methods is a trivial design project.

Even if precise motions can be monitored by the

numerically controlled tool, it is necessary that it

produce these motions from precisely located refer-

ence points. This means that the numerically con-

trolled machine must be able to locate the tool very

accurately so that the programmer can designate a

desired location of the tool easily and accurately. A

combination of electrical, mechanical, hydraulic,

and electronic sensing devices is used to achieve

this.

Despite accurate sensing and locating methods,

cutting bits are not held in tool holders as accurately

as desired, and cutting bits become dull and need

sharpening. For these reasons it is difficult to locate

the cutting edge of the cutting bit with respect to the

coordinates of the tool holder. To solve this problem,

numerically controlled machines are normally

equipped with devices which permit the operator to

dial in a compensating movement if it is discovered

that the cutting bit is not starting the machining cut

at the proper place. Additional compensation can be

added if it is discovered that tool wear has not pro-

duced parts to specification.

43. Programming Numerically
Controlled Machines.
The basic problem of monitoring numerically con-

trolled machines is that of producing the proper

motions along the axes of motion to produce an

object of desired configuration. Add to these re-

quirements the need to control cutting speeds, cool-

ants, and object geometry, and it will be seen that a

computer is a helpful device in performing all the

calculations needed. One aspect of object geometry
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will illustrate the need for high-level assistance.

Suppose a milling cutter has finished a cut at point

A and is to be moved to point B on the object. Unlike

the mechanical pen plotter, the milling cutter does

not perform this movement simply. First, it must be

determined if there is any part of the object which

lies in the path from A to B. If the cutter collides with

a part of the object during the move, it may damage
the numerically controlled machine or the object

being machined. A useful program for numerically

controlled machines includes the ability to detect

such collisions and to prevent them by moving the

cutting tool with an alternative route. So complex

are the motions of a five-axis machine that only a

computer program of enormous capability can han-

dle the calculations needed. A number of special

numerically controlled machine languages have

been developed, such as APT, SPLIT, UN I APT, and

COMPACT. In each of these, the programmer must
describe the machine being used and the geometry

of the object being machined. The programmer and

the computer program interact to produce a final

tape of the desired motions the tool is to take.

mass production methods. Operating with the ver-

satility of the hand-operated machine and the pre-

cise operation qualities of the special machine, the

numerically controlled machine can produce a mod-

erate number of essentially identical objects. The

five-axis numerically controlled machine is able to

produce objects that were previously impossible to

manufacture. Numerically controlled machines form

an important part of the industrial world.

45. Impact on Engineering Graphics.
The major impact of both computer graphics and

numerically controlled machining upon engineering

drawing is the methods by which the geometry of an

object is described. Dimensioning practice will be

different in specific industries using numerically

controlled machine tools because each industry will

wish to provide their users with information in the

most convenient form for their special circum-

stances. However, at the present time there are no

dimensioning standards for numerically controlled

machining. It is hoped that ANSI will soon develop

guidelines and recommended procedures.

44. Uses of Numerically
Controlled Machines.
Numerically controlled machines fill a gap in ma-
chine tools between hand-controlled production and
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1. Drawings—Fundamental Concepts.
A "production," "construction," or "working draw-

ing" is any drawing used to give information for the

manufacture or construction of a machine or the

erection of a structure. Complete knowledge for the

production of a machine or structure is given by a

set of drawings conveying all the facts fully and
explicitly so that further instructions are not re-

quired.

The description given by the set of drawings will

include:

1. The full graphic representation of the shape of

each part (shape description).

2. Dimensions of each part (size description).

3. Explanatory notes, general and specific, on the

individual drawings, giving the specifications of ma-
terial, heat-treatment, finish, etc. Often, particularly

in architectural and structural work, the notes of ex-

planation and information concerning details of

materials and workmanship are too extensive to be

included on the drawings and so are made up sepa-

rately in typed or printed form and called the "speci-

fications"—thus the term "drawings and specifica-

tions."

4. A descriptive title on each drawing.

5. A description of the relationship of each part to

the others (assembly).

6. A parts list or bill of material.

Asetofdrawingswill include, in general, two classes

of drawings: detail drawings, giving the information

included in items 1 to 4; and an assembly drawing,

giving the location and relationship of the parts, item

5.

2. Engineering Procedure.
When a new machineor structure isdesigned.thefirst

drawings are usually in the form of freehand sketches

on which the original ideas, scheming, and inventing

are worked out. These drawings are accompanied or

followed by calculations to prove the suitability of the

design. Working from the sketches and calculations,

the design department produces a design assembly
(also called a "design layout" or "design draw-

ing")(Fig. 1). This is a preliminary pencil drawing on
which more details of the design are worked out. It is

accuratelymadewith instruments, full sizeif possible,

and shows theshapeand position of the various parts.

Little attempt is made to show all the intricate detail;

only the essential dimensions, such as basic calcu-

lated sizes, are given. On the drawing, or separately

as a set of written notes, will be the designer's general

specifications for materials, heat-treatments, fin-

ishes, clearances or interferences, etc., and any

other information needed by the draftsman in

making up the individual drawings of the separate

parts.

Working from the design drawing and notes,

draftsmen (detailers) then make up the individual

detail drawings. Figure 2 shows a detail drawing taken

from thedesigndrawingof Fig. 1. On a detail drawing,

all the views necessary for complete shape description

of a part are provided, and all the necessary dimen-

sions and manufacturing directions are given. Di-

mension values for nonmating surfaces are obtained

by scaling the design drawing, and the more critical

values are determined from the design notes and from

drafting-room standards. The detailer correlates the

dimensions of mating parts and gives all necessary

manufacturing information.

The set of drawings is completed with the addition

of an assembly drawing and a parts list or bill of

material.

If a machine is to be quantity produced, "opera-

tion" or "job" sheets will be prepared giving the sep-

arate manufacturing steps required and indicating

the use and kind of special tools, jigs, fixtures, etc.

The tool-design group, working from the detail

drawings and the operation sheets, designs and

makes the drawings for the special tools needed.

3. Assembly Drawings.
An assembly drawing is, as its name implies, a draw-

ing of the machine or structure put together, show-

ing the relative positions of the different parts.

The term "assembly drawings" includes prelimi-

nary design drawings and layouts, piping plans, unit

assembly drawings, installation diagrams, and final

complete drawings used for assembling or erecting

the machine or structure.

The design drawing is the preliminary layout on

which the scheming, inventing, and designing are

accurately worked out. The assembly drawing is in
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fig. 1. A portion of a design drawing. Notes

and specifications accompany the drawing.

iOrill

Keyway.gmdexj^deep

DRIVING FLANGE

BENCH DRILL

fig. 2. A detail drawing. This gives complete
information for the production of a single

part.
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some cases made by tracing from the design draw-

ing. More often it is drawn from the dimensions of

the detail drawings; this provides a valuable check

on the correctness of the detail drawings.

The assembly drawing sometimes gives the over-

all dimensions and the distances between centers

or from part to part of the different pieces, thus

fixing the relation of the parts to each other and

aiding in erecting the machine. However, many as-

sembly drawings need no dimensions. An assembly

drawing should not be overloaded with detail, par-

ticularly hidden detail. Unnecessary dashed lines

should not be used on any drawing, least of all on

an assembly drawing.

Assembly drawings usually have reference letters

or numbers designating the different parts. These

"piece numbers," sometimes enclosed in circles

(called "balloons" by draftsmen) with a leader

pointing to the piece (Fig. 3), are used in connec-

tion with the details and bill of material.

A unit assembly drawing or subassembly (Fig. 3)

is a drawing of a related group of parts used to show

the assembly of complicated machinery where it

would be practically impossible to show all the fea-

tures on one drawing. Thus, in the drawing of a

lathe, there would be included unit assemblies of

groups of parts such as the headstock, tailstock,

gearbox, etc.

An outline assembly droning is used to give a

general idea of the exterior shape of a machine or

structure and contains only the principal dimen-

sions (Fig. 4). When it is made for catalogues or

@©@

3? !?

3-184/ WHEEi J"..'.- MS i

VI QHl ' RANI

FIG. 3. A unit assembly drawing. For complex

machines, a number of units may be used

in place of one complete assembly drawing.
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fig. 5. A detail drawing. Note the complete-

ness ot manufacturing information given on
the drawing.

separate sheet. As described in Sec. 3, Chap. 11,

if the single-drawing system is followed, one drawing

will be used by all shops. If the multiple system is

used, a separate drawing must be made for each

shop; thus there may be a pattern drawing, a casting

drawing, and a machining drawing, all for a single

cast part. A detail drawing should be a complete unit

for the purpose intended and should not be de-

pendent in any way upon any other detail drawing.

5. Tabular Drawings.
A tabular drawing, either assembly or detail, is one

on which the dimension values are replaced by ref-

erence letters, an accompanying table on the draw-

ing listing the corresponding dimensions for a series

of sizes of the machine or part, thus making one

drawing serve for the range covered. Some com-

panies manufacturing parts in a variety of sizes use

this tabular system of size description, but a serious

danger with it is the possibility of misreading the

table. Figure 4 illustrates a tabular assembly draw-

ing.

6. Standard Drawings.
To avoid the difficulties experienced with tabular

drawings, some companies make a "standard

drawing," complete except for the actual figured

dimensions. This drawing is reproduced by offset

printing or black-and-white reproduction on vellum

paper, and the reproductions are dimensioned sep-

arately for the various sizes of parts. This method
gives a separate complete drawing for each size of

part; and when a new size is needed, the drawing

is easily and quickly made. Figure 6 shows a stand-

ard drawing and Fig. 7, the drawing filled in, making

a completed working drawing.

7. Standard Parts.

Purchased or company standard parts are specified

by name and size or by number and, consequently,
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Heat-treat.

.

No- Req 'd. _

fig. 6. A standard drawing. This is repro-

duced on tracing paper to provide the shape

description needed for the drawing.

it Drill

-

COLLAR *6
Material S.A.E IQ2Q
Heat-treat. S.A.E 2
No. Req'd, 5Q

FIG. 7. A filled-in standard drawing. With the

addition of dimensions, a standard drawing

becomes a completed drawing to be used for

manufacturing purposes.

do not need to be detailed. All standard parts, such

as bolts, screws, antifriction bearings, etc., are

shown on the assembly drawing and are given a part

number. The complete specifications for their pur-

chase are given in the parts list.

Sometimes, however, a part is made by altering

a standard or previously produced part. In this case

a detail drawing is made, showing and specifying

the original part with changes and dimensions for

the alteration.

8. The Bill of Material, or Parts List.

This is a tabulated statement, usually placed on a

separate sheet in the case of quantity production

(as in Prob. 37) or on the assembly drawing in other

cases (as in Prob. 50). This table gives the piece

number, name, quantity, material, sometimes the

stock size of raw material, detail drawing numbers,

weight of each piece, etc. A final column is usually

left for remarks. The term "bill of material" is ordi-

narily used in structural and architectural drawing.

The term "parts list" applies more accurately in

machine-drawing practice. In general, the parts are

listed in the order of their importance, with the larger

parts first and the standard parts such as screws,

pins, etc., at the end.

The blank ruling for a bill of material should not

be crowded. Lines should never be spaced closer

than % in.;
5
/16 or 3

/8 in. spacing is better, with the

height of the lettering not more than half the space

and centered between the lines. Instead of being

lettered, bills of material are frequently typed on

forms printed on thin paper. Intensifying the im-

pression by typing with carbon paper on the back

increases the opacity of the letters, and a clearer

blueprint will result.

9. Set of Drawings.
A complete set of drawings consists of detail

sheets and assembly sheets, the former giving all

necessary information for the manufacture of each

of the individual parts which cannot be purchased

and the latter showing the parts assembled as a

finished unit or machine. The set includes the bill

of material or parts list and may also contain special

drawings for the purchaser, such as foundation

plans or oiling diagrams.

10. Making a Working Drawing:
Basic Concepts.
Although pictorial drawings are used to some extent

in special cases, the basis of all working drawings
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is orthographic projection. Thus, to represent an

object completely, at least two views are ordinarily

needed, often more. The only general rule is: make

as manii liens as arc necessary to describe the object

clearly—and no more. Instances may occur in which

the third dimension is so evident as to make one

view sufficient, as, for example, in the drawing of

a shaft or bolt. In other cases, perhaps a half-dozen

views will be required to describe a piece completely.

Sometimes half, partial, or broken views can be used

to advantage.

Select for the front view the face showing the

largest dimension, preferably the obvious front of

the object when in its functioning position, and then

decide what other views are necessary. A vertical

cylindrical piece, for example, would require only a

front and a top view; a horizontal cylindrical piece,

only a front and a side view. Determine which side

view to use or whether both are needed. The one

with the fewest dashed lines should be preferred.

In some cases the best representation will be ob-

tained by using both side views with all unnecessary

dashed lines omitted. See whether an auxiliary view

or a note will eliminate one or more other views and

whether a section is better than an exterior view.

One statement can be made with the force of a rule:

If anything in clearness can he gained by violating a

principle of projection, violate it.

Arts. 12 to 26, Chap. 7, give a number of exam-

ples of conventions that are in violation of theoretical

representation but are in the interest of clearness.

The draftsman must remember that his respon-

sibility is to the reader of the drawing and that he

is not justified in saving himself any time or trouble

at the expense of the drawing, by making it less

plain or easy to read. The time so saved by the

draftsman may be lost to the company a hundred-

fold in the shop, where the drawing is used not once

but repeatedly.

There is a style in drawing, just as there is in

literature, which indicates itself in one way by ease

of reading. Some drawings stand out, while others,

which may contain all the information, are difficult

to decipher. Although dealing with mechanical

thought, there is a place for some artistic sense in

mechanical drawing. The number, selection, and

disposition of views; the omission of anything un-

necessary, ambiguous, or misleading; the size and

placement of dimensions and lettering; and the

contrast of lines are all elements in the style.

In commercial drafting, accuracy and speed are the

two requirements. The drafting room is an expensive

department, and time is an important element. The

draftsman must therefore have a ready knowledge

not only of the principles of drawing but of the

conventional methods and abbreviations and of any

device or system that will save time without sacri-

ficing clearness.

The usual criticism of the beginner by the em-

ployer is the result of the former's lack of apprecia-

tion of the necessity for speed.

1

1

. Materials Used for

Working Drawings.
Working drawings go to the shop in the form of

blueprints, black-line prints, or other similar forms

of reproduction, and the drawings must therefore

be made on translucent material, either directly or

as tracings. Pencil drawings may be made on tracing

paper or on pencil cloth; inked drawings, on tracing

paper or on tracing cloth.

Tracing paper is a thin translucent material, com-

monly called "vellum." Considerable time and ex-

pense may be saved by making the original pencil

drawing on this material. Excellent prints can be

obtained if the lines are of sufficient blackness and

intensity.

Pencil cloth is a transparentized fabric with one

or both sides of its surface prepared to take pencil

so that the original drawing can be made on it and

prints made either from the pencil drawing directly

or after it has been inked. Some of the newer cloths

are moisture resistant, others are really waterproof.

Pencil cloth is made for pencil drawings, and perfect

blueprints can be made from drawings made on it

with sharp, hard pencils. Ink lines, however, do not

adhere well and have a tendency to chip or rub off

in cleaning.

Tracing cloth is a fine-thread fabric sized and

transparentized with a starch preparation. The

smooth side is considered by the makers as the
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working side, but most draftsmen prefer to work on

the dull side, which will take pencil marks. The cloth

should be fastened down smoothly over the pencil

drawing and its selvage torn off. To remove the

traces of grease that sometimes prevent the flow

of ink, dust the tracing cloth with chalk or prepared

pounce (a blackboard eraser may be used) and then

rub it off with a cloth. Carbon tetrachloride is an

effective cleaning agent. Rub a moistened cloth over

the surface—any excess will evaporate in a moment.

A plastic material, known as "Mylar," 1
is now

available for both pencil and ink drawings. It is

DuPont Manufacturing Co.

Table 1. Finished Flat-sheet Sizes.

evenly translucent, has a fine matte surface, good

lasting qualities, and requires no special storage

precautions.

12. Drawing Sizes.

Drawing paper and cloth are available in rolls of

various widths and in standard trimmed sizes. Most

drafting rooms use standard sheets, printed with

border and title block. The recommended sizes

shown in Table 1, based on multiples of 8% by 11

in. and 9 by 12 in., permit the filing of prints in

a standard letter file.

Figure 8 shows the most common trimmed sizes.

Larger drawings can be made on rolled stock of

Designation
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standard width, with the length as a multiple of 11

or 12 in., not to exceed 144 in.

13. Order of Penciling.
After the scheming, inventing, and calculating have

been done and the design drawing has been com-

pleted, the order of procedure for making the detail

drawings is:

1. Select a suitable standard sheet or lay off a

sheet to standard size, with the excess paper to the

right, as a convenient space for making sketches

and calculations, and block out the space for the

title.

2. Decide what scale to use, choosing one large

enough to show all dimensions without crowding,

and plan the arrangement of the sheet by making

a little preliminary freehand sketch, estimating the

space each view will occupy and placing the views

to the best advantage for preserving, if possible, a

balance in the appearance of the sheet. Be sure to

leave sufficient space between views for the dimen-

sions.

3. Draw the center lines for each view, and on

these "block in" the views by laying off the principal

dimensions and outlines, using M«I>t, sharp, accurate

pencil lines. Center lines are drawn for the axes of

symmetry of all symmetrical views or parts of views.

Thus every cylindrical part should have a center

line—the projection of the axis of the piece. Every

circle should have two center lines intersecting at

its center.

4. Draw the views, beginning with the most domi-

nant features and progressing to the subordinate.

Carry the different views on together, projecting a

characteristic shape as shown on one view to the

other views and not finishing one view before start-

ing another. Draw the lines to the final finished

weight (wherever possible), using a minimum of

construction. Never make a drawing lightly and
"heavy" it later.

5. Finish the projections, putting in last the minor

details. Check the projections and make sure that

all views are complete and correct.

6. Draw all necessary dimension lines; then put

in the dimension values.

7. Draw guide lines for the notes, and then letter

them.

8. Lay out the title.

9. Check the drawing carefully.

The overrunning lines of the constructive stage

should not be erased before tracing or inking. These

extensions are often convenient in showing the

stopping points. Avoid unnecessary erasing as it

abrades the surface of the paper so that it catches

dirt more readily.

As an aid in stopping tangent arcs in inking, it

is desirable to mark the tangent point on the pencil

drawing with a short piece of the normal to the curve

at the point of tangency.

Figure 9 illustrates the stages of penciling.

14. Order of Inking.
To ensure good printing, the ink should be perfectly

black and the ruling pens in good condition. Red

ink should not be used unless it is desired to have

some lines inconspicuous on the print. Blue ink will

not print well. Sometimes, on maps, diagrams, etc.,

it is desirable to use colored inks on the tracing to

avoid confusion of lines; in such cases, add a little

Chinese white to the colored inks and it will render

them sufficiently opaque to print.

Ink lines can be removed from tracing cloth by

rubbing with a hard pencil eraser, slipping a triangle

under the tracing to give a harder surface. The

rubbed surface should afterward be burnished with

a burnisher or fingernail. In tracing a part that has

been section-lined, a piece of white paper can be

slipped under the cloth and the section lining done

without reference to the section lines underneath.

Tracing cloth is sensitive to atmospheric varia-

tions, often changing overnight so as to require

restretching. If a large tracing cannot be finished

in one day, some views should be finished and no

figure left only partly traced.

In making a large tracing, it is well to cut the

required piece from the roll and lay it exposed, flat,

for a short time before fastening it down.

Water will ruin a tracing on starch-coated cloth,

and moist hands or arms should not come in contact

with it. Form the habit of keeping the hands off
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6. Ink center lines.

7. Ink extension and dimension lines.

8. Ink arrowheads and dimensions.

9. Section-line all areas representing cut sur-

faces.

10. Letter notes and titles. (On tracings, draw

pencil guide lines first.)

11. Ink the border.

12. Check the inked drawing.

Figure 10 shows the stages of inking.

15. Title Blocks.
The title of a working drawing is usually placed in

the lower right-hand corner of the sheet, the size

of the space varying with the amount of information

to be given. The spacing and arrangement are de-

signed to provide the information most helpful in

a particular line of work.

In general, the title of a machine drawing should

contain the following information:

1. Name of company and its location

fig. 10. Order of inking, (a) Layout; (b)

details progress to (c); completion at (of).

See Sec. 14.

-Mori//. Spotface {§D x,-g Deep, 4Holes
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2. Name of machine or unit

3. Name of part (if a detail drawing)

4. Drawing number
5. Part number (if a detail drawing)

6. Number of parts required (for each assembly)

7. Scale

8. Assembly-drawing number (given on a detail

drawing to identify the part in assembly)

9. Drafting-room record: names or initials of

draftsman, tracer, checker, approving authority:

each with date

10. Material

To these, depending upon the need for the infor-

mation, may be added:

11. Stock size

12. Heat-treatment

13. Finish

14. Name of purchaser, if special machine
15. The notation that the drawing "supersedes"

and is "superseded by"

Form of Title. Every drafting room has its own
standard form for titles. In large offices the blank

form is often printed in type on paper, plastic, film

or cloth (see Figs. 11 and 12 for characteristic

examples.)

A form of title that is used to some extent is the

record strip, a strip marked off across the lower part

or right end of the sheet, containing the information

required in the title and space for the recording of

orders, revisions, changes, etc., that should be

noted, with the date, as they occur. Figure 13 illus-

trates one form.
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It is sometimes desired to keep the records of

orders and other private information on the tracing

but not to have them appear on the print. In such

cases a record strip is put outside the border and

trimmed off the print before sending it out.

To Letter a Title. The title should be lettered

freehand in single-stroke capitals, vertical or in-

clined— not both styles in the same title. Write out

the contents on a separate piece of paper; then refer

to Art. 15, Chap. 4, where full instructions have

been given.

16. Zoning.
As an aid in locating some item on a large drawing,

the lower and right borders may be ruled and

marked as shown on the D-size drawing in Fig. 8.

Item Q would be located in zone b2. A separate

column in the change-record block is often used to

indicate the position of each drawing change.

17. Checking.
When a working drawing is finished, it must be

checked by an experienced person, who, in signing

his name to it, becomes responsible for any errors.

This is the final "proofreading" and cannot be done

by the one who has made the drawing nearly so well

as by another person. In small offices all the work

is checked by the chief draftsman, or sometimes

draftsmen check one another's work; in large draft-

ing rooms one or more checkers are employed who
devote all their time to this kind of work. All notes,

computations, and checking layouts should be pre-

served for future reference.

Students can gain experience in this work by

checking one another's drawings.

To be effective, checking must be done in an

absolutely systematic way and with thorough con-

centration.

18. Order of Checking.
Each of the following items should be gone through

separately. As each dimension or feature is verified,

a check mark in colored pencil should be placed on

or above it and corrections indicated with a differ-

ent-colored pencil.

1. Put yourself in the position of those who are

to read the drawing, and find out whether it is easy

to read and tells a straight story. Always do this

before checking any individual features, in other

words, before you have had time to become accus-

tomed to the contents.

2. See that each piece is correctly designed and

illustrated and that all necessary views are shown

but none that is not necessary.

3. Check all the dimensions by scaling and, where

advisable, also by calculation. Preserve the calcula-

tions.

4. See that dimensions for the shop are given

as required by the shop and that the shop is not

left to do any adding or subtracting in order to get

a needed dimension.

5. Check for tolerances. See that they are neither

too "fine" nor too "coarse" for the particular condi-

tions of the machine, so that they will not, on the

one hand, increase unnecessarily the cost of pro-

duction or, on the other, impair accuracy of opera-

tion or duplication.

6. Go over each piece and see that finishes are

properly specified.

7. See that every specification of material is

correct and that all necessary ones are given.

8. Look out for "interferences." This means that

each detail must be checked with the parts that will

be adjacent to it in the assembled machine to see

that proper clearances have been allowed.

9. When checking for clearances in connection

with a mechanical movement, lay out the movement
to scale, figure the principal angles of motion, and

see that proper clearances are maintained in all

positions, drawing small mechanisms to double size

or larger.

10. Check to see that all the small details such

as screws, bolts, pins, and rivets are standard and

that, where it is possible, stock sizes have been

employed.

1 1

.

Check every feature of the title or record strip

and bill of material.

12. Review the drawing in its entirety, adding

such explanatory notes as will increase its efficiency.
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19. Alterations.

Once a drawing has been printed and the prints

have been released to the shop, any alterations or

changes should be recorded on the drawing and new
prints issued. If the changes are extensive, the

drawing may be obsoleted and a new drawing made
which supersedes the old drawing. Many drawing

rooms have "change-record" blocks printed in con-

junction with the title, where minor changes are

recorded (Fig. 11). The change is identified in the

record and on the face of the drawing by a letter.

New designs may be changed so often that the

alterations cannot be made fast enough to reach

the shop when needed. In this case sketches show-

ing the changes are rapidly made, reproduced, and

sent to the shop, where they are fastened to each

print of the drawing. These sketches, commonly
known as "engineering orders," are later incorpo-

rated on the drawing.

Portions of a drawing can be canceled by drawing

closely spaced parallel lines, usually at 45 °
, over the

area to be voided.

20. Working Sketches.
Facility in making freehand orthographic drawings

is an essential part of the equipment of every engi-

neer. Routine men such as tracers and detailers may
get along with skill and speed in mechanical execu-

tion, but the designer must be able to record his

ideas freehand. In all inventive mechanical thinking,

in all preliminary designing, in all explanations and

instructions to draftsmen, freehand sketching is the

mode of expression. Its mastery means mastery of

the language, and it is gained only after full profi-

ciency in drawing with instruments has been ac-

quired. It is mastery which the engineer, inventor,

designer, chief draftsman, and contractor, with all

of whom time is too valuable to spend in mechanical

execution, must have.

Working sketches may be made in orthographic

or pictorial form. Chapter 5 gives the fundamentals

for orthographic freehand drawings, and Chap. 6

discusses pictorial sketching.

21. Kinds of Working Sketches.
Working sketches can be divided into two general

classes: (1) those made before the structure is built

and (2) those made after the structure is built.

In the first class are included the sketches made
in connection with the designing of the structure.

These can be classified as (a) scheme or idea

sketches, used in studying and developing the ar-

rangement and proportion of parts; (b) computation

sketches, made in connection with the figured calcu-

lations for motion and strength; (c) executive

sketches, made by the chief engineer, inventor, or

consulting engineer to give instructions for special

arrangements or ideas that must be embodied in

the design; (d) design sketches, used in working up

the schemes and ideas into suitable form so that

the design drawing can be started; and (e) detail

sketches, made as substitutes for detail drawings.

The second class includes (a) detail sketches.

drawn from existing models or parts, with complete

notes and dimensions, from which duplicate parts

can be constructed directly or from which working

drawings can be made (Fig. 14); (b) assembly

sketches, made from an assembled machine to show
the relative positions of the various parts, with center

and location dimensions, or sometimes for a simple

machine, with complete dimensions and specifica-

tions; and (c) outline or diagrammatic sketches, gener-

ally made for the purpose of location: sometimes,

for example, to give the size and location of pulleys

and shafting, piping, or wiring, that is, information

for use in connection with the setting up of machin-

ery; sometimes to locate a single machine, giving

the over-all dimensions, sizes, and center distances

for foundation bolts and other necessary informa-

tion.

22. Making a Working Sketch.
In making a working sketch, the principles of pro-

jection and the rules of practice for working draw-

ings are to be remembered and applied. A system-

atic order should be followed for both idea sketches

and sketches from objects, as listed below:

1. Visualize the object.
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fig. 14. A detail sketch. This is a sketch of

two parts, the guide and block parts for a

leveling device.

Reo'd.

I

| Cap Screw S%Lg.
Wds'ner for Screw •

! Req'd,

Req'd

.

2. Decide on the treatment, orthographic or pic-

torial.

3. Determine the view or views.

4. Determine the size of the sketch.

5. Locate the center lines.

6. Block in the main outlines.

7. Complete the detail.

8. Add dimension lines and arrowheads.

9. Put on the dimension values.

10. Letter notes and title, with date.

11. Check the drawing.

Before a good graphic description of an object or

idea can be developed, it is essential that the mental

image of it be definite and clear. The clearness of

the sketch is a direct function of this mental picture.

Hence the first step is to concentrate on visual-

ization, which leads directly to the second step:

determination of the best method of representation.

The method of representation will probably not

be just the same as would be used in a scale draw-

ing. For example, a note in regard to thickness or

shape of section will often be used in a working

drawing to save a view (Fig. 15); thus one view of

a piece that is circular in cross section would be

sufficient. In other cases additional part views and

extra sections may be sketched rather than compli-

cate the regular views with added lines that might

confuse the sketch, although the same lines might

be perfectly clear in a measured drawing.

The third step is to determine the view (pictorial)

or views (orthographic). Draw the object in its func-

tioning position, if possible, but if another position

will show the features to better advantage, use it.

A machine should, of course, be represented right-

side up, in its natural working position. If symmet-

iDrill 4 Holes

fig. 15. A one-view sketch. Notes and the

dimensioning details make another view un-

necessary.
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rical about an axis, often only one-half need be

sketched. If a whole view cannot be made on one

sheet, it may be put on two, each part being drawn

up to a break line used as a datum line.

The fourth step is to proportion the size of the

sketch to the sheet. Have it large enough to show

all detail clearly, but allow plenty of room for dimen-

sions, notes, and memorandums. Small parts can

be sketched larger than full size. Do not try to crowd

all the views on one sheet of paper. Use as many
sheets as may be required, but name each view,

indicating the direction in which it is taken. Some-

times one view alone will require a whole sheet.

/» droning on plain paper, the location of the prin-

cipal points, centers, etc., should be so judged that

the sketches will fit on the sheet, and the whole

sketch, with as many views, sections, and auxiliary

views as are necessary to describe the piece, will

be drawn in as nearly correct proportion as the eye

can determine, without making any measurements.

Cross-section Paper. Sketches are often made on

coordinate paper ruled faintly in yi6 , %, or % in.,

used simply as an aid in drawing straight lines and

judging proportions, or for drawing to approximate

scale by assigning suitable values to the unit spaces.

The latter use is more applicable to design sketches

than to sketches from the object (Fig. 16).

In order to gain skill through practice, sketches

should be made entirely freehand. However, in com-

mercial work the engineer often saves time by

making a hybrid sketch, drawing circles with the

compass or even with a coin from his pocket, ruling

some lines with a pocket scale or a triangle and

making some freehand but always keeping a work-

manlike quality and good proportion.

23. Dimensioning and Finishing.
After completing the views of a piece, go over it and

add dimension lines for all the dimensions needed

for its construction, drawing extension lines and

arrowheads carefully and checking to see

that none is omitted.

The dimension values are now added. If the

sketch is made from reference drawings and speci-

fications, these sources give the dimension values.

fig. 16. A sketch on coordinate paper.

If the sketch is of an existing part or model, mea-

surements must be made to determine the dimen-

sion values, as explained in Sec. 24.

Add all remarks and notes that seem to be of

possible value. The title should be written or lettered

on the sketch.

Always Date a Sketch. Valuable inventions have

been lost through inability to prove priority because

the first sketches were not dated. In commercial

work the draftsman's notebook with sketches and

calculations is preserved as a permanent record, and

its sketches should be made so as to stand the test

of time and be legible after the details of their

making have been forgotten.

24. Measuring and Dimensioning.
Before adding values, if the sketch is of an existing

model or part, the object has not been handled, and

so the drawing has been kept clean. The measure-

ments for the dimensions indicated on the drawing

are now needed. A flexible rule or steel scale will

serve for getting most of the dimensions. Never use

a draftsman's scale for measuring castings, as it

would become soiled and its edges marred. The

diameter of cylindrical shapes or the distance be-

tween outside surfaces can be measured by using

outside calipers and scale (Fig. 17); and the sizes

of holes or internal surfaces, by using inside cali-

pers. Figure 18 illustrates the inside transfer caliper,

used when a projecting portion prevents removing
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fig. 17. Outside caliper. It is used for mea-

suring diameters or thicknesses.

fig. 18. Inside transfer caliper. It is used for

measuring internal distances when a shoul-

der prevents direct removal.

the ordinary caliper. The outside transfer caliper is

used for a similar condition occurring with an out-

side measurement. The depth of a hole is easily

measured with the depth gage (Fig. 19a). Screw

threads are measured by calipering the body diame-

ter and either counting the number of threads per

inch or gaging with a screw-pitch gage (Fig. 19/))- A

fillet-and-round gage measures radii, the gage fitting

to the circular contour (Fig. 19c). It is often neces-

sary to lay a straightedge across a surface, as in

Fig. 20. This type of measurement could be made
conveniently with a combination square or with a

surface gage. The combination square has two

different heads, the regular 90-45° head (Fig. 21a)

for a variety of measurements, and the protractor

fig. 19. Gages, (a) Depth gage; (b) screw-

pitch gage; (c) fillet-and-round gage.

FIG. 20. Making a measurement.

head (Fig. 21/?) for measuring or laying out angles.

For accurate measurements, outside or inside mi-

crometer calipers are necessary. The outside type

is illustrated in Fig. 22. Readings to 0.001 in. are

easily obtained. Accurate measurements of holes

can be made with a telescopic gage in conjunction

with an outside micrometer.

A variety of gages made for special purposes, such
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^ ?.

fig. 21. Combination square, (a) Standard

head; (/>) adjustable head.

fig. 22. Outside micrometer caliper.

as a wire gage, gage for sheet metal, can be used

as occasion demands. With some ingenuity, mea-

surements can often be made with the simpler

instruments when special ones are not available.

Always measure from finished surfaces, if possi-

ble. Judgment must be exercised in measuring

rough castings so as not to record inequalities.

In finding the distance between centers of two

holes of the same size, measure from the edge of

one to the corresponding edge of the other. Curves

are measured by coordinates or offsets, as shown

in Figs. 51 and 52, Chap. 10. A curved outline can

be recorded by laying a sheet of paper on it and

making a rubbing.

25. Checking the Sketch.
The final step is to check the sketch. It is a curious

fact that when a beginner omits a dimension, it is

usually a basic, vital one, such as that of the center

height of a machine or an over-all length.

Sketches are not always made on paper with a

printed title, but essentially the same information

as for an instrument drawing should be recorded

in some convenient place on the sheet. All notes

and special directions should be checked for accu-

racy along with the drawing proper. In general, fol-

low the order of checking given in Sec. 17.

26. Reproduction of Drawings.
Working drawings go to the shop in the form of

prints made from the original drawings. Several

different printing processes are in use, all of which

give the best results from tracings inked on tracing

cloth or paper. However, quite satisfactory prints can

be obtained from pencil drawings on translucent

paper when the penciling is done skillfully, with

uniform, opaque lines. In fact, most of the drawings

of industry are not inked; only those of a permanent

nature, such as maps, charts, etc., and tracings that

must be printed a great many times, are inked.

Blueprints. The simplest and most generally

used copying process is the blueprinting process,

in which the prints are made by exposing a piece

of sensitized paper and a tracing in close surface

contact with each other to sunlight or electric light

in a printing frame or machine made for the pur-

pose. On exposure to the light, a chemical action

takes place, which, when fixed by washing in water,

gives a strong blue color. The parts protected from

the light by the black lines of the tracing wash out,

leaving the white paper.

Vandyke Paper. This is a thin sensitized paper

that turns dark brown when exposed to light and

properly "fixed." A reversed negative of a tracing

can be made on it by exposing it to light with the

inked side of the drawing next to the sensitized side

of the paper; then this negative can be printed on

blueprint paper, giving a positive print with blue lines

on white.

BW Prints and Directo Prints. These have black

lines on a white ground and are made directly from

the original tracing, in a blueprinting machine (and

developed by hand) or in a special machine made
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for the purpose. They are used extensively when
positive prints are desired.

Ozalid Prints. This process is based on the chemi-

cal action of light-sensitive diazo compounds. It is

a contact method of reproduction in which the expo-

sure is made in a regular blueprinting machine or

an ozalid "whiteprint" machine, and the exposed

print is developed dry with ammonia vapors in a

developing machine. Standard papers giving black,

blue, and maroon lines on a white ground are avail-

able. Dry developing has the distinct advantage of

giving prints without distortion, and it also makes
possible the use of transparent papers, cloth, and

foils, which effects savings in drawing time, as these

transparent replicas can be changed by additions

or erasures and prints made from them without

altering the original tracing.

Photostat Prints. These are extensively used by

large corporations. By this method, a print with white

lines on a dark background is made directly from

any drawing or tracing, to any desired reduction or

enlargement, through the use of a large, specially

designed camera. This print can be again photo-

stated, giving a brown-black line on a white ground.

This method is extremely useful to engineers for

drawings to be included in reports and for matching

drawings of different scales which may have to be

combined into one.

Duplicating Tracings. Tracings with all the quali-

ties of ordinary inked ones are made photo-

graphically from pencil drawings by using a sensi-

tized tracing cloth.

Lithoprinting. When a number of copies of a

drawing (50 or more) are needed, they may be re-

produced by lithoprinting, a simplified form of photo-

lithography, at comparatively small cost.

Copying Methods. Copying methods such as the

mimeograph, ditto machine, and other forms of the

hectograph or gelatin pad are often used for small

drawings.

Photo-copying Methods. Negative copies on

high-contrast film are reproduced on paper or cloth

either to the same size as the original or to a reduced

or increased size. Micromaster copies (Keuffel &
Esser Co.) are well known. The reproductions are

very good, and when the process is used for repro-

duction of an old drawing, wrinkles and other blem-

ishes can be eliminated by using opaque on the film

negative.

27. Filing and Storing Drawings.
Drawings are filed in steel or wooden cabinets made
for the purpose. Many engineering offices store their

drawings in fireproof vaults and remove them only

for making alterations or for printing. Photographic

copies are sometimes made as a separate perma-

nent record. Drawings are always filed flat or rolled.

Prints, however, are folded for filing or mailing. The

usual method is the "accordion" fold illustrated in

Fig. 8. To aid in the filing of accordion -folded prints,

a supplementary number block may be added, as

shown.

28. Simplified Practices.

The bulk of commercial design and representation

is done in the conventional manner, that is, by

drawing orthographic or pictorial views and dimen-

sioning them as described in the preceding chapters.

However, there are many modifications of standard

practice which result in economies both in making
and in using drawings. These economies can be

classified as (1) simplified practices, (2) elimination

of drafting effort by the use of templates and over-

lays, (3) special uses of reproduction, (4) photo

drawing, (5) model making, 2
(6) illustrated draw-

ings, and (7) use of special methods and equipment.

The purpose in this chapter is to describe and illus-

trate modifications of standard practice and to sug-

gest ways in which they can be applied.

29. "Simplified" Drawing: Economical
Drafting Practices.

The drafting of any engineering creation is generally

considered by management to be an expensive part

of the complete operation of producing a finished,

salable product. Furthermore, the percentage of

total cost relegated to research, development, draft-

2 The material on photo drawing and model-making in this

chapter is adapted from original subject matter and a selection

of illustrations by G. P. Hammond of Procter & Gamble.
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ing, tooling, factory, labor, and other items of ex-

pense can be judged only on the economy of each

individual department. Thus the drafting depart-

ment comes under the same critical scrutiny as any

other division of operation. Any saving in time and

expense that can be made without injuring the

effectiveness and efficiency of the department is

true economy.

This question of thrift has been studied by many
executives for years, but W. L. Healy and A. H. Rau, 3

of the General Electric Company, are credited with

the first publication recommending and describing

methods by which economies can be effected in the

drafting room. There are a number of economical

practices in making drawings and others that are

important only to management. The principles on

which economical drafting is based are discussed

in the paragraphs that follow.

30. Unnecessary Views.
Any view that is not necessary for clear description

is a waste of drafting time, paper, reproduction (area

and cost), and filing space. Figure 23 is a conven-

tional drawing of a pulley in which the top view is

used to describe the cylindrical shapes. This pulley

can be represented economically, as in Fig. 24, by

eliminating the top view and using the letter D on

the dimensions of the front view to show that the

shapes represented are cylinders. Some drafting

economists argue that even the letter D is not nec-

essary because the title block will tell that the object

is a pulley and therefore a combination of cylinders.

Each drafting executive must judge the extent to

which extra views, letters, etc., can be eliminated

without making the interpretation of the drawing

obscure or misleading. Nevertheless, the following

principles should be observed: (1) Never draw more
views than are necessary for clear description; (2)

examine the object to see if a view can be eliminated

by use of a descriptive title, note, symbols, letters,

or numbers; (3) examine the object to determine

whether a word statement can eliminate all views

(this is usually possible only for very simple parts).

'"Simplified Drafting Practice" (New York: John Wiley & Sons,

Inc., 1953).
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fig. 25. A structu

is "simplified" in tl

thus some drafting
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fig. 27. A conventional drawing. Because of

the drafting effort required to produce the

detail and embellishment, this drawing is

expensive.

fig. 28. A simplified drawing. This drawing

represents the same structure as in Fig. 27.

Note the absence of extra detail and em-

bellishment, which reduces drawing cost.

even the dimension lines can be eliminated. As

shown in Fig. 29, two base lines, one horizontal and

the other vertical, are established. The location of

base lines may be at the edge of the part, on the

center of symmetry, or through some important

feature. Distances are then given, as shown in the

figure, from the base lines (corresponding to any

coordinate system) and include all the information
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fig. 31. Templates. A wide variety are avail-

able for many purposes. Their use conserves

drafting time.

drawing by means of transparent tape or the ad-

hesive backing on the overlay.

Most companies have standard items that must

be repeated on drawings. The use of overlays elimi-

nates the need for redrawing these items each time

they appear. One prominent processing company,

for example, is continually building new plants and
expanding existing plants, and it must make plant

layout drawings showing the location of equipment.

The plan views of tanks, pumps, filters, and other

items are drawn and identified for size and scale,

and then reproduced on a suitable overlay material.
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MAP SYMBOLS

ALSO CAPITAL LETTERS 8 NUMBERS, SIZE BO DO
WELDING SYMBOLS

VlX^h^—<®«*x
->c

XXX:

ELECTRICAL SYMBOLS

lAZZ-^-\t-OD- L^"

-fl-'
e> .;,;

* -mr
JHI^I^oo^iy^^Mt^
fig. 32. Leroy symbol templates (Keuffel &
Esser Co.). A wide variety ot these templates,

for use with standard Leroy equipment, are

available. Special templates of a user's design

also can be obtained.

Needed items are cut from this sheet and applied

to the drawing with tape. The outline of the overlays

and the tape will show faintJy on the reproduced

drawing but will not impair its readability. Extra

information may be lettered on the overlays.

Many standard items are available from compa-

nies that manufacture a general line of overlays. For

details that are time-consuming to draw and that

occur again and again, use an overlay.

Parts lists, tables, references, and specifications

must often appear on drawings, and it is time-

consuming to letter these. Laborious lettering can

be eliminated by employing a standard overlay. If

a standard overlay cannot be used, information can

be typed on blank stanpat or some other overlay

material and applied to the drawing.

The use of overlays is not restricted to prepared

details and lettering. Black tape is used to block out

unwanted areas or in place of drawn material. It is

especially useful for wide detail. Tape can be cut

with a sharp blade to any width needed. Tapes in

widths from l

/32 in. to 1 in. for full, dashed, and

special lines and for areas, and a "tape pen" for

application are manufactured by Chart-Pac, Inc.,

Leeds, Massachusetts.

fig. 33. A symbolic drawing. Components
are shown by symbols. Magnitudes and other

details are given by lettered information.

(Courtesy of Radio Corporation of imerica.)
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PROBLEMS

Group 1. Detail Drawings.
This group of problems gives practice in making drawings

with sectional views, auxiliaries, and conventional repre-

sentation. Several methods of part production are in-

cluded: casting, forging, forming of sheet metal, and

plastic molding.

1. Make complete working drawing with necessary sec-

tional views. Cast iron.

2. Working drawing of friction-shaft bearing. Cast iron.

3. Working drawing of mixing-valve body. Cast brass.

jl Drill, Taper Ream
in position to fit

Locking Plunger
4 Holes

I^DCore, Ij^Cbore

prob. 1. Gear-shifter bracket.

PROB. 2. Friction-shaft bearing. prob. 3. Mixing-valve body.



510 DRAWINGS FOR ENGINEERING DESIGN AND CONSTRUCTION ,. 1

5

prob. 5. Strut base.

4. Working drawing of conveyor hanger. Determine what

views and part views will best describe the piece. Cast

steel.

5. Working drawing of strut base. Determine what views

and part views will best describe the piece. Cast alumi-

num.

6. Draw given front view. Add part views and auxiliaries

to describe the piece best. Cast aluminum.

7. Working drawing of valve cage. Cast bronze.

8. Determine what views and part views will most ade-

quately describe the piece. Malleable iron.

9. Working drawing of water-pump cover. Aluminum

alloy die casting.

10. Working drawing of slotted spider. Malleable iron.

11. Make working drawing of relief-valve body. Cast

brass.

12. Working drawing of breaker. Steel.

13. Working drawing of meter case. Molded Bakelite.

14. (<z) Make detail working drawings on same sheet,

one for rough forging and one for machining; or (ft) make

one detail drawing for forging and machining. Alloy steel.

prob. 6. Hinge bracket. prob. 8. Brace plate.
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prob. 13. Meter case. prob. 14. Steering knuckle.
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15. Working drawing of automotive connecting rod.

Drop forging, alloy steel. Drawings same as Prob. 14.

16. Working drawing of puller body. Press forging, steel.

Drawings same as Prob. 14.

17. Make working drawing of buffer stand. Steel drop

forging. Drawings same as Prob. 14.

18. Working drawing of torque-tube support. Drop forg-

ing, aluminum alloy. Drawings same as Prob. 14.

19. Working drawing of supply head. Cast iron.

prob. 16. Puller body.

prob. 19. Supply head.

prob. 18. Torque-tube support.
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20. Working drawing of bearing block, cast iron.

21. Working drawing of elevator control bracket. Alumi-

num alloy, welded.

22. Working drawing of flap link. High-strength alumi-

num alloy.

23. Working drawing of wing fitting. High-strength

aluminum alloy.

24. Working drawing of micro-switch bracket. Aluminum

sheet, 0.15 thick.

prob. 20. Bearing block.

prob. 21. Elevator control bracket

,o3
|5 ' prob. 22. Flap link.

,J

H prob. 24. Micro-switch bracket.

PROB. 23. Wing fitting.
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25. Working drawing of tab link. High-strength alumi-

num alloy.

26. Working drawing of drag strut. High-strength alu-

minum alloy.

27. Make a complete working drawing of the 1%-in.,

no. 2000 desurger case head of Prob. 12, Chap. 12.

Material is ductile iron.

28. Make a complete working drawing of the desurger

loading-valve gage connector. This part is made of %-in.

hexagon steel (AISI C1212).

29. Make a complete working drawing of the needle-

valve needle. Material is stainless steel.

30. Make a complete working drawing of the wheel-

cylinder boot.

prob. 26. Drag strut.

prob. 28. Desurger loading-valve

gage con nector . (Courtesy of Westing-

house Air Brake Co.)

prob. 30. Wheel-cylinder boot and piston.

(Courtesy of Bendix Corp.)
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31. Make a complete drawing of the wheel-cylinder pis- 33. Make a complete working drawing of the wheel-

ton, Prob. 30. cylinder cup.

32. Make a complete working drawing of the desurger

loading-valve body. Material is brass.

Group 2. An Assembly Drawing from the Details.

34. Assembly drawing of sealed shaft unit. Bracket and

gland are cast iron. Shaft, collar, and studs are steel.

Bushing is bronze. Drill bushing in assembly with bracket.

prob. 32. Desurger loading-valve body.

{Courtesy of Westinghouse Air Brake Co.)

GLAND

PROB. 33. Wheel-cylinder cup. (Courtesy of

Bendix Corp.)

MC-2-f

Both ends

P I —10- - Chamfei

Both ends

SHAFT

prob. 34. Sealed shaft unit.

Both ends
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35. Make an assembly drawing of the crane hook from

details given. Standard parts 7 to 10 are not detailed;

see Appendix or handbook for sizes.

36. Make an assembly drawing, front view in section,

of caster.

36.4. Redesign caster for ball-bearing installation.

37. Make an assembly drawing of the Brown and Sharpe

rotary geared pump, with top view, longitudinal section,

and side view. Show direction of rotation of shafts and
flow of liquid with arrows. Give dimensions for base holes

to be used in setting; also give distance from base to

center of driving shaft and size of shaft and key. For

the parts that are not detailed, see the parts list.

38. Make assembly drawing of parallel-index drive.

1 ',.
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PARTS LIST

BROrfN AND SHARPE No. 1 ROTARY GEARED PUMP
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Timkm Cup 07100
Timk.n Cone 07196

4 Req'd.

Purchase from

Timkm Bearinq Co
Canton. Ohio

1JL
2 Reqa. .39-M

VICTOR SEAL H60242
Purchase from Victor Mfq,

and Gasket Co.- Chicago 50.1

3^02R \§l
? 7/I6-20NF2 1

-p' 6Reqa
' ^ Purchase from McGill

' Mfq Ca -Valparaiso. Ind.

1
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Group 3. Detail Drawings from the Assembly.

39. Make detail drawings of the jig table. Parts, cast

iron.

40. Make detail drawings of the door catch.

41. Make detail drawings of belt drive. The pulley and

bracket are cast iron; the gear and shaft, steel. The

bushing is bronze.

J Car

prob. 39. Jig table. prob. 41. Belt drive.
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42. Make detail drawings of swing table.

43. Make detail drawings ot sealed ball joint.

44. Make detail drawings of belt tightener. The bracket,

pulley, and collar are cast iron. The bushing is bronze;

the shaft, steel.

Of ^§-l6UNO?A xg
Slotted, OvalPt SelScr

PC NO.
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45. Make detail drawings of rotary pressure joint.

46. Make detail drawings of ballbearing idler pulley.

I Drill, 2 Holes

JR.
uze to Nipple^ 5i__J rfi„m,_ >Jir\'l

zfl6UNC-8A
If Hex HdGapSo
GReq, Equally Spaced

PC. NO
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47. Make detail drawings of butterfly valve. 48. Make detail drawings for V-belt drive.

PC. NO.
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49. Make detail drawings of hydraulic punch. In action,

the punch assembly proper advances until the cap, piece

109, comes against the work. The assembly (piece 106

and attached parts) is then stationary, and the tension

of the punch spring (piece 114) holds the work as the

punch advances through the work and returns.

PC. NO
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50. Make detail drawings of double-acting air cylinder.

Length of stroke to be assigned. Fix length of cylinder

to allow for clearance of 1 in. at ends of stroke. Note

that pieces 101 and 102 are identical except for the extra

machining of the central hole in piece 101 for the shaft,

packing, and gland. Make separate drawings for this

piece, one for the pattern shop and two for the machine

shop.

',
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51. Make detail drawings of rail-transport hanger. Rail

is 10-lb ASCE.

rSf& Eyeboltft Drill, Chore §x,^ Deep,,

Cs/nk § Deep x 90° Rivet over
at end to loose fit

PC. NO.
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52. Make detail drawings of the laboratory pump. Mate-

rials are shown on the assembly drawing.

Rollpm purchased from

Elastic 5lcp Nut Op
Union , N J.

E-Rinq purchased from

Woldts Wohinoor. Inc

Lonq Word City. NY

prob. 52. Laboratory pump.
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Group 4. A Set of Drawings from an Exploded Pictorial.

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

or 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 described in Chap. 10.

The assembly drawing should include any necessary

dimensions, such as number, size, and spacing of

mounting holes, that might be required by a purchaser

or needed for checking with the machine on which a

subassembly is used.

For the style and items to be included in the parts list,

see Prob. 37.

53. Make a complete set of working drawings for the

antivibration mount.

54. 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.

prob. 54. Pivol hangei

prob. 53. Antivibration mount.
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55. Make a complete set ot drawings for pump valve.

The valve seat, stem, and spring are brass; the disk is

hard-rubber composition. In operation, pressure of a fluid

upward against the disk raises it and allows flow. Pres-

sure downward forces the disk tighter against the seat

and prevents flow.

56. Make a complete set of working drawings for the

cartridge-case trimmer. Note that some of the dimensions

will have to be obtained from the mating part. A tabular

drawing may be made of the case holder, covering holders

for various cartridge cases. The dimensions to be tabu-

lated are (a) holder length, (Z?) diameter, and (c) taper

of hole.

57. Make a complete set of working drawings of the

hydraulic check valve. Spring is stainless steel; gasket

is soft aluminum; all other parts are steel.

58. Make a complete set of working drawings of the

boring-bar holder. All parts are steel. Note that the body

is made in one piece, then split with a y8 -in.-wide cut

(exaggerated in the picture). The holder can be seen in

use in Fig. 13, Chap. 9.

58A. Design three boring bars (see Fig. 13, Chap. 9)

to fit the boring-bar holder, and make a tabular drawing.

fy'*

prob. 55. Pump valve.

NAME
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prob. 57. Hydraulic check valve.

5io^dp

prob. 58. Boring-bar holder.
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59. Make a complete set of working drawings of the door hinge. High-strength aluminum alloy.

ratchet wrench. 61. Make a complete set of working drawings for ac-

60. Make detail and assembly drawings of landing-gear cess-door support.

prob. 59. Ratchet wrench

Name
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62. Make detail and assembly drawings of the pres-

sure-cell piston. Body parts are high-strength aluminum

alloy. rings are Teflon.

prob. 62. Pressure-cell piston.
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63. Make a complete set of working drawings of the

pivot nut and adjusting screw.

Group 5. A Set of Drawings from a

Pictorial Assembly.
64. Make a complete set of working drawings of the

high-tension coil mount.

65. Make a complete set of working drawings of the

pipe clamp. The flange is cast steel.

prob. 63. Pivot nut and adjusting screw.

(Courtesy of Bendix Corp., Products Division.)

-A Punch. 2 Holes .A
lib- -PJ

Bracket

I Get SteelA

Semifm Hex Nut
£-l3NC-|

BoltThd

PROB. 64. High-tension coil mount. prob. 65. Pipe clamp.
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66. Make a complete set of working drawings of the

stay-rod pivot. Parts are malleable iron.

67. Make a complete set of working drawings of the

tool post. All parts are steel.

68. Make a unit-assembly working drawing of the

wing-nose rib.

g-9UNC-2A,endof
Screw turned to

| D for ,| Ig.

prob. 67. Tool post.

prob. 66. Stay-rod pivot.

1233 1786 2.220 2 565 2.633 3056 3.251 3409

898 1220 1.468 1625 1771 1,882 1.958 2 0l£

prob. 68. Wing-nose rib.
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69. Make a complete set of working drawings of the

valve-poppet assembly. Flexible washer made of Koroseal

67-77 Durometer (B. F. Goodrich grade 116). Draw ten

times actual size.

70. Make a complete set of working drawings of the

diaphragm assembly. Draw four times actual size.

Group 6. Working Drawings from Photo-drawings.
Photo-drawings are coming into use commercially, espe-

cially in the processing industries. These problems give

practice in making detail and assembly drawings, and

illustrate the possibilities of drawings produced from

photographs of models or test parts.

71. Detail drawing of conveyor link. SAE 1040 steel.

72. Detail drawing of hydro-cylinder support. Aluminum
sheet.

prob. 69. Valve-poppet assembly. (Courtesy

of Bellows-Valvair, Division of International

Basic Economy Corporation.)

prob. 70. Diaphragm assembly. (Courtesy of
Bellows-Valvair, Pit ision of international Basic

Economy < 'orporation.)

PROB. 71. Conveyor link.
prob. 72. Hydro-cylinder support
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73. Detail drawing of lift-strut pivot. Forged aluminum.

74. Detail drawing of length adjuster-tube. SAE 1220

steel.

75. Detail and unit assembly of pivot shaft. Shaft is

bronze; nuts are steel.

76. Detail drawing of third terminal (temperature con-

trol). Material is red brass (85% CU).

77. Set of working drawings of conveyor link unit. All

parts are steel.

•
jj?

prob. 73. Lift-strut pivot.

-24UNC-2A x j lg

- Drill Through,

-Drill x l^dp-

prob. 74. Length adjuster-tube.

60 TAP, CLASS I

0508 * -gj

R

["STOCK 033

MATERIAL
NO .16 GAGE I 0506)
^HARO RED BRASS
807. CU COIL STOCK

V-|-24UMC-2B Hex Jam Nut (2)

PROB. 75. Pivot shaft.

COIN BOTH EOGES
prob. 77. Conveyor link unit.

prob. 76. Third terminal.
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The problems following are assembled as a collec-

tion from which the student, teacher, or graphics

director may choose in order to gain some experi-

ence in the metric system of measurement. All di-

mensions on all drawings are given in the metric

system; the exception are screws and threads.

One of the outstanding learning values in the

solution of graphics problems is the transfer from a

pictorial representation to an orthographic presen-

tation and vice versa. The following group of prob-

lems provides the student with an opportunity to

make this transfer within the metric system.

For further experience in the metric system, use a

hand calculator to determine any metric values that

must be inserted in the drawing during the transfer

from one presentation to another. Also use the cal-

culator to convert inches to metric equivalents in the

drawings.

The general assignments for the students in

doing these problems are:

Produce a complete graphic representation (or-

thographic or pictorial) of the part, group of parts, or

machine.

Describe the part, group of parts, or machine

completely in the metric system.

Be so complete and thorough in your graphic

description that the part, group of parts, or machine

could certainly be manufactured from your drawings

and specifications.

Students may check with the teacher on the

choices of method of manufacture but must pro-

duce the drawings completely by themselves.
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All radii not_specified 3

PROB. I. Boat winch pawl.

f >^P)

PROB. 4. Inclined support.

^r-
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PROB. 15. Corner block. PROB. 16. Inclined support.

Step-pulley frame.



PROB. 20. Flanged pocket.

PROB. 22. Slotted wedge.

1 3.6 Drill 4Holes

PROB. 24. Truss bearing.



r 96—
—48—]



wpy^^^

PROB. 34. Transverse conn PROB. 35. Chamber tool base.



!E

PROB. 36. Dov PROB. 37. Anchor base.

PROB. 38. Connector strip. PROB. 39. Push plate.

. >K»r v

6R \ X/stfr^O—\\

PROB. 40. Channel support. PROB. 41. Corner tie. PROB. 42. Bevel-gear housing



PROB. 43. Bevel washer. PROB. 44. Angle bracket. PROB. 45. Catenary clip.

10Drill, Spotface
20Dx 2 deep, k
3 ho/es. xH~^ /

-lODril/, Shls./(\

PROB. 46. Cable anchor.
y-(nRl



PROB. 50. Impeller.

16Drill /-M h—
"^

3 Holes' ^8^-25-A
Draw 45 to right

""OB. 52. Jaw bracket.

PROB. 53. Bracket. PROB. 54. Hinged catch.



PROB. 57. Bell crank. ROB. 58. Stop plate.

Offsets famnpM'see/wo JO'/or&hf

PROB. 59. Culvert model.

Offsets from right section, 30... ..

PROB. 60. Slotted guide.



PROB. 61. Slotted I

\20Drill.4 Holes

/? Holes l— 57

PROB. 64. Base plate. PROB. 65. Gland.

PT I
—/oo—

j

V 175
I 250
40 Drill /-^T~\
56 deepf/'^ZSr

J r PROB. 67. Trunnio



It- "
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\— 12.5 —j— 12 .

Heat sink for transistor radic

PROB. 74. Tie plate. PROB. 75. Heat sink for transistor radio (1 mm alur

:24Dnll.SpoHoce ^ y_ 64
x
,38Dia * 2 Dp.

f

_ '

J «i_U J *>,

PROB. 76. Dovetail bracket.

,f)r I-3S-*-

—

64-^-50-

PROB. 77. Offset bracket.

PROB. 79. Notched holder.

PROB. 78. Double wedge block.

o i
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""J



PROB. 94. Independent face-plate chuck.



102





I

Cop Scr, Use SfiaAepmai^~\
— Lockwashers, 3 Req- : Ai^J

1 Leather

miM*

PROB. 98. Hydraulic punch.

PROB. 99. Belt tightener.





PROB. 103. Sere

3SSS

PROB. 104. Belt drive.

PROB. 105. Inclined support.







Part A. Shop Terms
anneal (v.) To soften a metal piece and remove

internal stresses by heating to its critical temper-

ature and allowing to cool very slowly.

arc-weld (v.) To weld by electric-arc process.

bore (t .) To enlarge a hole with a boring tool, as in a

lathe or boring mill. Distinguished from drill.

boss (».) A projection of circular cross section, as

on a casting or forging.

braze (v.) To join by the use of hard solder.

broach (v.) To finish the inside of a hole to a shape

usually other than round, (n.) A tool with serrated

edges pushed or pulled through a hole to enlarge

it to a required shape.

buff (v.) To polish with abrasive on a cloth wheel or

other soft carrier.

burnish (v.) To smooth or polish by a rolling or

sliding tool under pressure.

bushing (».) A removable sleeve or liner for a bear-

ing; also a guide for a tool in a jig or fixture.

carburize (».) To prepare a low-carbon steel for

heat-treatment by packing in a box with carboniz-

ing material, such as wood charcoal, and heating

to about 2000° F for several hours, then allowing

to cool slowly.

caseharden (v.) To harden the surface of carburized

steel by heating to critical temperature and

quenching, as in an oil or lead bath.

castellate («.) To form into a shape resembling a

castle battlement, as castellated nut. Often ap-

plied to a shaft with multiple integral keys milled

on it.

chamfer (v.) To bevel a sharp external edge, (n.) A
beveled edge.

chase (v.) To cut threads in a lathe, as distin-

guished from cutting threads with a die. (n.) A slot

or groove.

chill (v.) To harden the surface of cast iron by

sudden cooling against a metal mold.

chip (v.) To cut or clean with a chisel.

coin (v.) To stamp and form a metal piece in one

operation, usually with a surface design.
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cold-work (v.) To deform metal stock by hammer-

ing, forming, drawing, etc., while the metal is at

ordinary room temperature.

color-harden (v.) To caseharden to a very shallow

depth, chiefly for appearance.

core (c) To form the hollow part of a casting, using

a solid form made of sand, shaped in a core box,

baked, and placed in the mold. After cooling, the

core is easily broken up, leaving the casting hol-

low.

counterbore (v.) To enlarge a hole to a given depth.

(/!.) 1. The cylindrical enlargement of the end of a

drilled or bored hole. 2. A cutting tool for counter-

boring, having a piloted end the size of the drilled

hole.

countersink (v.) To form a depression to fit the

conic head of a screw or the thickness of a plate

so that the face will be level with the surface, (n.)

A conic tool for countersinking.

crown (n.) Angular or rounded contour, as on the

face of a pulley.

die (n.) 1. One of a pair of hardened metal blocks

for forming, impressing, or cutting out a desired

shape. 2 (thread). A tool for cutting external

threads. Opposite of tap.

die casting (n.) A very accurate and smooth casting

made by pouring a molten alloy (or composition,

as Bakelite) usually under pressure into a metal

mold or die. Distinguished from a casting made in

sand.

die stamping (n.) A piece, usually of sheet metal,

formed or cut out by a die.

draw (i.) 1. To form by a distorting or stretching

process. 2. To temper steel by gradual or intermit-

tent quenching.

drill (v.) To sink a hole with a drill, usually a twist

drill. (/!.) A pointed cutting tool rotated under

pressure.

drop forging (n.) A wrought piece formed hot be-

tween dies under a drop hammer, or by pressure.

face (i".) To machine a flat surface perpendicular to

the axis of rotation on a lathe. Distinguished from

turn.

feather (n.) A flat sliding key, usually fastened to

the hub.

fettle (v.) To remove fins and smooth the corners

on unfired ceramic products.

file (( ) To finish or trim with a file.

fillet (n.) A rounded filling of the internal angle

between two surfaces.

fin (n.) A thin projecting rib. Also, excess ridge of

material.

fit (n.) The kind of contact between two machined

surfaces. 1. Drive, force or press: When the shaft is

slightly larger than the hole and must be forced in

with sledge or power press. 2. Shrink: When the

shaft is slightly larger than the hole, the piece

containing the hole is heated, thereby expanding

the hole sufficiently to slip over the shaft. On
cooling, the shaft will be seized firmly if the fit

allowances have been correctly proportioned.

3. Running or sliding: When sufficient allowance

has been made between sizes of shaft and hole to

allow free running without seizing or heating.

4. Wringing: When the allowance is smaller than a

running fit and the shaft will enter the hole by

twisting the shaft by hand.

flange (n.) A projecting rim or edge for fastening or

stiffening.

forge (f.) To shape metal while hot and plastic by a

hammering or forcing process either by hand or

by machine.

galvanize (v.) To divide a scale or dial into regular

spaces.

grind (v.) To finish or polish a surface by means of

an abrasive wheel.

Counterbore Countersink Fillet Flange Kerf
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harden (v.) To heat hardenable steel above critical

temperature and quench in bath.

hot-work (f.) To detorm metal stock by hammering,

forming, drawing, etc., while the metal is heated

to a plastic state.

kerf (n.) The channel or groove cut by a saw or

other tool.

key (n.) A small block or wedge inserted between

shaft and hub to prevent circumferential move-

ment.

keyway, key seat (n.) A groove or slot cut to fit a

key. A key fits into a key seat and slides in a

keyway.

knurl (v.) To roughen or indent a turned surface, as

a knob or handle.

lap (n.) A piece of soft metal, wood, or leather

charged with abrasive material, used for obtaining

an accurate finish, (v.) To finish by lapping.

lug (n.) A projecting "ear," usually rectangular in

cross section. Distinguished from boss.

malleable casting (n.) An ordinary casting tough-

ened by annealing. Applicable to small castings

with uniform metal thicknesses.

mill (v.) To machine with rotating toothed cutters

on a milling machine.

neck (v.) To cut a groove around a shaft, usually

near the end or at a change in diameter, (n.) A

portion reduced in diameter between the ends of

a shaft.

normalize (v.) To remove internal stresses by heat-

ing a metal piece to its critical temperature and

allowing it to cool very slowly.

pack-harden (i.) To carburize and caseharden.

Keyway

Key and seat

pad (n.) A shallow projection. Distinguished from

/».»• by shape or size.

peen (u.) To stretch, rivet, or clinch over by strokes

with the peen of a hammer, (n.) The end of a

hammer head opposite the face, as ball peen.

pickle (c.) To clean castings or forgings in a hot

weak sulfuric acid bath.

plane (v.) To machine work on a planer having a

fixed tool and reciprocating bed.

planish (v.) To finish sheet metal by hammering

with polished-faced hammers.

plate (r.) The electrochemical coating of a metal

piece with a different metal.

polish (v.) To make smooth or lustrous by friction

with a very fine abrasive.

profile (v.) To machine an outline with a rotary

cutter usually controlled by a master cam or die.

punch (c.) To perforate by pressing a nonrotating

tool through the work.

ream (t .) To finish a drilled or punched hole very

accurately with a rotating fluted tool of the re-

quired diameter.

relief (n.) The amount one plane surface of a piece

is set below or above another plane, usually for

clearance or for economy in machining.

rivet (<.) 1. To fasten with rivets. 2. To batter the

headless end of a pin used as a permanent fas-

tening.

round (n.) A rounded exterior corner between two

surfaces. Compare with fillet.

sandblast (v.) To clean castings or forgings by

means of sand driven through a nozzle by com-

pressed air.

Spline

^Q

Spot-face <™
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shape (v.) To machine with a shaper, a machine

tool differing from a planer in that the work is

stationary and the tool reciprocating.

shear (o.) To cut off sheet or bar metal between two

blades.

sherardize («.) To galvanize with zinc by a dry heat-

ing process.

shim (n.) A thin spacer of sheet metal used for

adjusting.

shoulder (n.) A plane surface on a shaft, normal to

the axis and formed by a difference in diameter.

spin (v.) To shape sheet metal by forcing it against

a form as it revolves.

spline (v.) A long keyway. Sometimes also a flat

key.

spot-face (o.) To finish a round spot on a rough

surface, usually around a drilled hole, to give a

good seat to a screw or bolthead, cut, usually

V14 in. deep, by a rotating milling cutter.

spot-weld («.) To weld in spots by means of the heat

of resistance to an electric current. Not applicable

to sheet copper or brass.

steel casting (n.) Material used in machine con-

struction. It is ordinary cast iron into which vary-

ing amounts of scrap steel have been added in the

melting.

swage (v.) To shape metal by hammering or pres-

sure w.th the aid of a form or anvil called a

"swage block."

sweat (v.) To join metal pieces by clamping to-

gether with solder between and applying heat.

tack-weld (r.) To join at the edge by welding in

short intermittent sections.

tap (v.) To cut threads in a hole with a rotating tool

called a "tap," having threads on it and fluted to

give cutting edges.

temper (a) To change the physical characteristics

of hardened steel by reheating to a temperature

below the critical point and allowing to cool.

template, templet (n.) A flat pattern for laying out

shapes, location of holes, etc.

trepan (v.) To cut an outside annular groove around

a hole.

tumble (v.) To clean, smooth, or polish castings or

forgings in a rotating barrel or drum by friction

with each other, assisted by added mediums, as

scraps, "jacks," balls, sawdust, etc.

turn (v.) To machine on a lathe. Distinguished from

face.

undercut (v.) To cut, leaving an overhanging edge.

(n.) A cut having inwardly sloping sides.

upset (t>.) To forge a larger diameter or shoulder on

a bar.

weld (i.) To join two pieces by heating them to the

fusing point and pressing or hammering together.

Part B. Structural Terms
bar Square or round rod; also flat steel up to 6 in.

in width.

batten plate A small plate used to hold two parts in

their proper position when made up as one mem-
ber.

batter A deviation from the vertical in upright

members.

bay The distance between two trusses or trans-

verse bents.

beam A horizontal member forming part of the

frame of a building or structure.

bearing plate A steel plate, usually at the base of a

column, used to distribute a load over a larger

area.

bent A vertical framework usually consisting of a

truss or beam supported at the ends on columns.

brace A diagonal member used to stiffen a frame-

work.

buckle plate A flat plate with dished depression

pressed into it to give transverse strength.

builtup member A member built from standard

shapes to give one single stronger member.
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camber Slight upward curve given to trusses and

girders to avoid effect of sag.

cantilever A beam, girder, or truss overhanging one

or both supports.

chord The principal member of a truss on either

the top or bottom.

clearance Rivet driving clearance is distance from

center of rivet to obstruction. Erection clearance

is amount of space left between members for

ease in assembly.

clevis U-shaped shackle for connecting a rod to a

pin.

clip angle A small angle used for fastening various

members together.

column A vertical compression member.

cope To cut out top or bottom of flanges and web
so that one member will frame into another.

coping A projecting top course of concrete or stone.

counters Diagonal members in a truss to provide

for reversal of shear due to live load.

cover plate A plate used in building up flanges, in a

builtup member, to give greater strength and

area or for protection.

crimp To offset the end of a stiffener to fit over the

leg of an angle.

diagonals Diagonal members used for stiffening

and wind bracing.

dowel An iron or wooden pin extending into, but

not through, two timbers to connect them,

driftpin A tapered steel pin used to bring rivet holes

fair in assembling steel work.

edge distance The distance from center of rivet to

edge of plate or flange.

fabricate To cut, punch, and subassemble mem-
bers in the shop.

fillers Plate or ring fills used to take up space in

riveting two members where a gusset is not used.

flange The projecting portion of a beam, channel,

or column.

gage line The center line for rivet holes

gin pole A guyed mast with block at the top for

hoisting.

girder A horizontal member, either single or built

up, acting as a principal beam.

girt A beam usually bolted to columns to support

the side covering or serve as window lintels.

gusset plate A plate used to connect various mem-
bers, such as in a truss.

hip The intersection between two sloping surfaces

forming an exterior angle.

knee brace A corner brace used to prevent angular

movement.
lacing or lattice bars Bars used diagonally to space

and stiffen two parallel members, such as in a

builtup column.

laterals Members used to prevent lateral deflection.

lintel A horizontal member used to carry a wall over

an opening.

louvers Metal slats either movable of fixed, as in a

monitor ventilator.

monitor ventilator A framework that carries fixed or

movable louvers at the top of the roof.

panel The space between adjacent floor supports

or purlins in a roof.

pitch Center distance between rivets parallel to axis

of member. Also, for roofs, the ratio of rise to

span.

plate Flat steel over 6 in. in width and :

/4 in. or more
in thickness.

purlins Horizontal members extending between

trusses, used as beams for supporting the roof.

rafters Beams or truss members supporting the

purlins.

sag ties Tie rods between purlins in the plane of

the roof to carry the component of the roof load

parallel to the roof.

separator Either a cast-iron spacer or wrought-iron

pipe on a bolt for the purpose of holding members
a fixed distance apart.

sheet Flat steel over 6 in. in width and less than

% in. in thickness.

shim A thin piece of wood or steel placed under a

member to bring it to a desired elevation.

sleeve nut A long nut with right and left threads for

connecting two rods to make an adjustable

member.

span Distance between centers of supports of a

truss, beam, or girder.
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splice A longitudinal connection between the parts

of a continuous member.

stiffener Angle, plate, or channel riveted to a mem-
ber to prevent buckling.

stringer A longitudinal member used to support

loads directly.

strut A compression member in a framework.

truss A rigid framework for carrying loads, formed

in a series of triangles.

turnbuckle A coupling, threaded right and left or

swiveled on one end, for adjustably connecting

two rods.

valley The intersection between two sloping sur-

faces, forming a reentrant angle.

web The part of a channel, I beam, or girder be-

tween the flanges.

Part C. Architectural Terms
apron The finished board placed against the wall

surface, immediately below a window stool.

ashlar Thin, squared, and dressed stone facing of a

masonry wall.

backing The inner portion of a wall—that which is

used behind the facing.

batten A strip of wood used for nailing across two

other pieces of wood to hold them together and

cover a crack.

batter boards Boards set up at the corners of a

proposed building from which the lines marking

off the walls are stretched.

bearing wall A wall that supports loads other than

its own weight.

bond The joining together of building materials to

ensure solidity.

bridging The braces or system of bracing used

between joists or other structural members to

stiffen them and to distribute the load.

centering A substructure of temporary nature, usu-

ally of timber or planks, on which a masonry arch

or vault is built.

coffer An ornamental panel deeply recessed, usu-

ally in a dome or portico ceiling.

corbel A bracket formed on a wall by building out

successive courses of masonry.

curtain wall A wall that carries no building load

other than its own weight.

fenestration The arrangement and proportioning of

window and door openings.

flashing The sheet metal built into the joints of a

wall, or covering the valleys, ridges, and hips of a

roof for the purpose of preventing leakage.

footing A course or series of courses projecting at

the base of a wall for the purpose of distributing

the load from above over a greater area, thereby

preventing excessive settlement.

furring The application of thin wood, metal, or

other building material to a wall, beam, ceiling, or

the like to level a surface for lathing, boarding,

etc., or to make an air space within a wall.

glazing The act of furnishing or fitting with glass.

ground Strips of wood, flush with the plastering, to

which moldings, etc., are attached. Grounds are

usually installed first and the plastering floated

flush with them.

grout A thin mortar used for filling up spaces

where heavier mortar will not penetrate.

head The horizontal piece forming the top of a wall

opening, as a door or window.

hip The intersection of two roof surfaces, which

form an external angle on the plan.

jamb The vertical piece forming the side of a wall

opening.

lintel The horizontal structural member that sup-

ports the wall over an opening.

millwork The finish wordwork, machined and in

some cases partly assembled at the mill.

miter To match together, as two pieces of molding,

on a line bisecting the angle of junction.

mullion A vertical division of a window opening.

muntin The thin members that separate the indi-

vidual lights of glass in a window frame.

party wall A division wall common to two adjacent

pieces of property.

plate A horizontal member that carries other struc-

tural members; usually the top timber of a wall

that carries the roof trusses or rafters directly.

rail A horizontal piece in a frame or paneling.

return The continuation in a different direction,

most often at right angles, of the face of a build-
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ing or any member, as a colonnade or molding;

applied to the shorter in contradistinction to the

longer.

reveal The side of a wall opening; the whole thick-

ness of the wall; the jamb.

riser The upright piece of a step, from tread to

tread.

saddle A small double-sloping roof to carry water

away from behind chimneys, etc.

scratch coat The first coat in platering, roughened

by scratching or scoring so that the next coat will

firmly adhere to it.

screeds A strip of plaster of the thickness proposed

for the work, applied to the wall at intervals of 4 or

5 ft, to serve as guides.

shoring A prop, as a timber, placed against the side

of a structure; a prop placed beneath anything, as

a beam, to prevent sinking or sagging.

sill The horizontal piece, as a timber, which forms

the lowest member of a frame.

sleepers The timbers laid on a firm foundation

to carry and secure the superstructure.

soffit The underside of subordinate parts and
members of buildings, such as staircases, beams,

arches, etc.

stile A vertical piece in a frame or paneling.

stool The narrow shelf fitted on the inside of a

window against the actual sill.

threshold The stone, wood, or metal piece that lies

directly under a door.

trap A water seal in a sewage system to prevent

sewer gas from entering the building.

tread The upper horizontal piece of a step, on
which the foot is placed.

valley The intersection of two roof surfaces which

form, on the plan, a reentrant angle.

Part D. Welding Terms
air-acetylene welding A gas-welding process in

which coalescence is produced by heating with a

gas flame or flames obtained from the combus-
tion of acetylene with air, without the application

of pressure and with or without the use of filler

metal.

arc cutting A group of cutting processes in which

the severing of metals is effected by melting with

the heat of an arc between an electrode and the

base metal.

arc welding A group of welding processes in which

coalescence is produced by heating with an elec-

tric arc or arcs, with or without the application of

pressure and with or without the use of filler

metal.

As-welded The condition of weld metal, welded

joints, and weldments after welding prior to any

subsequent thermal or mechanical treatment.

atomic-hydrogen welding An arc-welding process in

which coalescence is produced by heating with an

electric arc maintained between two metal elec-

trodes in an atmosphere of hydrogen. Shielding is

obtained from the hydrogen. Pressure may or

may not be used, and filler metal may or may not

be used.

automatic welding Welding with equipment which

performs the entire welding operation without

constant observation and adjustment of the con-

trols by an operator. The equipment may or may
not perform the loading and unloading of the

work.

axis of a weld A line through the length of a weld,

perpendicular to the cross section at its center of

gravity.

backing Material (metal, weld metal, asbestos, car-

bon, granular flux, etc.) backing up the joint dur-

ing welding to facilitate obtaining a sound weld at

the root.

bevel A type of edge preparation.

braze A weld in which coalescence is produced by

heating to suitable temperatures above 800°

F

and by using a nonferrous filler metal having a

melting point below that of the base metals. The
filler metal is distributed between the closely

fitted surfaces of the joint by capillary attraction.

butt joint A joint between two members lying ap-

proximately in the same plane.

coalesce To unite or merge into a single body or

mass. Fusion.

die welding A forge-welding process in which coa-

lescence is produced by heating in a furnace and
by applying pressure by means of dies.
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edge joint A joint between the edges of two or more

parallel or nearly parallel members.

filler metal Metal to be added in making a weld.

fillet weld A weld of approximately triangular cross

section joining two surfaces approximately at right

angles to each other in a lap joint, tee joint, or

corner joint.

forge welding A group of welding processes in

which coalescence is produced by heating in a

forge or other furnace and by applying pressure or

blows.

fusion The melting together of filler metal and base

metal, or of base metal only, which results in

coalescence.

gas welding A group of welding processes in which

coalescence is produced by heating with a gas

flame or flames, with or without the application of

pressure, and with or without the use of filler

metal.

groove weld A weld made in the groove between

two members to be joined. The standard types of

groove welds are: square-groove weld; single-V-

groove weld; single-bevel-groove weld; single-U-

groove weld; single- J -groove weld; double-V-

groove weld; double-bevel-groove weld; double-

U-groove weld; double-J -groove weld.

hammer welding A forge-welding process in which

coalescence is produced by heating in a forge or

other furnace and by applying pressure by means
of hammer blows.

intermittent welding Welding in which the continu

ity is broken by recurring unwelded spaces.

joint penetration The minimum depth a groove

weld extends from its face into a joint, exclusive of

reinforcement.

kerf The space from which metal has been re-

moved by a cutting process.

lap joint A joint between two overlapping members.
oxy-acetylene welding A gas-welding process in

which coalescence is produced by heating with a

gas flame or flames obtained from a combustion

of acetylene with oxygen, with or without the ap-

plication of pressure and with or without the use

of filler metal.

peening The mechanical working of metals by

means of hammer blows.

plug weld A circular weld made by either arc or gas

welding through one member of a lap or tee joint

joining that member to the other. The weld may or

may not be made through a hole in the first mem-
ber.

pressure welding Any welding process or method in

which pressure is used to complete the weld.

projection welding A resistance-welding process in

which coalescence is produced by the heat ob-

tained from resistance to the flow of electric cur-

rent through the work parts held together under

pressure by electrodes.

root opening The separation between the members
to be joined, at the root of the joint.

seam weld A weld consisting of a series of overlap-

ping spot welds, made by seam welding or spot

welding.

slot weld A weld made in an elongated hole in one

member of a lap or tee joint joining that member
to the portion of the surface of the other member
which is exposed through the hole.

spot welding A resistance-welding process in which

coalescence is produced by the heat obtained

from resistance to the flow of electric current

through the work parts, which are held together

under pressure by electrodes.

tack weld A weld made to hold parts of a weldment

in proper alignment until the final welds are

made.

tee joint A joint between two members located

approximately at right angles to each other in the

form of a T.

upset welding A resistance-welding process in

which coalescence is produced, simultaneously

over the entire area of abutting surfaces or pro-

gressively along a joint, by the heat obtained from

resistance to the flow of electric current through

the area of contact of those surfaces. Pressure is

applied before heating is started and is main-

tained throughout the heating period.



APPEKIIM
The Hand Calculator

1. Introduction.
Early engineers were forced to make calculations by

long-hand methods with some assistance from the

slide rule. The situation was not aided by the fact

that most slide rules could not calculate values of

more than three or four digits. Such feats as landing

a spacecraft on the moon would not have been

possible if slide rules were still our primary calculat-

ing tool.

2. Mechanical Calculators.
For many years, mechanical calculators have been

available to perform addition, subtraction, multipli-

cation, and division of numbers with twelve or more
digits. Such calculators were relatively slow, quite

expensive, and about the size of an office typewriter.

Complex mathematical entities could be handled

only by entering the proper equation values from a

handbook. Names such as Friden, Marchant, and

Monroe are associated with such calculators.

3. Digital Computers.
Any type of engineering calculation can be easily

solved using a digital computer. For example, the

calculations required to define the orbit of a space-

craft can now be handled easily because the com-

puter can make millions of calculations per second.

4. Scientific or Engineering Calculators.
The development of integrated circuits has made it

possible to produce small computers known as min-

icomputers, microcomputers, microprocessors, or

hand calculators. Descriptions of how calculators

actually perform their operations is beyond the

scope of this appendix. However, calculators are

basically small preprogrammed or programmable
computers.

The calculators most suitable for engineering cal-

culations are usually described as scientific calcula-

tors. (See Figs. 1 to 3.) Scientific calculators usually

include trigonometric functions, logarithms, roots of

numbers, powers of numbers, built-in constants like

pi, and other operations suitable for engineering

calculations. However, even the simple four-function

calculator is of such value that it can be considered

a suitable device for beginning students.

5. Calculator Accuracy.
Each manufacturer of a calculator designs its oper-

ating circuits to solve the desired functions with a
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certain accuracy in a reasonable time. The more

expensive calculators usually have more digits of

accuracy and solve functions in less time. Cheaper

calculators often seem faster than the more expen-

sive ones because they have fewer digits in the

answer. Repeated calculations will accumulate er-

rors more rapidly on a calculator with fewer num-

bers of accurate digits than a model with a higher

number of accurate digits. A calculator of less than

five-digit accuracy would be inappropriate for scien-

tific or engineering calculations.

6. Number Representation.

The internal form of numbers used by a calculator is

far different from the form actually displayed. This

only affects the user if he or she tries to use a

calculator for a purpose that the designers did not

intend it for. Most scientific calculators use floating

decimal point notation. This means that there is not

a fixed number of fractional digits in an answer

unless the answer is represented by exponential

form. The number 131.1 will not be displayed as

fig. 1 Hewlett-Packard's K

operated scientific calculator.

fig. 2 Texas Instruments SR-51 scientific

calculator.

RAD ONHR 0FI

SIN"' COS"' TAN"'SIN"' COS"'

08 W

fig. 3 A typical scientific function keyboard.

Note the dual function keys for trigonometric

functions. The secondary function printed

above each key is invoked by first pushing

the ARC key and then the desired function

key. Note the DEG-RAD (degrees-radians)

selector switch.
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131.10 or 131.100 despite the fact that the machine

might be listed as a five- or six-digit machine. To the

user doing scientific calculations this is eminently

satisfactory. However, for a user doing banking

problems, the inability to show dollars and cents is

annoying.

Calculators can display as many numbers as they

have in their capacity. For example, a typical eight-

digit calculator will display all of the whole number

digits in a number, as long as that number does not

exceed eight digits. For all whole numbers of less

than eight digits, any fractional digits that exist will

be displayed to a maximum display size of eight

digits. When a number to be displayed or entered

exceeds eight whole number digits, the calculator

uses the exponential mode. For example, an eight-

digit display would now show five digits of the num-
ber plus the two-digit power-of-ten value required to

give the number the proper magnitude. The number
1,575,671,283,916 has too many digits to be repre-

sented by an eight-digit display. It would be dis-

played as:

1.5757 12

This is the calculator's way of showing scientific

notation which says the number is:

1.5757 x 10 12

This notation usually permits calculations using

numbers of up to 10". Figure 4 shows an eight-digit

calculator representing an eight-digit and a nine-

digit number. The jump to exponential form is no-

ticeable.

Many calculators carry more digits in their inter-

nal calculations than can be entered or displayed, so

the displayed value is usually quite accurate. An
eight-digit machine might do its calculations in ten-

or eleven-digit form. This is especially true of the

more expensive calculators which can be said to

display answers of almost 100 per cent accuracy.

Doubtful digits at the end of a number are never

displayed.

7. Choosing a Calculator.
There are several items that a buyer of a scientific

calculator should examine:

IPJIS.

fig. 4 A calculator display changing from
regular notation to exponential notation as

more digits are entered than can be shown.
This is an eight-digit display that changes to

exponential when a ninth digit is entered.

1. Display.

a. Does the display have enough digits to sat-

isfy your needs? Less than five is not recommended.

h. Displays are either red or blue-green. In

general, the construction of the red display pro-

duces smaller digits than that of the green display.

The red display places the digits in a kind of cave,

which makes the red digits readable only from a

straightforward position.

2. Calculator functions. Will the calculator han-

dle the functions you need? See Sec. 9 on calculator

functions to determine some of the available func-

tions. Be especially careful on the Yx
. In many cal-

culators, the .vth root of Y can be found only by first

calculating P— l/.v and then calculating Yp . This

represents extra steps and the chance that you will

inadvertently calculate the .vth power of Y instead of

the .vth root of Y. Hyperbolic sines and cosines are

often omitted from the less expensive scientific cal-

culator. These functions (sinh and cosh) can be

calculated using the e1 function if needed only occa-
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sionally. Currently, the inclusion of sinh and cosh in

a calculator raises its price to as much as double

that of other full-function calculators.

3. Calculator logic. To the user, calculator logic

defines the sequence in which numbers and opera-

tions must be entered in order to obtain the correct

answer. The three major forms of logic are alge-

braic, algebraic with hierarchy, and reverse Polish.

Section 8 describes the various types of logic and

gives some examples of how logic differences affect

the user.

Generally speaking, calculators with algebraic

logic and parenthesis control solve problems in the

order the numbers and operations appear in a prob-

lem. Operators of calculators using reverse Polish

notation logic must rearrange the numbers and

operations before entering them into the calculator.

Since few calculators can handle enough parenthe-

ses to solve all problems, algebraic logic with paren-

thesis control is not enough reason to select that

type of calculator. However, reverse Polish logic

calculators seldom have enough memory in the re-

verse Polish stack to solve many problems without

some juggling of numbers and operations; there-

fore, that type of logic also has its flaws. Never

choose a calculator without trying it on practical

problems. Avoid the problems generally used in

advertising the calculators, since these problems are

specifically chosen to prove the superiority of the

machine's type of logic.

4. Keyboard. Various calculator manufacturers

have different ideas about the entry keys on the

keyboard. Two major points about entry keys should

be noted, and the user should determine if either

one would be annoying to use.

Many calculators use double- or even triple-func-

tion keys. The primary function is obtained by de-

pressing the function key directly. The secondary

function is obtained by first depressing a function

shift key and then the proper function key. Usually

the primary function is marked on the key and the

secondary function is marked on the face plate

directly above the key. The only problem with this

type of operation is that a person who is prone to

forget details may forget to depress the function

shift key and get the primary operations instead of

the desired secondary operation. Triple-function

keys are rare but represent a noticeable increase in

complexity of operation.

Some calculators have operation keys with an "oil

can" spring which creates a distinct snap which can

be felt in the fingertip as the key is depressed. This

type of key cannot be depressed a second time

unless it is first completely released; a second snap

is felt upon a second depression. However, many
calculators do not have this feature, and the only

way an operator can be sure that a digit has been

entered is to watch the display. This can be time-

consuming. In addition, because an insufficient de-

pression of the key will not activate the entry, it is

possible to fail to enter a number and not notice it. A
second quirk of this type of key is that it is easy to

enter two or more items upon one depression of the

key. A nervous person or one who has been dis-

tracted can depress the key in a kind of stuttering

action. Each "stutter" enters the digit once.

8. Calculator Logic.
The specific logic of a calculator affects the user

only by requiring that the numbers and operations

be entered in a specific order to produce the correct

answers. Each method of logic has its adherents

among~both manufacturers and users. There is no

right method since each logic method produces the

correct answers when correctly used. The majority

of calculators use a straight algebraic logic. In this

logic numbers and operations are ordered the way

they would be written down in long-hand calcula-

tions. Numbers and operations need not and cannot

be stacked or held back once they have been en-

tered into the calculator.

To illustrate this point use the example:

X= 1.45 + 7.28 -h 2.961

The entry of this problem as it appears from left to

right would give the following results for each opera-

tion:

Operation Display

1. Enter 1.45. 1.45

2. Depress + . 1.45

Action
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3.
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The latter problem would cause the first ( + ),

second (X) and third ( + ) operations to be stacked

until the -?- operation is performed. Since only two

operations can be stacked with a calculator having

two levels of parenthesis control, depressing the

third left parenthesis would cause either an error

indication on the display or, in some calculators, a

truncating of the first operation and left paren-

thesis.

Calculators vary in the number of parenthesis

levels which can be handled. Two to ten levels seem

to be common numbers for the more popular mod-

erately priced calculators.

Many Texas Instruments calculators include alge-

braic logic with both hierarchy and parenthesis con-

trol so that operations can be stacked either by

hierarchy or by parenthesis control. However, the

total number of stacked operations would be the

same whether hierarchy or parentheses were used

to force the stacking. This ability to stack operations

is a major characteristic of the scientific calculators,

as opposed to the less versatile slide rule calcula-

tors.

The third major method uses a type of logic devel-

oped to assist mathematicians in determining the

order of operations in a long equation. The logic is

also used by computers in determining the order for

performing operations in a computer program

equation. The name of the system is reverse Polish

notation. Hewlett-Packard calculators are a major

brand that uses this type of logic. Here, numbers to

be used in the problem are entered first, then the

operations in the order they are to be used. In the

example we have been using, 1.45 + 7.28 -=- 2.961,

a calculator using reverse Polish notation would

have the three numbers entered into a stack as

follows:

Enter 1.45.

Enter 7.28.

Enter 2.961.

If we were to look at the numbers stored in the

stack, we would find that the first number entered is

now at the bottom of the stack and that the last is at

the top of the stack:

2.961

7.28

1.45

Since we desire to have the -=- operation per-

formed before the + operation, we would enter the

-h. The calculator would take the top two numbers
in the stack, 2.961 and 7.28, and divide the lower

one, 7.28, by the upper one, 2.961. The answer to

this operation, 2.4586288, would now be placed

back into the stack, replacing both of the numbers
used in this operation.

2.4586288

1.45

If we now enter the + operation, the top two

numbers in the stack are added together, and the

answer, 3.9086288, replaces both of these numbers

in the stack.

It can be seen that the ability to use this logic

without setting up some intermediate answers is

directly related to the amount of information that

can be stacked. Most Hewlett-Packard calculators

can stack four levels of operations.

This form of logic is totally satisfactory to those

persons who can transform the normal algebraic

equation into the reverse Polish notation form, but

many individuals have some trouble with this. No
one should buy a reverse Polish notation machine

without using it on a trial basis to see if the logic

bothers them. The problem

1.45 + 2.76

would be solved as follows in algebraic logic and

reverse Polish notation logic:

Algebraic

1. Enter 1.45.

2. Depress +.

3. Enter 2.76.

4. Depress =.

RPN
1. Enter 1.45.

2. Depress ENTER.

3. Enter 2.76.

4. Depress + .

The answer 4.21 would appear in the display of both

machines.

9. Operations and Functions.
The operations and functions of calculators seem to

be added to the machines in somewhat the order to
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be listed here. The cheaper, less versatile machines

will have operations only from the first part of the

list, while the more expensive, more versatile ma-

chines will have operations from a much greater

part of the list. Full scientific calculators will usually

have all items in the list plus some special extras

peculiar to the individual manufacturer.

a All calculators in normal use have an eleven-key

number-entering keyboard consisting of the digits

through 9 and a decimal point key. Digits are en-

tered in left to right order from the problem.

h The standard four arithmetic functions are in-

cluded in all calculators. In most cases, five keys

operate these functions: add ( + ), subtract ( — ),

multiply (x), divide (-=-), and execute ( = ).

c The change sign key reverses the algebraic sign

of the entered number without causing any other

operations to occur. It is often marked (+/— ).

Normally, the subtract key will not put a negative

sign in front of an entered number but will attempt

to subtract it from something.

</ A percent key (%) appears on many calculators. It

usually has one of two actions. In some cases de-

pressing the key changes the position of the decimal

point in the displayed number to a position two

places to the left. Thus the entry 10.82, which repre-

sents 10.82 per cent, would be changed to .1082 if

the % key were depressed under this system. This

permits entering numbers as percent values while

changing them to actual fractional values for the

calculations.

In some cases, the % key is a special multiplier key

which permits entering the multiplier as per cent

value instead of decimal value. Multiplying 34.5 by

15.86 per cent would be done as follows under the

two systems:

First case Second case

1. Enter 34.5. 1. Enter 34.5.

2. Depress x. 2. Depress %.

3. Enter 15.86. 3. Enter 15.86.

4. Depress =. 4. Depress =.

5. Depress %.

The same answer, 5.4717, would appear on both

displays.

e A reciprocal key (l/.V) is used to obtain the re-

ciprocal of a number in the display of the machine.

The normal sequence to use is:

1. Enter number.

2. Depress 1 A".

/ A squaring key (.V
2
) is used to shorten the proc-

ess of squaring a number. In some calculators a

number can be squared by the sequence:

1. Enter number.

2. Depress x.

3. Depress =.

In a calculator with an .V
2 key, the sequence for

squaring a number would be:

1. Enter number.

2. Depress X 2
.

g A square root key (V~) is used to extract the

square root of an entered number. The sequence to

use is:

1. Enter number.

2. Depress \/~.

h An exponential entry key (EE) appears on most

scientific machines. This is a necessity if numbers
larger than the maximum display size are to be

handled. Basically the operation is as follows: if the

display is an eight-digit display, numbers larger than

eight digits cannot be entered into the calculator

except by the EE notation. The eight-digit display

now becomes a five-digit display (sometimes called

the mantissa) plus a two-digit display for a power of

10 which scales the total number. The number
3, 145,678,912 could not be entered in an eight-digit

display. The number would be entered as follows:

1. Enter 31456 or 31457 depending on whether you

wish to round or not.

2. Depress EE.

3. Enter 5.

The number entered reads on the display as

31457 05, denoting that the correct number in the

calculator is really 31457 x 10 5
.

Very small numbers can be entered by using neg-

ative powers of 10. The number .0000005673 could

also be expressed as 5.673 x 10~ 7
. This would be
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entered into the calculator as follows:

1. Enter 5.673.

2. Depress EE.

3. Depress 7.

4. Depress +/ —

.

The number in the display now reads 5.673 —07.

Most EE keys also perform other minor operations,

but they differ with each calculator and no general

rules can be stated.

i Logarithms to the base 10 and the base e are

available using keys marked LOG and LN. Because

the calculation of the logarithms requires considera-

ble calculation, the answer usually takes a noticea-

ble amount of time before it appears. Since loga-

rithms are not defined for negative numbers, an

attempt to obtain the logarithm of a negative num-
ber will cause some sort of error notation to appear

in the display.

/ Antilogarithms are obtained by evaluating 10J ' or

(-' where x is the logarithm to the base 10 or the base

e. Many calculators have separate keys for these

functions. However, some calculators—Texas In-

struments models, for example— use a key which

reverses the action of the LOG or LN keys. This is the

INV key. Obtaining the antilogarithm in base 10 to

the number .30103 would proceed as follows under

the two types of operations:

Regular action Reverse action

1. Enter .30103. 1. Enter .30103.

2. Depress 10 r
. 2. Depress INV.

3. Depress LOG.

In both operations, the answer in the display is 2.

k Numbers can be raised to any power by using

logarithms, but most calculators which have loga-

rithms also have a Yx key for raising V to the .vth

power. The operating sequence is usually:

1. Enter number Y.

2. Depress V
3. Enter power x (may be a fractional value).

4. Depress =.

Some calculators can perform the reverse opera-

tion of extracting the vth root of Y by using the INV

key. Other calculators without an INV key but with a

parenthesis control can perform the operation in a

much different way. Calculators without reverse

action or parenthesis control but with a memory can

use a third method. The three methods can be con-

trasted as follows for the problem of finding the

2.7th root of the number 45.67:

Reverse action Parenthesis Memory only
control

1. Enter 45.67. 1. Enter 45.67. 1. Enter 2.7.

2. Depress INV. 2. Depress Y*. 2. Depress 1/X
3. Depress Y x

. 3. Depress (. 3. Store in

memory.

4. Depress 2.7. 4. Enter 2.7. 4. Enter 45.67.

5. Depress =. 5. Depress 1/X. 5. Depress YT
.

6. Depress ) 6. Recall

or =. memory.

7. Depress =.

It is fairly obvious which method is most efficient,

but it is just as obvious that any calculator with one

of the three arrangements of functions will satisfac-

torily compute the vth root of Y without writing down
any intermediate answers.

/ Trigonometric functions are usually the sine, co-

sine, and tangent of an angle. The internal calculat-

ing hardware of the machine requires that the angle

be measured in radians (2 radians = 360 degrees),

but most calculators permit entries in either radians

or degrees. Most calculators have switches indicat-

ing the mode of entry. If the switch is set to degrees,

the entry must be made in degrees; if set to radians,

it must be made in radians. Occasionally a calcula-

tor has a special function key which permits revers-

ing the entry mode without changing the entry mode
switch. To find the sine, cosine, or tangent of an

angle:

1. Select the mode of entry as radians or degrees.

2. Set the entry mode switch to correspond.

3. Enter angle value.

4. Depress function key (SIN, COS, or TAN).

The arc trigonometric functions return the angle

whose sine, cosine, or tangent is entered. The an-

swers are displayed in the units set by the entry
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mode switch discussed in the trigonometric func-

tions paragraph. Almost all calculators use either a

INV key or second function key to perform the arc

functions. Sometimes marked as the ARC key, the

INV key merely reverses the action of the SIN, COS,

or TAN keys. The second function key is used to

choose a second function for which a key can be

utilized. For example, if SIN is marked on the key

itself, the sine function is the first or primary func-

tion. Directly above or below the key, the faceplate

of the calculator might be marked SIN" 1
. The sec-

ond function of this key is, then, the arc sine. The
key which chooses the second function is often

marked 2ND, F, or FUNC. The process of obtaining

the angle whose sine, cosine, or tangent is known
would be:

1

.

Choose form of angular measurement desired for

answer (radians or degrees).

2. Set entry mode switch to correspond.

3. Enter function value (sine, cosine, or tangent).

4. Depress INV or 2ND key.

5. Depress trigonometric function key.

m Special constants or functions are often in-

cluded on special keys. A very common constant is

pi. A typical calculator having a 77 key would calcu-

late the area of a circle of radius 1.55 as follows:

1. Enter 1.55.

2. Depress A'
2

.

3. Depress x.
4. Depress 77.

5. Depress =.

The answer 7.5476763 would then be in the display.

A less common function found on some calcula-

tors is the N!, the factorial function.

Hyperbolic sines and cosines are also found on a

few calculators.

n Parenthesis control is available on some calcula-

tors. The keys which operate these functions are

generally marked ( and ). The left and right paren-

thesis functions permit stacking or setting aside

some operation just entered until a later operation

has been entered and executed. Parenthesis control

permits entering numbers and operations in the

exact order they appear in the written problem. The
problem

1.45 X (7.12 + (3.12 -s- 1.71))

would be executed on many calculators as follows:

1. Enter 1.45.

2. Depress X.
3. Depress (.

4. Enter 7.12.

5. Depress +.

6. Depress (.

7. Enter 3.12.

8. Depress -h.

9. Enter 1.71.

Two types of execution are often found on cal-

culators. In one type, typified by the Texas Instru-

ments calculators, depressing the = key will cause

all operations to be executed. The other type of

common operation requires a right parenthesis to

be executed for every left parenthesis that has been
entered. Fortunately, this type of operation also uses

the right parenthesis, ), as an execution key so that

simply depressing the ) key until no further change

occurs in the display will usually guarantee that all

pending operations have been executed. The an-

swer, 12.969614, will then appear in the display.

A major problem with parenthesis control is that

the number of operations and numbers that can be

stacked or set aside is limited. The usual number of

pending operations is from two to ten on popular

calculators. The important feature in most problems

is the number of pending operations that can be

handled, not the number of parentheses. The prob-

lem

((1.45) x ((7.12) +(((3.12)+ (1.71)))))

has as many as five levels of parentheses, most of

them redundant and confusing, open at times, but

only three operations pending. Only two levels of

parentheses are needed in this problem as seen in

the earlier example, which is the clean version of

this problem, but three levels of pending operations

cannot be reduced without rearranging the problem.

Calculators without parenthesis control would per-
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form the operations in the following order to obtain

the same answer:

1.
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from the second memory, avoiding the possibility of

an error in entry.

Some calculators also include functions so that

one can subtract the display from the memory,

multiply the memory by the display, and divide the

memory by the display. This permits some parallel

calculations in both the memory and the display.

Some calculators also include an exchange key for

exchanging or trading the values in the memory and

the display. This is especially useful if the value in

the memory is to be divided by the value in the

display and there is not a memory-divide function.

The value in the display can only be divided by the

value in the memory by the following steps:

1. Depress +.

2. Depress RCL to recall value from memory.

3. Depress = to execute divide display by memory.

By exchanging the memory and display values,

the divisor ends up in the memory, where it is en-

tered second in the operation.

The answer can be obtained by the following se-

quence without exchanging the memory and dis-

play:

1. Depress 1/X to get reciprocal of divisor in

display.

2. Depress x.
3. Depress RCL to recall number to be divided from

memory.
4. Depress = to execute .V x 1 X which is, obvi-

ously, division.

/> All calculators have two operating registers for

performing the various arithmetic operations requir-

ing two numbers or operands. The first register is

the one we have always called the display. The sec-

ond register is hidden from the user. This register is

used in any operation involving two numbers. The
sequence for such a situation is something like this:

1. Enter first Value appears in display

number. register.

2. Enter operation. Display value is trans-

ferred into hidden register.

3. Enter second Second value now replaces

number. first value in display

register.

4. Depress =. First value (in hidden

register) is operated

on by second value (in

display register).

This sequence of operations explains why some
calculators can perform certain operations when
only one number has been entered. The operations

of +, —
, x. and -h can be used as follows in these

calculators:

1. Enter value. Value in display

register.

2. Depress operation Value goes into hidden

key. register.

3. Depress =. Operation performed on

value in hidden register

using value in

display register.

This means that the following operations provide

the following answers:

Operation Answer

Add. Value doubled in display.

Subtract. Zero in display.

Multiply. Value squared in display.

Divide. One in display.

Some calculators do not permit this type of opera-

tion; a second value must be entered into the dis-

play, or the operation will not be performed. Care

must be taken to read the instructions carefully to

determine the special register operations provided

by the calculator.

</ Keys for the clearing of registers are provided on

all calculators. Their operations are very much the

same but the names of the keys are not. The two

major clearing operations are:

1. Clear the entry in the display register.

2. Clear both the hidden register and the display

register.

The keys for clearing the display are often marked

CD, CK, CE, or some similar abbreviation for "clear

display," or "keyboard," or "entry." The key for

clearing both registers is generally marked C or CLR.

Some calculators use a double-purpose key for

clearing in which the first depression of the key
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clears the display register and the second depres-

sion of the key clears the hidden register.

The operation which has been entered is always

voided by the clearing of both registers. In some
cases, using the display-clearing key will also clear

the operation; in other cases, first clearing the dis-

play will permit a different operation to be reentered

if desired. If it is not reentered, the previously en-

tered operation still will be executed. Careful reading

of the calculator instruction book is needed to deter-

mine the exact mode of operation of these keys.

lO. Sample Problems.
Solving a problem on a hand calculator is dependent

upon the type of calculator logic and operations

which are available. We will consider three major

types of calculators, each having a single memory:

1. Standard algebraic logic with no parenthesis

control.

2. Standard algebraic logic with parenthesis control

to four levels.

3. Reverse Polish notation with a four-level stack.

Solving the following problem on each of these

calculators could proceed as shown in the sample

calculations below. Here is the problem:

3.5 x (2.7 - (sin 57° - 1.65))

5.61 x log (9.6 -=- (4.7 + cos 35°))

When using a standard algebraic logic calculator

with memory but no parenthesis control, the general

approach is to calculate the divisor first and store it

in the memory.

The final stage of the problem is to divide the

number in the display register by the number in the

memory. Problems involving parentheses are best

handled by starting with the innermost parenthesis

pair for the calculation.

1. Enter 4.7.

2. Depress +

.

3. Enter 35.

4. Depress COS.

5. Depress = to execute 4.7 + sin 35°.

6. Depress STO.

7. Enter 9.6.

8. Depress -s-.

9. Depress RCL to recall value from memory.

10. Depress = to execute 9.6 -s- (4.7 + cos 35°).

11. Depress LOG to take logarithm to base 10 of

above value.

12. Depress x.
13. Enter 5.61.

14. Depress = to execute 5.61 x log(9.6 -s- (4.7 +
cos 35°)).

15. Depress STO to store divisor in memory.
16. Enter 57.

17. Depress SIN.

18. Depress -r-.

19. Enter 1.65.

20. Depress = to execute sin 57° -=- 1.65.

21. Depress +/ —

.

22. Depress +.

23. Enter 2.7.

24. Depress X to execute 2.7 + (- (sin 57° -=-

1.65)).

25. Enter 3.5.

26. Depress = to execute 3.5 X (2.7 — (sin 57° -j-

1.65)).

27. Depress -h.

28. Depress RCL to recall divisor from memory.

29. Depress = to execute final division.

The answer is 5.6879634.

Note steps 21, 22, and 23, where the numbers are

in the wrong order for subtraction so that the num-

ber doing the subtraction must be changed to a

negative value and the other value added to this.

When using a standard algebraic logic calculator

with four levels of parenthesis control plus memory,

the problem must be rearranged if parenthesis con-

trol is to be used. However, full parenthesis control

does not need to be used. This would shorten the

problem execution somewhat. Rewrite the problem

as:

3.5 X (2.7 - (sin 57° *- 1.65))

-h [5.61 x log (9.6 -=- (4.7 + cos 35°))]

Note the extra brackets in this problem. The exe-

cution of such a problem is done on a left-to-right
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basis, entering the numbers and operations in ex-

actly the order they appear in the rewritten problem.

1. Enter 3.5.

2. Depress X.
3. Depress (.

4. Enter 2.7.

5. Depress —

.

6. Depress (.

7. Enter 57.

8. Depress SIN.

9. Depress -h.

10. Enter 1.65.

11. Depress ) to execute sin 57° -=- 1.65.

12. Depress ) to execute 2.7 — value trom step 11.

13. Depress = toexecute3.5 x value from step 12.

14. Depress -s-

.

15. Depress (.

16. Enter 5.61.

17. Depress X.

18. Depress (.

19. Enter 9.6.

20. Depress +

.

21. Depress (.

22. Enter 4.7.

23. Depress +.

24. Enter 35.

25. Depress COS.

26. Depress ) to execute 4.7 + cos 35
c

.

27. Depress ) to execute 9.6 -=- value from step 26.

28. Depress LOG to obtain logarithm to base 10 of

value from step 27.

29. Depress) to execute 5.61 x value from step 28.

30. Depress = to execute value of step 13 -r- value

of step 29.

This problem could be shortened by partly using

nonparenthesis logic and partly using parenthesis

logic.

When using a reverse Polish notation machine

with a four-level stack, the major rule is to start the

calculations with the innermost set of parentheses.

Because the items in the stack can be reversed in

most machines, it is usual to start with either the

dividend or the divisor.

1. Enter 57.

2. Depress SIN.

3. Depress ENTER to push value down one level in

stack.

4. Enter 1.65.

5. Depress -5- to execute sin 57° -r- 1.65.

6. Enter 2.7.

7. Depress EXC to exchange values in top two

levels of stack.

8. Depress - to execute 2.7 — value of step 5.

9. Enter 3.5.

10. Depress x to execute 3.5 x value of step 8.

11. Enter 4.7.

12. Depress ENTER to put value of step 10 in third

level of stack, 4.7 in second level of stack.

13. Enter 35.

14. Depress COS to put cos 35° in first level of

stack.

15. Depress + to execute 4.7 + cos 35°.

16. Enter 9.6.

17. Depress EXC to exchange top two levels of

stack, putting 9.6 on second level and value

from step 15 on first level.

18. Depress -s- to execute 9.6 -=- (4.7 + cos 35°).

19. Depress LOG to obtain logarithm to base 10 of

value from step 18.

20. Enter 5.61.

21. Depress x to execute 5.61 x value from

step 19.

22. Depress -s- to execute dividend -=- divisor now
in top two levels of the stack.

Note that the reverse Polish notation machine

needs fewer keystrokes than the other two types of

calculators. It should be noted that manufacturers

of each type of machine always chose a problem to

illustrate that their machine works best with their

logic and poorly with the competitors' logic.
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CONVERSION FACTORS AS
EXACT NUMERICAL
MULTIPLES OF SI UNITS

The following tables express the definitions of vari-

ous units of measure as exact numerical multiples

of coherent SI units, and provide multiplying factors

for converting numbers and miscellaneous units to

corresponding new numbers and SI units.

The first two digits of each numerical entry repre-

sent a power of 10. An asterisk follows each number
which expresses an exact definition. For example,

the entry "-2 2.54*" expresses the fact that 1

inch = 2.54 x 10-2 meter, exactly, by definition.

Most of the definitions are extracted from National

Bureau of Standards documents. Numbers not fol-

lowed by an asterisk are only approximate represen-

tations of definitions or are the results of physical

measurements. The conversion factors are listed

alphabetically and by physical quantity.

The Listing by Physical Quantity includes only

relationships which are frequently encountered and

deliberately omits the great multiplicity of combina-

tions of units which are used for more specialized

purposes. Conversion factors for combinations of

units are easily generated from numbers given in

the Alphabetical Listing by the technique of direct

substitution or by other well-known rules for manip-

ulating units. These rules are adequately discussed

in many science and engineering textbooks and are

not repeated here.

Alphabetical listing

To convert from
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To convert from

Cable

Caliber

Calorie (International Steam

Table)

Calorie (mean)

Calorie (thermochemical)

Calorie (15°C)

Calorie (20°C)

Calorie (kilogram, International

Steam Table)

Calorie (kilogram, mean)

Calorie (kilogram,

thermochemical

)

Carat (metric)

Celsius (temperature)

Centimeter of mercury (0°C)

Centimeter of water (4°C)

Chain (engineer or ramden)

Chain (surveyor or gunter)

Circular mil

Cord

Coulomb
Cubit

Cup
Curie

Day (mean solar)

Day (sidereal)

Degree (angle)

Denier (international)

Dram (avoirdupois)

Dram (troy or apothecary)

Dram (U.S. fluid)

Dyne

Electron volt

Erg

Fahrenheit (temperature)

Fahrenheit (temperature)

Farad

Faraday (based on carbon 12)

Faraday (chemical)

Faraday (physical)

Fathom

Fermi (femtometer)

Fluid ounce (U.S.)

Foot

Foot (U.S. survey)

To
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To convert from

Fool 1 1 r.S. survey)

Foot of watei !9.2°]

Foot-candle

Foot-lambert

Furlong

Gal (galileo)

Gallon (U.K. liquid)

Gallon (U.S. dry)

Gallon (U.S. liquid)

(Jamm a

Gauss

Gilbert

Gill (U.K.)

Gill (U.S

Grad

Grad

Grain

Gram

Hand
Hectare

Henry

Hogshead (U.S.)

Horsepower (550 ft lbf/s)

Horsepower (boiler)

Horsepower (electric)

Horsepower (metric)

Horsepower ( U.K.
|

Horsepnu ei (water)

Hour (mean solar/

1 lour (sidereal)

Hundredweight (long)

Hundredweight (short)

Inch

huh of mercury I 32 1 i

Inch of mercury (60 F)

Inch of watei (3! 'I

Inch of watei (60 F)

Joule

Kayser

Kilocalorie (International

Steam fable)

Kilocalorii

Kilocalorie i thet mi n hi mil al
I

Kilogram mass

Kilogram force I kgl
I

To
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To convert from Multiply by

Kilopond force

Kip

Knot (international)

Lambert

Lambert

Langley

lbf (pound force, avoirdupois)

lbm (pound mass, avoirdupois)

League (British nautical)

League (international nautical I

League (statute)

Light year

Link (engineer or ramden)

Link (surveyor or gunter)

Liter

Lux

Maxwell

Meter

Micron

Mil

Mile (U.S. statute)

Mile (U.K. nautical)

Mile (international nautical)

Mile (U.S. nautical)

Millibar

Millimeter of mercury (0°C)

Minute (angle)

Minute (mean solar)

Minute (sidereal)

Month (mean calendar)

Nautical mile (international)

Nautical mile (U.S.)

Nautical mile (U.K.)

Oersted

Ohm
Ounce force (avoirdupois)

Ounce mass (avoirdupois)

Ounce mass (troy or apothecary)

Ounce (U.S. fluid)

Pace

Parsec

Pascal

Peck (U.S.)

Pennyweight

Perch

newton
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To convert from

Phot

Pica (printers)

Pint (U.S. dry)

Pint (U.S. liquid)

Point (printers)

Poise

Pole

Pound force (lbf avoirdupois)

Pound mass (Ibm avoirdupois)

Pound mass (troy or apothecary)

Poundal

Quart (U.S. dry)

Quart (U.S. liquid)

Rad (radiation dose absorbed)

Rankine (temperature)

Ravleigh (rate of photon

emission)

Rhe
Rod
Roentgen

Rutherford

Second (angle)

Second (ephemeris)

Second (mean solar)

Second (sidereal)

Section

Scruple (apothecary)

Shake

Skein

Slug

Span

Statampere

Stat< oulomb

Statfarad

Stathenry

Statmho

Statohm

Statute mile (U.S.)

Statvolt

Stere

Stilb

Stoke

To
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To convert fron Multiply by

Teaspoon

Ton (assay)

Ton ( long)

Ton (metric)

Ton (nuclear equivalent of TNT)
Ton (register)

Ton (short, 2000 1b)

Tonne

Torr (0°C)

Township

Unit pole

Volt

Watt

Yard

Year (calendar)

Year (sidereal)

Year (tropical)

Year 1900, tropical, Jan.,

day 0, hour 12

Year 1900, tropical, Jan.,

day 0, hour 12

Listing by physical quantity

Acceleration

meter-

kilogram

kilogram

kilogram

joule

meter3

kilogram

kilogram

newton meter2

meter2

ucbrl

watt

meter

second (mean solar)

second (mean solar)

second (mean solar)

second (ephemeris)

second

-06 4.928 921 593 75*

-02 2.916 666 6

+ 03 1.016 046 908 8*

+ 03 1.00*

+ 09 4.20

+ 00 2.831 684 659 2*

+ 02 9.071 847 4*

+ 03 1.00*

+ 02 1.3 I ! !2

+ 07 9.323 957 2

-07 1.256 637

+ 00 1.000 330

+ 00 1.000 165

-01 9.144*

+ 07 3.1536*

+ 07 3.155 815

+ 07 3.155 692 6

+ 07 3.155 692 597 47*

+ 07 3.155 692 597 47

Foot/second 2

Free fall, standard

Gal (galileo)

Inch/second 2

metei second 2

meter/second 2

meter/second2

meter/second 2

-01 3.048*

+00 9.806.65*

-112 1.00*

-02 2.54*

Area

Acre

Are

Barn

Circular mil

Foot 2

Hectare

Inch 2

Mile2 (U.S. statute)

Section

Township

Yard 2

meter2

meter2

meter2

meter2

meter-'

meter2

meter2

meter2

meter2

meter 1
'

meter 2

+ 03 4.046 856 422 4*

+ 02 1.00*

-28 1.00*

-10 5.067 074 8

-02 9.290 mi

+ 04 1.00*

nl t, )516*

+ 06 2.589 988 110 336*

+ 06 2.589 988 110 336*

+ 07 9.323 957 2

-01 8.361 273 6*
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To convert from

Density

Multiply by

Gram centimeter'

Ibm inch :

lbm/foot3

Slug fool
;

kilogram /meter 1

kilogram /meter

'

kilogram meter 1

kilogram/meter3

+ 03 1.00*

+04 2.767 5

+ 01 1.601 846 3

+ 02 5.153 79

Energy-

British thermal unit (ISO TC 12) joule

British thermal unit

(International Steam Table) joule

British thermal unit (mean) joule

British thermal unit

(thermochemical) joule

British thermal unit (39°F) joule

British thermal unit (60°F) joule

Calorie (International Steam Table) joule

Calorie (mean) joule

Calorie (thermochemical) joule

Calorie ( 15 °C) joule

Calorie (20 C) joule

Calorie (kilogram. International

Steam Table) joule

Calorie (kilogram, mean) joule

Calorie ( kilogram,

thermochemical) joule

Election volt joule

Erg joule

Foot lbf joule

Foot poundal joule

Joule (international of 1948) joule

Kilocalorie ( International

Steam Table I joule

Kilocalorie (mean) joule

Kilocalorie I thermochemical i joule

Kilowatt hour joule

Kilowatt hour joule

Ton (nuclear equivalent of TNT) joule

Watt hour joule

Energy/area time

+ 03 1.055 06

+ 03 1.055 04

+ 03 1.055 87

+ 03 1.054 350 264 488

+ 03 1.059 67

+ 03 1.054 68

+ 00 4.1868

+ 00 4.190 02

+ 00 4.184*

+ 00 4.185 80

+ IHI4.181 90

+ 03 4.1868

+03 4.190 02

+ 03 4.184*

-19 1.602 10

-07 1.00*

+ 00 1.355 817 9

-02 4.214011

+ 00 1.000 165

+ 03 4.1868

+ 03 4.190 02

+ 03 4.184*

+ 06 3.60*

+ 06 3.600 59

+ 09 4.20

+ 03 3.60*

Bui (thermochemical) foot2 second watt/meter2

Btu (thermochemical)/foot2 minute watt meter2

Btu (thermochemical)/foot2 hour watt/meter2

Btu (thermochemical) inch2 second watt meter2

+ 04 1.1 14 893 I

+ 02 1.891 488 5

(-00 I 152 480 8

+ 06 1.634 246 2
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To convert fron Multiply by

Calorie (thermochemical)/ cm-

minute watt/meter

Erg/centimeter2 second watt /meter-

Watt/centimeter2 watt/meter2

+ 02 6.973 333 3

-03 1.00*

+ 04 1.00*

Force

Dyne newton

Kilogram force (kgf) newton

Kilopond force newton

Kip newton

lbf (pound force, avoirdupois) newton

Ounce force (avoirdupois) newton

Pound force, lbf (avoirdupois) newton

Poundal newton

-05 1.00*

+ 00 9.806 65*

+ 00 9.806 65*

+ 03 4.448 221 615 260 5*

+ 00 4.448 221 615 260 5*

-01 2.780 138 5

+ 00 4.448 221 615 260 5*

-i)l 1.382 "il9 543 76*

Length

Angstrom
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To convert from To

Nautical mile (international)
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To convert fron Multiply by

Foot lbf/second

Horsepower (550 ft lbf/s)

Horsepower (boiler)

Horsepower (electric)

Horsepower (metric)

Horsepower (U.K.)

Horsepower (water)

Kilocalorie ( thermochemical)/

minute

Kilocalorie (thermochemical)/

second

Watt

watt

watt

watt

watt

watt

watt

watt

watt

watt

+ 00 1.355 817 9

+ 02 7.456 998 7

+ 03 9.809 50

+ 02 7.46*

+ 112 7.354 99

+ 02 7.457

+ 02 7.460 43

+ 01 6.973 333 3

+ 03 4.184*

+ 00 1.000 165

Pressure

Atmosphere
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To convert from To Multiply by

Temperature

Celsius

Fahrenheit

Fahrenheit

Rankine

kelvin

kelvin

Celsius

kelvin

tK = I,, + 273.15

tK
= (5/9)(«, + 159.67)

tc = (5/9 )(/,,- 32)

<jt
= (5

c'"„

Time

Day (mean solar)

Day (sidereal)

Hour (mean solai

Hour (sidereal)

Minute (mean solar)

Minute (sidereal)

Month (mean calendar)

Second (ephemeris)

Second (mean solar)

Second (sidereal)

Year (calendar)

Yeai (sidereal)

Yeai (tropical)

Year 1900, tropical, Jan..

day 0, In hi i 12

Yeai 1900, tropical. Jan.

day 0, hour 12

Viscosity

Centistoke

Stoke

Foot2 second

Centipoise

Ibm/foot second

lbf second/foot2

Poise

Poundal second fi » it

Slug/foot second

Rhe

second (mean solar)
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To convert from

Cord

Cup
Dram (U.S. fluid)

Fluid ounce (U.S.)

Foot3

Gallon (U.K. liquid)

Gallon (U.S. dry)

Gallon (U.S. liquid)

Gill (U.K.)

Gill (U.S.)

Hogshead (U.S.)

Inch 3

Liter

Ounce (U.S. fluid)

Peck (U.S.)

Pint (U.S. dry)

Pint (U.S. liquid)

Quart (U.S. dry)

Quart (U.S.

Stere

Tablespoon

Teaspoon

Ton (register)

Yard3

liquid)

To

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter 5

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

meter3

Multiply by
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ISO METRIC SCREW THREADS
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Dual (Inch-metric) Dimensioning*

Conversion of tolerances

Drawing usage



mm:
Standard parts,

sizes, symbols, and
abbreviations

ANSI Standard Unified and American Thread Series.

A48
ANSI Standard Square and Hexagon Bolts and Hex-

agon Cap Screws, A50
ANSI Standard Square and Hexagon Nuts, A51
Sizes of Numbered and Lettered Drills, A52
Acme and Stub Acme Threads, A52
Buttress Threads, A52
American Standard Round-head Bolts, A53
Bolt-length Increments, A54
ANSI Standard Cap Screws—Socket and Slotted

Heads, A54
ANSI Standard Machine Screws, A55
ANSI Standard Machine-screw and Stove-bolt Nuts,

A56
ANSI Standard Hexagon Socket, Slotted Headless

and Square-head Setscrews, A56
ANSI Standard Socket-head Shoulder Screws, A57
ANSI Standard Wood Screws, A57
Small Rivets, A58
Dimensions of Standard Gib-head Keys, Square and

Flat, A58
Widths and Heights of Standard Square- and Flat-

stock Keys with Corresponding Shaft Diameters,

A59
Woodruff-key Dimensions, A59
Woodruff-key-seat Dimensions, A60
Dimensions of Pratt and Whitney Keys, A61
American Standard Plain Washers, A62
American Standard Lock Washers, A63
Dimensions of Taper Pins, A64
ANSI Standard Machine Tapers, Self-holding (Slow)

Taper Series, A64
Wire and Sheet-metal Gages, A65
Preferred Basic Sizes for Cylindrical Fits, A66
Tables of Limits for Cylindrical Fits, A67

ANSI Standard Pipe, A69
ANSI Standard 150-lb Malleable-iron Screwed Fit-

tings, A70
ANSI Standard 150-lb Malleable-iron Screwed Fit-

tings: Dimensions of Close-, Medium-, and Open-
pattern Return Bends, A71

ANSI Standard Cast-iron Screwed Fittings, A71
Globe, Angle-globe, and Gate Valves, A72
Lengths of Pipe Nipples. A72
Pipe Bushings, A73
ANSI Standard Cast-iron Pipe Flanges and Flanged

Fittings, A74
Lengths of Malleable-iron Unions, A75
ANSI Standard Steel Butt-welding Fittings, A75
Threaded Cast-iron Pipe, A76
ANSI Standard Class 125 Cast-iron and 150-lb Steel

Valves, A77
Beam Connections, A78
Driving Clearances for Riveting, A78
Gage and Maximum Rivet Size for Angles, A78
Selected Structural Shapes, A79
Standard Jig Bushings, A79
Lock Screws, A79
ANSI Standard Brass Solder-joint Fittings, A82
SAE Standard Cotter Pins, A82
ANSI Standard Graphic Symbols for Piping and

Heating, A83
ANSI Standard Plumbing Symbols, A85
ANSI Standard Wiring Symbols, A86
ANSI Standard Graphic Symbols for Electrical Dia-

grams, A87
Symbols for Materials (Exterior and Section),

A92
Weights of Materials, A92
Abbreviations for Use on Drawings, A93
Partial List of Chemical Symbols, A104
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ANSI Standard Unified and American Thread Series"

Threads pet inch for turns,, fine, extra-fine, 8-thread, 12-thread, and 16-thr

approximately 75 pet cent depth oj thread {not ANSI)]

[tap-drill wen for
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ANSI Standard Unified and American Thread Series (Cont.)

Nominal

size

(basic

major

diam.)

1 H
1
13

16

1 H
1^6
2

2 He
2 H
2 He
2 H
2 ?16

2 %
2 Ke
2 J4

2 N
2 ?*

2 7
8

3

3 J*

3 M
3 %

3 H
3 H
3 %
3 %
4

4 J*

4 H
4 %
5

5 a

5 H
5 3

i

6

Coarse-thd.

series UNC
and NC in

classes 1 A,

IB, 2A, 2B,

3A, 3B, 2, 3

Thd.

/in.

Tap

drill

l*H

2 '4

-> 1„

3 H

3 >2

3 %

Fine-thd.

series UNF
and NF in

classes 1 A,

IB, 2A, 2B,

3A, 3B, 2, 3

Thd.

in

Tap

drill

Extra-fine

thd. series

UNEF and

NEF in

classes 2A,

2B, 2, 3

Thd.

/in.

lb

16

Tap

drill

l
l
?l<

8- thd

series

8N in

classes 2A,

2B, 2, 3

Top

drill

2H

m

3>8

4',

4%
4 5

8

SH

5 J*

5's

12-thd.

series

12UN and

1 2N in

classes 2A,

2B, 2, 3

Thd Tap

drill

143
64

1
5I

64

1
5S

64

2 \.<

2 ii.,.

2'\-

2^64
2 3^4
2 43-64

2 SH*
2 5 'J

64

3 %4
3^4
3^4

$ 2 %4,

3»«4
3*%4
3 51 64

3 5%4

4" 64

4 2K 4

4^64
* 5%4
5^4

5 27 64

5«64
5 5\ 4

series

16UN and

1 6N ' in

classes 2A,

2B, 2, 3

Thd,

in.

Tap

drill

1 6

111,

1
3
4

113,

1 ?8

1
1S

1

2 K

2 «
2 Ke
2 ?{«

2 lH«

2 1346
2 1 Ke
3 He
3 Jie

3 He

3 Ke
3 ^6
3^6
3^6
3^6

4

4 Vi

4^i
5

in

1 6

5 He

5^6
a ANSI Bl. 1—Dimensions are in inches. b Bold type indicates unified combinations.
c Limits of size for classes are based on a length of engagement equal to the nominal diameter.
d Limits of size for classes are based on a length of engagement equal to nine times the pitch.

e These sizes, with specified limits of size, based on a length ofengagement of 9 threads in classes 2A and

2B, are designated L-N.

Note [fa thread is in both the 8-, 12-, or 16-thread series and the coarse, fine, or extra-fine-thread series,

the symbols and tolerances of the latter series apply.
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ANSI Standard Square and Hexagon Bolts * and Hexagon Cap Screwsf

Nominal
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ANSI Standard Square and Hexagon Nuts *
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Sizes of Numbered and Lettered Drills

No.
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ff *fp *f

i

ANSI Standard
Round-head Bolts"
Proportions for drawing purposes

Fastener name
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Bolt-length Increments*

Bolt diameter
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ANSI Standard Machine Screws *

Heads may be slotted or recessed

'

i2»:?
Round Head

\A\-c
Oval Head Truss Head

Nominal
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ANSI Standard Machine-screw* and Stove-bolt f Nuts:}:

Nominal

size
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ANSI Standard Socket-head
Shoulder Screws"

-H H WShoulder length*

Shoo
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Small Rivets*

TINNERS'

Cooper's

(
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Widths and Heights of Standard Square-and Flat-stock
Keys with Corresponding Shaft Diameters*

-|n/|-

Shaft diam.

d

(inclusive)
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Woodruff-key-seat Dimensions
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Dimensions of Pratt and Whitney Keys

I i X I

Key

No.
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ANSI Standard Plain Washers *
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ANSI Standard Lock Washers *
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Tapers. Taper means the difference in diameter or width in 1 ft of length; see figure below.

Taper pins, much used for fastening cylindrical parts and for doweling, have a standard taper

of Yi in. per ft.

Gage line-**

SELF-HOLDING (SLOW) TAPER

Machine tapers. The ANSI Standard for self-holding (slow) machine tapers is designed

to replace the various former standards. The table below shows its derivation. Detailed dimen-

sions and tolerances for taper tool shanks and taper sockets will be found in ANSI B5.10— 1963.

Dimensions of Taper
Pins
Taper i ± in. per ft

Size

No.
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Wire and Sheet-metal Gages
Dimensions in decimal parts of an inch
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Preferred Basic Sizes for Cylindrical Fits*
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TABLES OF LIMITS FOR CYLINDRICAL FITS*
Table 1. Running and Sliding Fits
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Table 3. Transition Locational Fits

+ 1.3

-1.1 I +1.6
+1.6 ' -0

+0.7
|

-08
01 -07

+0.8 -1.0

+0.1
I

+0.7
+0.9 I

-1.1

+0.1
|

+0.9
+1.1 -1.4

+0.1 I +1.2
+1.3 -1.7

+ 0.1 +1.3

+ 1.6 -1.9

.0 1 .11
17 2 2

+0.1 1 +1.9

Hole
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ANSI Standard Pipe *

Welded wrought iron
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ANSI Standard 150-lb Malleable-iron Screwed Fittings"

r^H

-H -

90°ELBOW

Nominal
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1

ANSI Standard 150-lb Malleable-iron Screwed Fittings:

Dimensions of Close-, Medium-, and Open-pattern Return Bends*-}-

Nominal

pipe

size
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Globe, Angle-globe, and Gate Valves*
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Pipe Bushings*

Dimensions of outside-head, inside-head, and face bushings in inches

FACE BUSHING OUTSIDE HEAD INSIDE HEAD
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ANSI Standard Cast-iron Pipe Flanges and Flanged Fittings *

Fo) maximum working saturated steam pressure o] 125 lb per sq in. (gagt

)

- -K '\-H—\

^ft--/H —5 - ~A^ -A- ^
30°ELL LONG RAD ELL 45°ELL REDUCING ELL SIDE OUTLET ELL TRUE'Y" TEE

K/1-h \^a^~a^\
S/DE OUTLET TEE CROSS LATERAL

Nominal
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Lengths of Malleable-iron Unions*
(hound joint

Nominal size
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Laying Length - Type B

Threaded Cast-iron Pipe*
Dimension of pipe and drainage hubs
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ANSI Standard Class-125 Cast-iron and 150-lb Steel Valves: Valves with Class-125 or
150-lb End Flanges, or with Welding Ends—Face-to-face and End-to-end Dimensions'
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Beam Connections

2Ls-4"x3£&2
l

-5i

Weight 52 lbs.

Zts-4x3fx£x2-?f
Weigh/ 47lbs.

2tS-4"x3i"t&xl'-ll$

Weight 42 lbs.

2ts-4"x3?"x
lj"*/'8z

Weight 36 lbs.

2ls-4"x3z

Weight 31 lbs.

2b-4"x3fx£„/'-2i
Weight 26/tbs.

2l}-4"*3fxg"xO-/li

Weight 18 lbs.

2ts-4"x3$ x§ xO'-el

Weight 13 lbs.

2L>-6'x4'x§tO'-5j

Weight 12 lbs.

7b-6"x4'x§ xO'-3'

Weight 7lbs.

Driving Clearances for
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Selected Structural Shapes*
Dimensions for detailing
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Standard Jig Bushings* l~3tTl "ULJ""^ r^O ^ G^ C ^\ \~c-\

i-(-

RENEWABLESUP RENEWABLE FIXED

LINER
with Renewable

i nings)

Renewable Slip Type and Renewable Fixed Type
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Standard Jig Bushings (Cont.)

Press-fit Headless and Press-fit Head Types

Hole
size

0.055

to

0.0995

0.1015

to

II
I !f,0

0.1405

to

0.1875

0.1890

to

0.2500

0.2570

to

0.3125

0.316

to

0.4219

0.4375

to

0.500

0.5156

to

0.625

0.6406

to

0.7500

0.7656

to

1.0000

1.0156

to

1.3750

1.3906

to

I 750(1

Tolerance

on hole

+ 0.0004

+ 0.0001

+ 0.0005

+ 0.0001

+ 0.0006

+ 0.0002

Incl 1'j

+ 0.0006

+ 0.0002

Over IV4

+ 0.0007

+ 0.0003

OD
limits

B

0.2046

0.2043

0.2516

0.2513

0.3141

0.3138

0.4078

0.4075

0.5017

0.5014

0.6267

0.6264

Lengths

available

C

5
/l6, ¥l

Head type
dimension

'.. 1

0.7518

0.7515

I. I
..

i) ;;:(,;;

0.8765

1.0018

1.0015

1.3772

1.3768

1.7523

1.7519

2.2525

2.2521

;

.. 1

I

;

::. 1

2V& 2' j

1, 1%

1 \ 2 1

.

2'/>, 3

r„-

n r c

PRESS FIT

HEADLESS TYPE

Slight Radius

HEAD TYPE
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ANSI Standard Brass Solder-joint Fittings*

90° ELL

c
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ANSI Standard Graphic Symbols for Piping and Heating *

Piping, General
.

Non-intersecting Pip

Hot Water

Vacuum _

Steam

Conden;

PIPE FITTINGS AND VALVES

Joint

Elbow- 90 deg

Elbow—45 deg

Elbow Turned Up

Elbow Turned Down

Elbow Long Radius

Base
I
bow

Double Branch Elbow

Reducer

Eccentric Reducer

Tee-Outlet Up

g e «ee[ lei

Double Sweep Tee

T
Ofr-

Ofr-

-IM-

-H»t-

-ttOH-

itOil

-ni«-

+ent-

II /T\|i

if r\\

ii A \

Of-

Of-

-4

Y

-HSH-

-O-

V

-cSa-

O^-
O^

r

^o^

Ox—

O^-

-A-

->CSCK

o-

~*j*~

<Jo

'ANSI V32.2.3-
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Symbols for Piping and Heating (Cont.)

Globe Valve

Angle Globe Valve

Angle Gate Valve

Angle Check Valve

Stop Cock

HXJ-

r

r
-hQh-

HOkH-*'

-iokH-

r-*<>

-HOH-

-H=H-

-o-

r
t
1

-OfCh

-tx-

r

r

-KX>-

-£=X-

r
->-^^-



APPENDIX C STANDARD PARTS. SIZES, SYMBOLS, AND ABBREVIATIONS A85

ANSI Standard Plumbing Symbols



A86 STANDARD PARTS, SIZES, SYMBOLS. AND ABBREVIATIONS APPENDIX C

Wiring Symbols for Architecture

Ceiling Outlet ... . ~xV"
" for Extensions. _ .~(p~

» Lamp Receptacle, Specifications ®
to describe type,as Key. Keyless or Pull Chain

Ceiling Fan Outlet... .....oo

Pull Switch.... ...j^ps

Drop Cord

Wall Bracket

" Outlet for Extensions r(!p

" Lamp Receptacle, as specified t~®

« Fan Outlet

Single Convenience Outlet _ O
Double " " "

.

Junction Box

Special Purpose Outlets.... j

! *'

Lighting, Healing and Powei

as described in specifications 1

Exit Light r-®
Floor Outlet ... ...

^>"

Floor Elbow O, Floor Tee...

Local Switch, Single Pole S

Double Pole.. . 5
2

, 3"Way.. S
3

, 4-Way . . .S
4

Automatic Door Switch 5D

Key Push Button Switch S
Electrolier Switch 5

Push Button Switch and Pilot. Sp

Remote Control Push Button Switch Sfi

Tank Switch . .. ..LH]

Motor. _..©, Motor Controllei

Lighting Panel ^H
Power Panel ...I—

J

Heating Panel ... . L^l

Pull Box

Cable Supporting Box '•*•'

Meter . U
Transformer. . .. _7X_T

Push Button....

Pole Line ~° °—

Buzzer..___Q, Bel !..,__ fl

Annunciator

Branch Circuit, Run Exposed -

Run Concealed Under Floor

" Floor Above

Feeder Run Exposed

Run Concealed Under Floor

" Floor Above

Telephone, Interior. ..H, Public W
Clock, Secondary .©, Master

Time Stamp . ©
Electric Door Opener. ... .._IH

Local Fire Alarm Gong (£]

City Fire Alarm Station.... I
Local " « » E
Fire Alarm Central Station TTx/*

Speaking Tube.... ...r

Nurse's Signal Plug.. ....[ED

Maid's Plug . ... M
Horn Outlet CS©j

District Messenger Call ..

Watchman Station . M
Watchman Central Station Detector. . ||

Public Telephone- RB.X, Switchboard... ._H

InteriorTelephone Central Switchboard |~y

Interconnection Cabinet I I

Telephone Cabinet 1X 1

Telegraph » ....fe^i

Special Outlet for Signal System as Specified fz3

Battery.... 'I'l'l'l'l'l'

Signal Wires in Conduit Under Floor

» n " " " Floor Above
—

This Character Marked on Tap Circuits Indicates

2 No. 14 Conductors in ? Conduit

3 " 14 'I " i "

4 ii
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ANSI Standard Graphic Symbols for Electrical Diagrams *

Single-line symbols are shown at tht left, compleU symbols at the right, and symbols foi both purposes art centered in each colw

Listing is alphabetic/it.

ADJUSTABLE
CONTINUOUSLY ADJUSTABLE (Variable)

Th, sltajt <,/ the arrow u drawn at about 4S del

across the body of the symbol.

AMPLIFIER

See also MACHINE, ROTATING

Amplifier type may be indicated in the triangle I

alion from the following list.

BDG Bridging MON Monitoring

BST Booster PGM Program

CMP Compression PRE Preliminary

DC Direct Current PVVR Power

EXP Expansion TRQ Torque
LIM Limiting

-O- :CX

Monitoring amplifier with two outputs

TipUfier with associated power supply

-<

ndieated by wi rds i

I

The tides cf the

equal to the width of a r.

These arrowhead: ihall no! be filled.

Mill tig <; gem r il

l'

I

I

BREAKER, CIRCUIT
II it is desired to show the condition causing the

breaker to trip, the rclay-protcetive-function

symbols ma\ be used alongside the

General

appropriate number of single^

diagram symbols

Feed-lhrough capacitor (with terminals s

feed-through element I

Commonly used for bypassing high-frequ.

it is necessary to identify the capaci

'I clement shall represent

: electrode in fixed paper-dielcctnc and
ii'-rs, the negative elec

thi moving elemei

[able and variable capacitors, and

-)r-

Applicat
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Symbols for Electrical Diagrams (Cont.)

Mechanical interlock, other

Commonly used for a plug (usually r

Separable connectors (engaged)

m

Communication switchboard-lype c

2-conductor (jack)

2-conductor (plugj

irtr

Connectors of the type commonly i

supply purposes (convenience outh

2-conductor nonpolarized connector with fe-

2-conductor nonpolarized i

2-conductor polariz.

^>

2-conductor polarized connector with male

polarized connector with male c

-4

polarized connector with female

4-conductor polarized connector with

-§-

with shorl-circuiting bar (w

Male portion (with terminals shownj

CONTACT, ELECTRIC
For build-ups or lorms using electrii

applications under CONNECTOR

I - J
- L

Closed contact (break)

t-r
1
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Symbols for Electrical Diagrams (Cont.)

Applications
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Symbols for Electrical Diagrams (Cont.)

[NET]

OSCILLATOR
GENERALIZED ALTERNATING-CURRENT
SOURCE

PAD

See also ATTENUATOR

"t-

Balance,
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Symbols for Electrical Diagrams (Cont.)

Ci.ntri*IIinp elti trude

Deflecting electrodes (used in pairs) , reflecting or

repelling electrode (used in velocity-modulated

tube)

Excitor (contactor type)

Collecting electrode

>

Collecting and emitting electrode

Dynode

i

Alternately collecting and emitting

Composite anode-photocathode

Composite anode-cold cathode

1

Envelope (shell)

regardless of evacuation or

pressure When used with electron-tube component
symbols, the general envelope symbol indicates a

vacuum enclosure unless otherwise specified A
gas-filled electron device may be indicated by a dot
within the envelope symbol.

General

This is understood to shield against electric fields

ur.less otherwise noted.

Coupling by loop (electromagnetic type)

Coupling loop may be shown inside or ouuide en-

velope as desired, but if inside it should be ahown

grounded

Double-cavity envelope and grid-type associated

nagnetron anode and envelope

o
part of the tube symbol but may be added to

the circuit in the form o( standard symbols For

example, resonant-type magnetron with per-

^Q™
External and internal shit-Ids. whether integral

circuit diagran less: M"
i in nit diagram re-

slra.ght-lin-

1 ,,.,
, ,,,:

Typical wiring figure

This figure illustrates how tube symbols may tie

For tubes with keyed ba:

Explanatory- word and arrow

the symbol shown

For tubes with bayonets, bosses, and nther

xplanaiory words and ar

Envelope terminals

Explanatory words and
the symbol.

Transistor Symbols

PNP transistor NPN transistor
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Symbols for Materials (Exterior)

T^
T^~

tKSK^S
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Abbreviations for Use on Drawings
Abbreviations are shortened forms of words or expres-

sions and their use on drawings is entirely for the purpose

of conserving space and drafting time. Since they must

be interpreted by shopmen, assemblers, construction

men, and others, abbreviations should not be used where

the meaning may not be clear. In case of doubt, spell

out. Only words that are abbreviated on drawings are

included in this list, which is selected from the more
complete list given in the SAE Aerospace-Automotive

Drawing Standards (Section Z.l)

The same abbreviation is used for all forms of a given

word. Periods are used only to avoid misinterpretation

of an abbreviation. Spaces between letters are for clarity

only; the abbreviation of word combinations or phrases

is sometimes spaced. The use of hyphens and slant bars

has been avoided where practicable. Upper-case letters

are used for abbreviations. Subscripts are not used in

abbreviations. Whenever a special abbreviation is used

(one not appearing in the SAE Aerospace-Automotive

standard), it should be explained in a table on the draw-

ing. For metals, chemicals, formulas, and equations, the

abbreviations, symbols, and rules in general use and
established by long acceptance are employed.

Abbreviations for colors and a partial list of chemical

symbols are given after the general abbreviations.

Word
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Word
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Word
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Word Abbreviation Abbreviation

Ditto

Double

Dovetail

Dowel

Down
Drafting

Draftsman

Drain

Drawing

Drawing list

Drill

Drill rod

Drive

Drive fit

Drop

Drop forge

Duplex

Duplicate

Dynamic

Dynamo

Each

Eccentric

Effective

Electric-

Elevation

Enclose

End to end

Envelope

Equal

Equation

I .1 ill M1ICH1

Equivalent

Estimate

Evaporate

Excavate

Exhaust

Expand

Exterior

External

Extra heavy-

Extra strong

Extrude

Fabricate

Face to face

in i

DBL
DVTL
DWL
DN
DFTG
DFTSMN
DR
DWG
DL
DR
DR
DR
1)1

D
1)1

DX
DUP
DYN
DYN

EA
ECC
EFF
ELEC
EL
ENCL
E to E
ENV
EQ
EQ
EQUIP.
EQUIV
EST
EVAP
EXG
EXH
EXP
EXT
EXT
X HVY
X STR
EXTR

FAB
F to F

Fahrenheit
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Word
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Word
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Word
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Word



APPENDIX C, STANDARD PARTS, SIZES, SYMBOLS, AND ABBREVIATIONS A101

Word
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Word
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Word
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Partial List of Chemical Symbols

Word



Blind riveting is easier

when you follow these simple

TIPS ON INSTALLATION

APPEND!.
Supply catalogues and

technical manuals

BEFORE YOU START THE JOB

Measure your total material thickness. Select the correct

grip length rivet from the tables on the next three pages

by comparing your sheet thickness with the min. and
max. grips shown in the column headed GRIP LENGTH.

IN METAL

£3L
^5"

GRIP LENGTH = Total

thickness of sheets to be

fastened

USE "I" DIMENSION
(length under head) in-

stead of grip length. L =
M (thickness of metal) +
D (hole depth in wood.)

DRILL A HOLE
Select dri

method
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\sot7thco STEEL DRIVE RIVETS

universal 78* csh.

head head

m. 78°
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MATERIAL
Steel, cadmium plated. Va dia*

rivets have stainless steel

pins. 3/16 & 1/4 dia. rivets
have carbon steel pins', cad.
plated
'Stainless steel pins may be substituted at

Manufacturers option

universal head

.500-&
LL

1

.107

78° csk. head

,78°

125

UJ

length

under

head

1/4" DIA.
PART NUMBERS

UNIVERSAL

HEAD

78° CSK.

HEAD

New . . . Carper diameter

Steel Drive Rivets
SEE PAGE 3 FOR INSTALLATION DATA

USE THESE COLUMNS

FIRST TO LOCATE

YOUR CORRECT

GRIP LENGTH

r,
% t
GRIP=

TOTAL THICKNESS OF ALL

SHEETS FASTENED TOGETHER

MINIMUM
GRIP

NOMINAL
GRIP

I/8

5/16

3/8

7/16

9/16

11/16

3/4

7/8

MAXIMUM
GRIP

.625
-

.138

5/16 DIA.
length

under

head

L

5/16

PART NUMBER

UNIVERSAL HEAD

MATERIAL- RIVET and PIN

Steel, cadmium plated

Repair Truck Bodies in Minutes with RIVETPATCH

Each Kit contains an aircraft type, Alclad Aluminum patch

formed edges, rounded corners, pilot holes. Sealant, Drive Riv

and instructions included. Only a dr. II and hammer needed t

do a professional job in ten minutes!

4 sizes avoiloble: 3 x 5 (Part 38-99-337-1
1 1, 5x8 (Part

38-99-338-11), 8 x 1 1 V8 (Part 38-99-339-111, and 11 s
/,

x 24 (Part 38-99-353-11).

OPTIONAL TOOLS AND ACCESSORIES

29-1-504-10

29-1-505-10
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SOVTHCO ALUMINUM
universal 100* »k. full (trailer

head head head

.250
1 r

,216 ...312

LIP Lff^ IIP 2
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DRIVE RIVETS 2117-T4 ALUMINUM RIVET BODY WITH
300 SERIES STAINLESS STEEL PINS.

i rivets of other alloys, and pins of aluminum available on special request;

SEE PACE 3 FOR INSTALLATION DATA

universal 100° csk. full brazier round flat all purpose

head head head ply head ply head liner head
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SPECIFIC ADVANTAGES OF OTHER TYPES

Regular

Type

This is the lowest-cost PALNUT Self-threading Nut.

Especially adapted to assemblies where available

space is at a premium. Uses shorter studs. Competi-

tive with push types, yet assembles fast and assures

better, tighter assemblies. Shape of nut makes it pos-

sible to assemble with internal wrench. (See wrench

illustration below).

EASY, FAST ASSEMBLY

PALNUT Self-threading Nuts are formed to standard

hex shape. They may be fastened with any standard

tools, manual or power. However, by using the PAL-

NUT Magnetic Socket Wrench, which fits all standard

tools, greater convenience and higher-speed assembly

are obtained.

Power Tool Assembly

Air or electric tools, equipped with the PALNUT
Magnetic Socket Wrench, permit starting, running on

and tightening in one simple, fast operation.

Write for Bulletin WR-516 giving full de

STUD INFORMATION

Studs of any malleable material may be used, includ-

ing zinc or aluminum die cast, steel, brass or aluminum

wire and high tensile plastic materials.

Permissible tolerance on

stud diameter is plus or

minus 0.003". Tapered

studs should be within this

tolerance at the point

where the nut grips the

stud at completion of as-

sembly. (See illustration).

PALNUT Self-threading Nuts will perform satisfac-

torily on blunt end studs or wire, but a 1/32" x 45°

chamfered end is preferred for easier starting. Full

data on stud specifications is available on request.

Acorn

Type

All the cost and assembly advantages of the PALNUT
Self-threading principle are gained in this decorative,

crowned nut. It covers up the ends of studs for pleas-

ing appearance and protection against scratching.

PALNUT Internal Has Wrench

Manual Assembly

PALNUT Self-threading Nuts may be applied with

hand tools, but power tools are recommended for pro-

duction runs. The PALNUT Magnetic Socket Wrench

facilitates manual assembly.

ails on PALNUT Wrenches and Tools

TORQUE-TENSILE DATA

Recommended assembly torque and resulting stud

tension for each Self-Threading Nut is shown on page
7. The nominal torque figures given can be used for

preliminary adjustment of power tools.

Power tools with ratcheting (slip) type clutch or

the "one shot" quick-breaking type clutch may be
used. For Self-Threaders with Sealer we specifically

recommend power tools with the ratcheting type

clutch.

Where assembly conditions deviate from the normal,

a downward or upward revision of the recommended
assembly torque setting on the power tool clutch may
be necessary to meet the current conditions. Examples
given below.

1. Dry, flat, non-slippery surfaces and stud di-

ameters on the high side of the tolerance will

require higher assembly torque.

2. Irregular, slippery surfaces and stud diameters
on the low side of the tolerance will require
lower assembly torque.
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DIMENSIONS AND TORQUE-TENSILE DATA

j£2l_ tt—

n

WASHER TYPE WASHER TYPE
with SEALER

iee Sealer Information

on Page 5)

WASHER TYPE
STYLE SG

REGULAR TYPE ACORN TYPE

Type
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PUSHNUF FASTENERS — FLAT ROUND TYPE

USER ADVANTAGES
Flat Round PUSHNTJT Fasteners provide the advantages common to push-on type fasteners generally, which are

made by several manufacturers. These include • Exceptionally fast assembly • Elimination of more expensive

screws and nuts, washers or retaining rings • Elimination of costly threading, hole drilling or annular grooving.

Compared with push-on nuts generally, Flat Round PUSHNUT Fasteners offer these specific advantages

SUPERIOR GRIP Means less slippage GREATER HOLDING POWER Means higher axial load strength

The number, shape, length and angularity of teeth in each part represent a carefully -designed balance between

relative ease of assembly and ultimate strength. Steel thickness and relation of outside diameter to stud size are

also part of this "balanced design".

LOWER COST Production in large quantities on ultra modern equipment, plus advanced finishing techniques,

assure a per-thousand cost that is invariably below competitive designs.

STUD RECOMMENDATIONS
DIAMETER TOLERANCE: +.002" — 003", INCLUDING PLATING. Chamfered (45°) stud

ends are preferred, but if cut or sheared from longer rod or wire,

square ends should be free of burrs or mushrooming.

STUD MATERIALS: May be mild steel, aluminum, die cast zinc, or other malleable materials.

Subject to verification by your own tests. Style PV parts, and Styles PS and PD parts in the

thinner gauges, are likely to perform satisfactorily on plastics having good tensile strength

and toughness.

STUD FINISHES: Steel studs—any commercial finish is satisfactory, except nickel or chrome plating.

Die cast zinc—any finish is satisfactory, except nickel-chrome plating should not exceed .003"

maximum thickness.

STUD HARDNESS: See comments under PERFORMANCE DATA.

PERFORMANCE DATA
Push-on Force and Removal Resistance values are "averages" obtained when parts are applied to low carbon, cold

drawn steel rod of hardness not exceeding 78 on Rockwell 30T scale (this is corrected reading allowing for curvature

error on round rod).

PUSHNUT
PART NO.
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PUSH NUT® FASTENERS — FLAT ROUND TYPE

AVAILABLE SIZES AND STYLES
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RIVNUT ENGINEERING DATA

PREPARATION PROCEDURES

FOR FLAT HEAD INSTALLATION

Flat head Rivnuts require only a punched or

drilled hole of the proper size for their in-

stallation. Use a lead drill if desired and follow

with a sharp finish drill held at right angles to

the work. Always see that dirt or metal par-

ticles are removed from between metal

sheets and burrs removed wherever possi-

ble. Sheets should be clamped or pressed

into contact to reduce air gap to a minimum.

FOR MACHINEiCOUNTERSINK INSTALLATION

Machine countersinking can be used only

in metal thicker than the head thickness of

the Rivnut. A precision hole and countersink

can best be obtained by following these

simple steps:

FOR DIMPLE COUNTERSINK INSTALLATION

Metal thinner than Rivnut head thickness

requires a dimple countersink.

The ideal bulge on any Rivnut application

will always be formed against a flat under

surface. The bell-mouth that results from

ordinary dimpling will not permit proper for-

mation of the bulge. Rivnuts upset against

the sharp edge will form a weak bulge, a

spread shank, or possibly shear.

To provide a flat surface in the dimpling

operation, a ledge at the bottom of the

dimpling die can be used. The "flat" on the

dimple will save costly deburring before dim-

pling and enables the Rivnut bulge to form

normally, providing maximum strength.

t^n
:

r - i

c-.-\4-, .y^.-w
4. If keyed Rivnut is to

be used cut keyway with

key cutter tool or by the

use of a guided drill

3. Drill correct diameter

hole with sharp finish

drill

nstall Rivnut

Dimple or press coun-

tersink hole. Note ledge

at bottom of dimpling

FOR KEYED RIVNUTS

Keyways can be cut with a B.F.Goodrich Key
Cutter tool. Standard tool will cut V32" aluminum,

'/i6" mild steel, V32" stainless steel. To cut keyways

in metal too thick for this tool, use a small, round

file or guided drill.

TORQUE WITHOUT KEYS

A hexagonal hole with a keyless Rivnut is an ex-

cellent substitute for keyed Rivnuts and eliminates

the need to match the key to the keyway. This type

installation offers torque resistan

that of keyed Rivnuts.

HOW TO REMOVE RIVNUTS

Should it be necessary to remove an installed

Rivnut, it can be drilled out by using the same size

drill as used for the original hole. Drill through the

head of the Rivnut and then punch out the shank.

The counterbore will act as a guide for the drill.

The same size Rivnut can then be installed in

the same hole.
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ADJUSTING ANVIL TO SUIT RIVNUT LENGTH

Rivnut threads may be deformed or stripped if the

pull-up stud does not engage all threads in the

Rivnut. Speed Headers and all power tools have pull-

up studs or anvils which can be adjusted easily to suit

the Rivnut blank length. The following sketches

demonstrate proper relation between face of anvil

and end of pull-up stud.

OPEN END RIVNUT

Point of the pull-up stud should
extend |ust beyond the end of the

Rivnut, as in Fig. 1. Fig. 2 shows
Rivnut head tight against anvil,

ready for upset.

CLOSED END RIVNUT

Thread Rivnut on pull-up stud all

the way to bottom of threads. Back
Rivnut off one complete turn, then

adjust anvil so it contacts Rivnut

head, as in Fig. 3.

FILLISTER HEAD RIVNUT

Adjust stud to same reference

points as conventional types.

FINDING GRIP RANGE

MEASURING "GRIP"

Maximum grip (above) represents the greatest material

thickness in which a specific Rivnut should be properly

installed. Minimum grip represents material of least thick-

ness in which a specific Rivnut can be properly installed.

"Grip Range" is that area between maximum and minimum
—the zone of thickness best suited to the installation of a

specific Rivnut.

IMPORTANT: When

In order to select the correct Rivnut, physical measurements
must be made. When installing flat head Rivnutsin a surface

installation or countersunk types in machine countersunk
holes, "grip" is the same as metal thickness (left above).

For dimpled or press countersunk holes, "grip" is the

measurement from the metal surface to the underside of

the dimpled hole (right above).

IMPORTANT: Measurements should include air gaps,

paint and any burrs which cannot be removed.

lation should be i
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RIVNUT ENGINEERING DATA- FLAT HEAD

MR Mll-S-7745
MIN. OF 8 FULL TWtEADS

INSTALLATION

First No.
of Type

No.
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RIVNUT ENGINEERING DATA- COUNTERSUNK HEAD
>4 hc °""~1

'

PER MIL-S-7742
MIN. OF 6 FUL1 THMAD5

INSTALLATION

First No.

No.
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>>
GENERAL DESIGN

for Utilizing the unique/

DOUBLE SHEAR STRENGTH will be the determining fac-

tor in specifying the Rollpin size for a given stress in nu-

merous applications. These values, for carbon steel and cor-

rosion resistant steel Rollpins, are given in the table on

Pages 14 and 16.

In soft metals ultimate failure depends more upon the

strength of the hole material than upon shear strength of

the Rollpin. Under increased load,hole edges are deformed

by compressive forces. At ultimate loads the soft material

may be expected to fail before the Rollpin.

In many cases, particularly with smaller mechanisms, the

choice of Rollpin sizes will be influenced by space con-

siderations and by general proportions of related mem-

bers. Recommended practices are given in the accompany-

ing tables.

As with other types of pins, good Rollpin design practice

is to avoid conditions where the direction of vibration

parallels the axis of the pin. For most applications the

Rollpin's capacity to withstand the loosening effects of

vibration can be consistently relied upon; however, un-

usual conditions can result in an axial vibration component

that should be carefully evaluated. In such instances ac-

celerated vibration tests should be made of prototypes of

the propo 1

Rollpins fo

3d design. ESNA -

such tests.

be glad to provide nple

EFFECT OF GAP ORIENTATION
ON ROLLPIN SHEAR STRENGTH

Data obtained in tests made to determine the effect of gap

orientation on Rollpin shear strength revealed that random

slot positioning is satisfactory for all but the most extreme

Rollpin applications. For special applications maximum

shear strength is assured by inserting the Rollpin so the

gap is in line with the direction of the load.

SHEAR VALUE - 100% SHEAR VALUE - 106%

Double shear strength figures listed on Page 14 are based

on tests made in accordance with Spec. MIL-P-10971 with

pins in 90 position fastened in hardened steel fixtures.

RECOMMENDED ROLLPIN SIZES FOR VARIOUS SHAFT DIAMETERS

When used as a
Transverse Pin

When used as a

Longitudinal Key
When used as a Replacement

for Taper Pins

EQUIVALENT TAPER PINS

D
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PRINCIPLES
„„J>flH

inherent ROLLPIN advantages

m Because of the inherent flexibility of the Rollpin

it has found wide acceptance as a clevis joint pin.

It is recommended, for greater bearing area, that

the Rollpin be held by the outer members of the

clevis (Fig. 1). However, the design may require that

the inner member of the clevis (Fig. 2) be used to

retain the pin. This alternate technique will also pro-

vide satisfactory performance results. The table

below gives the average Rollpin spring back data

relative to the span length.

BLACK — «
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FASTENER DIVISION-

LA I
JL

TOLERANCE ON
LENGTH "L

0.187 TO 1.000

1.001 TO 2.000

2.001 TO 3.000

3.001 TO 4.000

4.001 4 ABOVE

A
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•FASTENER DIVISION-

.CARBON STCEL ROLLPINS MEET THE REQUIREMENTS OF THE FOLLOWING:
SPECIFICATIONS: MIL-P-10971, AMS 7205.

STANDARDS: ARMY ORDNANCE DRAWINGS BFSX2 AND BFSX2.I

NAVY DRAWINGS NAVORD OSTD 600, PAGES 5-6.11 TO 5-6.

MS9047(ASG), MS?048(ASG), MSI6562, NAS561

PLAIN CARBON STEEL ROLLPIN AVAILABILITY

NOMINAL DIAMETER

LENGTH

0.125-

0.187

0.250

0.312

0.375

0.437

0.500

0.562

0.625

0.687

0.750

0.812

0.875

0.937

1.000

1.125

1.250

1.375

1.500

1.625 .

1.750

1.875

2.000 .

2.250 .

2.500 .

2.750 .

3.000 .

3.250 .

3.500 .

3.750 .

4.000

4.250 .

4.500 ,

4.750 .

5.000 .

5.250 ,

5.500 .

.:*.' 076 ,0M .1:5 .140 156 .187 .21?

*..
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identified by this symbol
are available in tape-wrapped
Rol-Pak* cartridges.

HOUSING
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FIG. 1:

MAXIMUM ALLOWABLE
CORNER RADIUS (Rm..)
AND CHAMFER (Ch m8I )

FIG. 2:

ENLARGED DETAIL
OF GROOVE PROFILE
AND EDGE MARGIN (Z)

RT T

4 zl—

MAXIMUM BOTTOM RADII

Ring Size
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Sizes identified by this symbol
are available in tape-wrapped

Rol-Pak® cartridges.

HOUSING



APPENDIX D SUPPLY CATALOGUES AND TECHNICAL MANUALS A125

FIG. 1:

MAXIMUM ALLOWABLE
CORNER RADIUS <RmaI )

AND CHAMFER (Ch ma ,

)

FIG. 2:

ENLARGED DETAIL
OF GROOVE PROFILE
AND EDGE MARGIN (Z)

111111



See Fig. 2, Pa(e 33

ID SUPPLY (
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FIG. 1:

MAXIMUM ALLOWABLE
CORNER RADIUS (Rma,J
AND CHAMFER (Chm„)

ENLARGED DETAIL
OF GROOVE PROFILE
AND EDGE MARGIN (Z)

MAXIMUM BOTTOM RADII
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5133
X5133 • Y5133

WALDES
VTRUARC

See Fig. 2, Page 47

Si2es identified by this symbol
are available in tape wrapped
Rol-Pak" cartridges for use
with Truarc Applicators, Dis-

pensers and other assembly
tools

SHAFT DIA.
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WALDES
TRUARC1

5133
X5133 • Y5133

FIG. 1:

MAXIMUM ALLOWABLE
CORNER RADIUS (R m3J )

AND CHAMFER (Ch ma< )

FIG. 2:

ENLARGED DETAIL
OF GROOVE PROFILE
AND EDGE MARGIN (Z)

B&
MAXIMUM BOTTOM R«DII
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Keown, Robert McArdle, and Virgil Mormg Faires: "Mech-

anism," McGraw-Hill, New York.

Prageman, I. H.: "Mechanism," International Textbook,

Scranton, Pa.

Sahag, L M.: "Kinematics of Machines," Ronald, New
York.

Schwamb, Peter, and others: "Elements of Mechanism,"

Wiley, New York.

Sloane, A.: "Engineering Kinematics," Macmillan, New
York.

Doughtie, Venton L, and Alex Vallance: "Design of Ma-

chine Members," McGraw-Hill, New York.

Lettering

French, T. E., and R. Meiklejohn: "Essentials of Letter-

ing," McGraw-Hill, New York.

French, T. E., and W. D. Turnbull: "Lessons in Lettering,"

McGraw-Hill, New York.

George, R. F.: "Modern Lettering for Pen and Brush

Poster Design," Hunt Pen Co., Camden, New Jersey.

Hornung, C. P.: "Lettering form A to Z," Ziff-Davis, New
York.

Ogg, Oscar: "An Alphabet Source Book," Harper, New
York.

Svenson, C. L.: "The Art of Lettering," Van Nostrand,

Princeton, N.J.

Map and Topographic Drawing
Deetz, C. H.: "Elements of Map Projection," U.S. Gov-

ernment Printing Office, Washington, D.C.

Greitzer, S. L.: "Elementary Topography and Map Read-

ing," McGraw-Hill, New York.

Hinks, A. R.: "Maps and Surveys," Macmillan, New York.

"Manual of Surveying Instructions for the Survey of the

Public Lands of the United States," U.S. Government

Printing Office, Washington, D.C.

Robinson, A. H.: "Elements of Calligraphy, Wiley, New
York.

Sloane, R. C, and J. M. Montz: "Elements of Topographic

Drawing," McGraw-Hill, New York.

Whitmore, G. D.: "Advanced Surveying and Mapping,"

International Textbook, Scranton, Pa.

Whitmore, G. D.: "Elements of Photogrammetry," Inter-

national Textbook, Scranton, Pa.

Patent Drawing
Guide for Patent Draftsmen, U.S. Government Printing

Office, Washington, D.C.

Radzinsky, H.: "Making Patent Drawings," Macmillan,

New York.
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Perspective

Freese, E. I.: "Perspective Projection," Reinhold, New
York.

Lawson, P. J.: "Practical Perspective Drawing,"

McGraw-Hill, New York.

Lubchez, B.: "Perspective." Van Nostrand, Prince-

ton, N.J.

Morehead, J. C, and J. C. Morehead: "A Handbook ot

Perspective Drawing," Princeton, N.J.

Norling, E.: "Perspective Made Easy," Macmillan, New
York.

Turner, W. W.: "Simplified Perspective," Ronald, New
York.

Piping

Babbit, H. E.: "Plumbing," McGraw-Hill, New York.

"Catalog of Valves, Fittings and Piping," Crane Co.

"Catalogue," Walworth Co., New York.

Crocker, S.: "Piping Handbook," McGraw-Hill, New York.

Day, L. J.: "Standard Plumbing Details," Wiley,

New York.

"Handbook of Cast Iron Pipe," Cast Iron Pipe Research

Association, Oak Brook, III.

Littleton, C. T.: "Industrial Piping," McGraw-Hill, New
York.

NAVCO Piping Catalog," National Valve and Manufactur-

ing Co.

Nielson, L. S.: "Standard Plumbing Engineering Design,"

McGraw-Hill, New York.

"Piping Design and Engineering," Grinnell Co.

Plum, S.: "Plumbing Practice and Design," Wiley, New
York.

"Primer in Power Plant Piping," Grinnell Co.

Rase, H. F.: "Piping Design for Process Plants," Wiley,

New York.

Thompson, C. H.: "Fundamentals of Pipe Drafting."

Wiley, New York.

Shop Practice and Tools

Begeman, M. L: "Manufacturing Processes," Wiley, New
York.

Benedict, Otis J., Jr.: "Manual of Foundry and Pattern

Shop Practice," McGraw-Hill, New York.

Boston, 0. W.: "Metal Processing," Wiley, New York.

Burghardt, Henry D., Aaron Axelrod, and James Ander-

son: "Machine Tool Operation," McGraw-Hill, New
York.

Campbell, H. L: "Metal Castings," Wiley, New York.

Campbell, James S., Jr.: "Casting and Forming Proc-

esses in Manufacturing," McGraw-Hill, New York.

Clapp, W. H.: "Metal Castings," Wiley, New York.

Colvin, Fred H., and Lucian L. Haas: "Jigs and Fixtures,"

McGraw-Hill, New York.

Doe, E. W.: "Foundry Work," Wiley, New York.

Dubois, J. H.: "Plastics," American Technical Society,

Illinois.

Hesse, H. C: "Engineering Tools and Processes," Van

Nostrand, Princeton, N.J.

Hine, C. R.: "Machine Tools for Engineers," McGraw-Hill,

New York.

Hinman, C. W.: "Die Engineering Layout and Formulas,"

McGraw-Hill, New York.

Johnson, C. G.: "Forging Practice," American Technical

Society, Illinois.

Schaller, G. S.: "Engineering Manufacturing Methods,"

McGraw-Hill, New York.

Wendt, R. E.: "Foundry Work," McGraw-Hill, New York.

Young, J. F.: "Materials and Processes," Wiley, New York.

Structural Drawing and Design

See Handbooks, as well as the following:

Bishop, C. T.: "Structural Drafting," Wiley, New York.

Shedd and Vawter: "Theory of Simple Structures," Wiley,

New York.

Urquhart, L. C, and C. E. O'Rourke: "Design of Steel

Structures," McGraw-Hill, New York.

Winter, George, and Leonard C. Urquhart, C. E.

O'Rourke, and A. H. Nelson: "Design of Concrete

Structures," McGraw-Hill, New York.

American National Standards

The American National Standards Institute, 1430 Broad-

way, New York, N.Y. 10018.

For a complete listing of standards, see the ANSI price

list and index

Bolts and Screws

Hexagon Head Cap Screws, Slotted Head Cap Screws,

Square Head Set Screws and Slotted Headless Screws,

B18.6.2— 1956

Plow Bolts, B18.9— 1958

Round Head Bolts, B18.9— 1952 (R 1959)

Slotted and Recessed Head Machine Screws and Machine

Screw Nuts, B18.6.3— 1962

Slotted and Recessed Head Wood Screws, B18.6. 1— 1961

Socket Cap, Shoulder and Set Screws, B18.3— 1969

Square and Hex Bolts and Screws, B18.2.1— 1965

Square and Hex Nuts, B19.2.2— 1965
Track Bolts and Nuts, B18.10— 1963
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Charts and Graphs
Illustrations for Publication and Projection, Y15.1— 1959
Time-Series Charts, Y15.2— 1960

Dimensioning and Surface Finish

Preferred Limits and Fits for Cylindrical Parts, B4.1—
1967

Rules for Rounding Off Numerical Values, Z25.1— 1940
(R 1961)

Scales to Use with Decimal— Inch Dimensioning,

Z75.1— 1955

Surface Texture, B46. 1— 1962

Drafting Manual
Sect. 1 Size and Format, Y14. 1— 1957

Sect. 2 Line Conventions and Lettering, Y14.2— 1973
Sect. 3 Projections, Y 14.3— 1957

Sect. 4 Pictorial Drawing, Y14.4— 1957

Sect. 5 Dimensioning and Tolerancing for Engineering

Drawings, Y14.5— 1966

Sect. 6 Screw Threads, Y14.6— 1957

Sect. 7 Gears, Splines and Serrations, Y14.7— 1958
Sect. 8 Castings, Y14.8— 1976

Sect. 9 Forging Y14.9— 1958

Sect. 10 Metal Stampings, Y14.10— 1959

Sect. 11 Plastics, Y14.ll— 1958

Sect. 12 Die Castings, Y14.12— 1976

Sect. 13 Springs, Helical and Flat, Y14.3— 1976

Sect. 14 Mechanical Assemblies, Y14.14— 1966
Sect. 15 Electrical Diagrams Y14.15— 1966

Sect. 16 Tools, Dies and Gages, Y14.16— 1966
Sect. 17 Fluid Power Diagrams, Y14.17— 1966

Gears

System for Straight Bevel Gears, B6. 13— 1965
Tooth Proportions for Coarse-Pitch Involute Spur Gears,

B6.1— 1968

Tooth Proportions for Fine-Pitch Involute Spur and Heli-

cal Gears, B6.7— 1967

Graphic Symbols
Graphic Electrical Wiring Symbols for Architectural and

Electrical Layout Drawings, Y32.9— 1962
Graphic Symbols for Electric and Electronics Diagrams,
Y32.2— 1970

Graphic Symbols for Heat-Power Apparatus, Z32.2.6—
1950 (R 1956)

Graphic Symbols for Heating, Ventilating and Air-Condi-

tioning, Z32.2.4— 1949

Graphic Symbols for Pipe Fittings, Valves and Piping,

Z32.2.3— 1949 (R 1953)

Graphic Symbols for Plumbing, Y32.4— 1955

Graphic Symbols for Use on Railroad Maps and Profiles,

Y32.7— 1957

Graphic Symbols for Welding, Y32.3— 1969

Symbols for Engineering Mathematics, Y10.17— 1961

Keys and Pins

Machine Pins, B5.20— 1969

Woodruff Keys and Keyseats, B17.2— 1961

Piping

Cast-iron Pipe Centrifugally Cast in Sand-Lined Molds,

A21.8— 1962

Cast-iron Pipe Flanges and Flanged Fittings, 25, 125, 250
and 800 1b, B16.1— 1967

Cast-iron Screwed Fittings, 125 and 250 lb., B16.4—
1963

Ferrous Plugs, Bushings and Locknuts with Pipe Threads,

B16.14— 1965

Malleable-Iron Screwed Fittings, 150 and 300 1b.,

B16.5— 1963
Wrought-Steel and Wrought-lron Pipe, B36.10— 1959

Rivets

Large Rivets (
x
/2 Inch Nominal Dia. and Larger), B18.4

—

1960

Small Solid Rivets, B18. 1— 1965

Small Tools and Machine Tool Elements

Jig Bushings, B5.6— 1962

Machine Tapers, B5. 10— 1963

Milling Cutters and End Mills, B94.19— 1958

Reamers, B94.2— 1964

T-Slots— Their Bolts, Nuts, Tongues and Cutters,

B5.1— 1949
Taps, Cut and Ground Threads, B94.9— 1967

Twist Drills, Straight Shank and Taper Shank, B94.ll—
1967

Threads

Dry Seal Pipe Threads, B2.2— 1968

Nomenclature, Definitions and Letter Symbols for Screw

Threads, B1.7— 1965

Pipe Threads, B2. 1— 1968

Unified and American National Screw Threads, Bl.l—
1960
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Washers
Lock Washers, B27. 1— 1965

Plain Washers, B27.2— 1965

Miscellaneous

Knurling, B94.6— 1966

Preferred Thicknesses for Uncoated Thin Flat Medals,

B32.1— 1952 (R 1968)

Publications of National Societies

The national engineering organizations publish a wide

variety of manuals, standards, handbooks, and pam-

phlets. Information concerning these publications is

available directly from the societies. The following is a

selected list of American organizations:

Aerospace Industries Assn. of America, 1725 Desales St.

NW, Washington, D.C. 20036.

Air Conditioning and Refrigeration Institute, 1815 North

Fort Myer Drive, Arlington, Va. 22209

American Association for the Advancement of Science

(AAAS), 1515 Massachusetts Ave. NW, Washington,

D.C. 20035

American Association of Petroleum Geologists, Inc.

(AAPG), 1444 S. Boulder, Tulsa, Okla. 74101

American Association of University Professors, 1 Dupont

Circle, NW, Massachusetts Ave. NW, Washington,

D.C. 20036
American Ceramic Society (ACerS), 65 Ceramic Drive,

Columbus, Ohio 43214
American Chemical Society (ACS), ACS Bldg., 1155 16th

St. NW, Washington, D.C. 20036
American Concrete Institute (ACI), 22400 W. 7 Mi. Red-

ford Station, Detroit, Mich. 48219

American Gas Association (AGA), 1515 Wilson Blvd.,

Arlington, Va. 22209

American Inst, of Aeronautics and Astronautics (AIAA),

1290 Avenue of the Americas, New York, N.Y. 10019

American Institute of Chemical Engineers (AlChE), 345

East 47th St., New York, N.Y. 10017

American Institute of Mining and Metallurgical, and Pe-

troleum Engineers, Inc. (AIME), 345 East 47th St., New
York, N.Y. 10017

American Institute of Steel Construction, Inc. (AISC),

1221 Avenue of the Americas, New York, N.Y. 10020
American Mining Congress, Ring Bldg., Washington,

D.C. 20036

American Petroleum Institute (API), 2101 L St. NW,

Washington, D.C.

American Society for Engineering Education (ASEE), 1

Dupont Circle, Washington, D.C. 20036
American Society for Metals (ASM), Metals Park, Ohio

44073

American Society for Quality Control (ASQC), 161 West

Wisconsin Ave., Milwaukee, Wis. 53203
American Society for Testing and Materials (ASTM), 1916
Race St., Philadelphia, Pa. 19103

American Society of Agricultural Engineers (ASAE), 2950
Niles Rd. St. Joseph, Mich. 44085

American Society of Civil Engineers (ASCE), 345 East

47th St., New York, N.Y. 10017
American Society of Heating, Refrigerating, and Air-con-

ditioning Engineers (ASHRAE), 345 East 47th St., New
York, N.Y. 10017

American Society of Lubrication Engineers, 838 Busse

Highway, Park Ridge, III. 60068
American Society of Mechanical Engineers (ASME), 345

East 47th St., New York, N.Y. 10017

American Society of Photogrammetry, 105 N. Virginia

Ave., Falls Church, Va. 22046
American Society of Safety Engineers, 850 Busse High-

way, Park Ridge, III. 60068
Asphalt Institute, Asphalt Institute Bldg., College Park,

Md. 20740

Association of Iron and Steel Engineers (AISE), 3 Gate-

way Ctr., Suite 2350, Pittsburgh, Pa. 15222

Federation of American Scientists (FAS), 307 Massachu-

setts Ave. NW, 20002
Illuminating Engineering Society, 345 East 47th St., New

York, N.Y. 10017

Industrial Research Institute, Inc., 100 Park Ave., New
York 17, N.Y.

Institute of Electrical and Electronics Engineers (IEEE),

345 East 47th St., New York, N.Y. 10017

Mining and Metallurgical Society of America (MMSA), 345

East 47th St., New York, N.Y. 10017

National Aeronautic Association (NAA), 8211 15th St.,

NW, Washington, D.C. 20036

National Society of Professional Engineers (NSPE), 2029
K St. NW, Washington, D.C. 20036

National Standards Institute, 1430 Broadway, New York,

N.Y. 10018

Society of Automotive Engineers (SAE), 400 Common-
wealth Drive, Warrendale, Pa. 15096

Society of Manufacturing Engineers (SME), 20501 Ford

Road, Dearborn, Mich. 48128
Standards Engineers Society (SES), 6700 Pennsylvania

Avenue S., Minneapolis, Minn. 55423
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Abbreviations, 349

on charts, 408

list, A93-A104
Accordion folding. 491

Accuracy, 490
Acme threads, table, A52
Across-corners construction of hexa-

gon. 83
Across-flats construction of hexagon,

83
Acute angle, 103

Adjacent areas, 171

Adjacent-part lines, 59. 60

Aligned dimensioning, 346
Aligned sections, 249

Aligned views. 250
Allowance, 371

Alphabet of lines

ink. 59
pencil. 59

Alphabets

inclined, 119

vertical, 116

Alterations, 497
Alternate-position lines, 59. 60. 330
Alternate-position views. 137

Altitude, 428
American Standard thread series, table,

A48-A49
Ames lettering instrument. 116

Ampersand, 1 18, 1 19

Analog plotter, 468
Angles. 103

to bisect. 82
dimensional tolerance. 380
dimensioning, 361

to divide, 82
drawing. 47

of elevation, 285

gage for, A78
in isometric, 270
lateral. 284
to lay out, 80, 81

for oblique drawing, 275
for perspective drawing, 284
positioning by, in dimensioning, 351,

352
rivet size for, A78
trigonometric functions for, table,

A26-A31
Animation. 468
Annealing, 339

Applied geometry, 5, 71-103
problems, 104-112

Archimedes, spiral of, 98
Architect s scales, 34 — 35, 50
Arcs:

dashed-line, 143
dimensioning, 363
in isometric, 273
to lay off length on line, 87

length of chord, table. A32
in oblique, 278
tangent to arc, 58

to straight line, 58
and circle, 77

to two lines. 76
Areas:

adiacent, 171

hidden, 171

meaning. 169

reading, 171-172
Arms in section, 246
Arrowheads. 343
Arrowless dimensioning. 504
Artgum eraser, 32
Assembly

of parts, 339
selective, 373

Assembly drawings, 484 — 487
bill of material for, 489
number for, 495
problems, 515 — 518
tabular, 488

Assembly sections, 241

Assembly sketches. 497
Auxiliary-ad|acent auxiliary view. 223
Auxiliary elevation, 222
Auxiliary sections. 240
Auxiliary surface, 140, 171

Auxiliary views, 204-223
basic concepts, 204 — 205
defined, 204
dimensioning, 358
procedure, 21 1 -215
reference plane, 207

sectional. 240
terms for, 222
types of, 222
(See also Edge views; Normal views)

Axes, pictorial, sketching, 295
Axis:

of surfaces, 428
of vision, 284

Axonometric proiection. 6, 266-267
from orthographic views, 8, 279

Axonometric sketching. 294. 302
problems, 306

Bar charts, 415
Barch-Payzant pen, 126

Base line for lettering, 119

Base-line dimensioning, 378

simplified. 504

Basic-hole system. 372, 373

Basic-shaft system, 372, 373

Batters, dimensioning, 363
Beam compasses, 40, 736

Beam connections, A78
Beams, structural, table, A79
Bearing, symbol for, 254

Belt rivets, table, A58
Bevel scale, 35
Bibliography. A130-A137
Bilateral tolerance. 373, 374

Bill of material, 489

Binding-head screws, table, A55
Bisecting

angle. 82
line, 52. 78

Blueprints, 31, 501

of charts, 408
Boards, drawing, 30, 43

Boldface lettering, 114

Bolt circles, 367
Bolt-length increments, table. A54
Bolts

diameters, table, A54
lengths, table, A54
round-head, table. A53
in sectional views. 246

specification, 369

square- and hexagon-head, table.

A50
Border pens, 42, 736

Borders on drawing sheet. 52

Boring, 333
Bottleholder, 33
Bottom view, 137

Bow instrument, 37, 38. 55

Box construction:

for isometric drawings, 269

in sketching, 297

Box method for transferring polygon. 83

Braddock-Rowe triangle, 114

1
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Brass fittings, table, A82
Breaks, conventional, 252
Broaches, 337
Broaching, 337
dimensioning, 375

Broken-out sections, 238
Broken views, 239, 253
Bushings:

pipe, table, A73
tables, A80-A81

Butt-welding pipe fittings, table, A75
Buttress threads, table, A52
BW prints, 501

Cabinet drawing, 278

problems, 314
sketching, 294

Cable, symbol for, 254

Calculator, hand, A9-A21
problems, A20-A21

Calculus, graphic, 413
Calipers, 500
Cams, 24

Cap line for lettering, 119

Cap screws:

hexagon-head, table, A50
socket- and slotted-head, table. A54

Capital lettering, 116-119
Captions for scales, 408-409
Carburizing. 339
Carriage bolts, table. A53
Casehardening, 339
Cast-iron fittings, tables, A71, A74
Cast-iron pipe, threaded, table, A76
Cast-iron valves, table, A77
Casting drawings, 391

Castings
die, 330
dimensioning, 390 — 391

sand (see Sand castings)

Catalogues, A105-A129
Cathode-ray tube display, 468-469
Cavalier projection, 275

sketching, 294
Center of vision, 284
Center lines, 59, 60. 143. 492

in dimensioning. 350, 351. 357. 380
Centers:

of arc. 85
of circle, 86
location in sketching, 298

Chain, symbol, 254

Chamfers, dimensioning, 361

Change-record blocks, 495. 497
Changes in drawings, 497
Channels, steel, table, A79
Charts, 11, 406-421
ANSI Standards for. 417
bar, 415
captions, 408-409

Charts:

choice of, 410 — 411

classification, 413
classification of. 406
computer graphics, 474
curves for, 406, 408
data for, 411-413
for display, 417
to draw, 407-409
of equations, 41 1 -413
flow sheets, 413
keys for, 408
lettering, 409
line widths, 409
logarithmic, 409
multiple-bar, 415
nomograms, 413
notation for. 407
pictorial, 416
pie, 415
polar, 409
popular, 414
problems, 422
ratio, 409
rectilinear, 406
for reproduction, 416
route, 413
scale values, 408
scales, 408, 409

semiloganthmic, 409
strata. 416
titles. 407, 408
trilinear, 411

volume, 416
Checking of drawings. 496

order of, 496
Chemical symbols, A104
Chordal method for laying out angle. 80

Chords, table of length for circle arcs,

A32
Circle arcs (see Arcs)

Circle method for ellipse, 91

Circles:

center, 86
concentric, 55
as conic section, 88

to draw, 53-56
freehand, 163

to inscribe: in polygon, 87

in square. 87

in triangle, 86
instruments for drawing, 36-44
in isometric. 272-273, 299

in oblique, 278
in perspective, 289
in pictorial, sketched, 298
size of. 51

sketching. 163

tangent to line, 74

tangents to, 58, 75, 101. 102

through three points, 85

Circular features, drawing, 6

Circumscribed figures, 83
Civil engineer s scale, 34

Classification charts, 413

Clay modeling, 174

Clearance fits, 372
table, A67

Cloth (see Tracing cloth)

Coarse-thread series, table, A48—A49
Colors, abbreviations for, A103
Combination square, 500
Commercial Gothic lettering (see

Gothic lettering)

Commercial practices, 26. 502-508
overlays. 506
simplified drawing (see Simplified

drawing)

templates. 506. 507
Common-fraction dimensioning, 346
Compasses, 37-38, 53-56
Compressed lettering, 114, 122

Computation sketches. 497
Computer graphics, 466-480

interactive. 476
numerical control, 477-480
programming, 471

tools and machines for, 416-471, 476

uses of, 473-477
Concentric-circle method for ellipse, 92
Concentric circles, 55

Condensed lettering, 114, 122

Cone-point setscrews. A56
Cones, 103

defined. 428
development, 453-455
dimensioning, 349-350
intersection: with cylinder, 440

with line. 437
with plane. 438. 439

of revolution. 88
Conic helix. 99
Conic sections, 88
Conjugate diameters, 89

for projection of ellipse, 154

Connections, beam. A78
Connectors for sheet metal. 458
Conoid, 103

Contour pen, 42
Conventional breaks, 252
Conventional practices. 245, 250 — 254
problems. 254-261

Conventional symbols. 253. 254

Conversion tables:

English to metric, A23
fractions to decimals, A23
weights and measures. A33 — A44

Cooper's rivets, table, A58
Coordinate caper for sketching,

160-162, 499

Coordinate rulings for charts. 408

Copying methods. 502



INDEX

Core box. 328
Corners:

identification, 154

reading, 173
Corrections of drawings, 497

Cosine values, table, A26-A31
Cotangent values, table, A26-A31
Cotter pins, table, A82
Counterbore, 337
Counterbored holes, dimensioning, 366

Countersink, 337
Countersunk bolts, A53
Countersunk holes, dimensioning, 365

Couplings, pipe, table, A70
Cross-section paper, 160-161, 499

Crossed-belt tangents, 101

Crosshatching (see Section-lining)

Cubic prism, 103

Cumulative errors, 50

Cumulative tolerances, 378

Cup-point setscrews, A56
Curved features, drawing, 6

Curved lines:

defined, 85
division, 52
double-, 85
geometry, 85-100
normal to, 85
single-. 85
tangent to, 85

Curved rulers. 35

Curved surfaces.

dimensioning. 368
intersection. 436

Curves
on charts, 407-409
cycloidal, 97
dimensioning, 364
in isometric, 271

noncircular, to draw, 93
in perspective, 290
plane, 88
projection of, 154

sketching, 298
Cutting-plane lines. 59. 60

Cutting planes. 237
for alignment of holes, 249
offset. 238
symbol for, 242

Cycloids, 97
Cylinder, 103

defined, 428
development. 450
dimensioning, 349, 355-356, 367
intersection, 439

with cone, 440
with line. 436
with plane, 437

measurement, 499
Cylindrical fits, table: of limits, A67-A68

of preferred sizes, A66

Cylindrical helix, 99
Cylindroid, 103

Dashed lines, 142

Dashes in dimensioning, 349
Data, analysis of, 41

1

Datum dimensioning, 354, 364
Decagon, 103

Decimal dimensioning, 347, 352
Decimal equivalents of fractions, table,

A25
Decimal places, 374
Decimal points, 349
Decimals, rounding off, 348
Depth, defined. 348
Depth gage, 500
Depth measurements, transfer, 152

Design drawing, 484
Design sketches, 497
Detail drawings, 484, 487-488

inking order, 492
penciling order, 492
problems, 510-515. 519-526

Detail sketches, 497
Developed views, 250
Developments, 10, 448-453

cone, 453-455
cylinder, 450
defined, 448
double-curved surfaces. 457
elbow. 452
gore method, 458
octagonal dome, 452
prism, 448
problems, 459-462
pyramids, 449
sphere, 457
theory, 448
transition pieces, 455
by triangulation, 453
warped surfaces, 457
zone method, 458

Diagonals:

in sketching, 298
uses of, 83

Diagram drawings. 487
Diagrammatic sketches. 497
Die castings. 330
dimensioning, 375

Dies, 330
Dihedral angle, 448
Dimension lines, 59, 60
placement, 355
spacing. 355

Dimension values, placement, 345
Dimensioning, 342 — 397
abbreviations for, 349
aligned system, 346
by angle, 351

angles, 361, 380

Dimensioning:

arcs, 363
arrowheads for, 343
arrowless. 504
auxiliary views, 358
basic, 354
batters. 363
bolt circles, 367
broaching, 375
castings, 390
center lines, 350, 356-358, 380
chamfers, 361

common-fraction, 346
cones, 349
continuous, 356
contour, 355
correlation, 352
counterbore, 366
countersink, 366
curves. 364, 368
cylinders, 349. 356, 367
from datum, 354, 364
decimal. 347
die castings. 375
dimension lines, 59, 60, 358
distance. 345
distances, selection of. 342
drilling, 375

drop forgings, 392
dual. 394-396, 536-559
extension lines for, 343
fasteners, in feet and inches, 345
figures for, 345
finish marks, 348
fit (see Fit)

foreign, 346
forgings. 375, 392
fractions for, 345, 346

grades, 363
grinding, 375
half section, 356
hole circles, 367
holes, 365-366
keys, 369
lathe. 375
leaders, 344
limit (see Limit dimensioning)

in limited space, 358
line weights for, 342
mating parts, 352
maximum and minimum, 355
measuring for, 499
method, 342
metric, 368, 394-396. 536-559
milling, 375
normal views, 358
notes for (see Notes, for dimension-

ing)

by offset, 351, 364
order of. 358
of orthographic drawings, 20
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Dimensioning:
parts machined from stock, 389
pictorial drawings, 20, 360-361
of pipe drawings. 609
of pipe fittings, 605
of pipe threads, 606
placement, 342, 355-361
planing, 375
plastic molding, 375
position, 348, 365

selection of, 350
practice, 342
prisms, 350, 355
problems, 397-398
production methods, 385
pyramids, 350
radii, 364
reading direction for. 346
reaming, 375
reference, 354
revision. 348
roughness symbols, 384
rounded-end shapes, 365
sand castings, 375
scale, 348
sectional views, 358
selection. 350

principles, 387
procedure, 387

shaping, 375
sheet-metal parts, 392
simplified. 506
size, 349
maximum and minimum, 355
section of, 350

slopes, 366
spheres, 350, 367
spot-faced holes, 366
staggered, 357
standard features, 342, 369
superfluous, 352
surface quality symbols, 384
tapers, 361

theory, 349
threads, 375
tolerances (see Tolerances)

true-position, 382
unnecessary, 352
values for, 345, 347
placement, 356, 357

views. 355, 357
warped surfaces. 350
working sketches, 497

Dimensioning systems, 166
Dimensions, 20, 371

used by machinist. 333
Dimetric drawings. 7, 266. 274
from orthographic views. 8, 279-281
problems, 313
sketching, 295

Directo prints, 501

Directrix, 93
Display charts, 417
Displays, 468-471
Distance dimensioning, 345
Distances in sketching, 299
Dividers. 37, 38. 52, 152
use of, 52

Dodecagon, 103

Dodecahedron, 103
Dotted lines. 142n.

Double-curved line, 85. 99
Double-curved surfaces, 103, 428
development, 457

Drafting pencils, 31 -32
Drafting tape. 31

Drawing:

angles, 48

isometric (see Isometric drawings)
layout, 52, 151

lines, 46
oblique (see Oblique drawings)
order of, 155, 492
orthographic (see Orthographic free-

hand drawing; Orthographic pro-

jection)

perspective, 281-293
pictorial (see Pictorial drawings)
preparation for, 43
procedure for, 155

and shop, 326-339
speed in, 490

Drawing board. 30
height, 43
inclination, 43

Drawing ink, 33
Drawing number, 495
Drawing paper, 30
placement, 45
texture, 157-159

Drawing pencils, 31

Drawing sheet, layout. 52
Drawings

alteration, 497
assembly, 484-487
auxiliary, 9
axonometric, 8
chart, 407
checking, 496
design, 484
detail, 484, 487

penciling, 492
dimensioning (see Dimensioning)
dimetric, 7

distribution, 326
duplication, 20
electrical (see Electrical drafting)

filing, 491, 502
folding. 491

forging. 330
freehand, 6, 157

illustrated. 725-732

Drawings:

inking, 492-494
instrument, 30, 36-43
isometric, 7

layout, 149

manufacturing method and, 326
multiple system, 327
oblique, 8

one-view, 7

orthographic, 132-179
pattern, 328
penciling, 492
pictorial, 6
piping, 24
printing, 492
prints of, 501-502
reading (see Reading of drawings)
reproduction, 501

scale, 49-52, 348
set, 489
and shop, 326
sizes of, 149, 491-492
standard. 488
tabular, 488
three-view, 7

title blocks for. 702
trimetric, 8

two-view, 7, 144

welding, 23
working (see Working drawings)

Drill, 337
Drill press, 333
Drilling, 333
dimensioning, 375

Drills:

specification, 369
table of sizes, A52

Drop forgings. 326, 330
dimensioning, 392

Drop line for lettering, 119

Drum line plotter, 467-468
Dual dimensioning. 394-396
problems. 536-559

Edco pen, 126

Edge views, 141. 205
of skew surface, 217-218

Edges:
projection, 140

reading, 173

true length, 140

Eight-centered ellipse. 93. 94
Elbows:
development. 452
drawing, 215, 216
pipe. 604

table, A70
Electrical diagrams, table of graphic

symbols for. A87-A91
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Electrical drafting, 24

Elevation auxiliary, 222
Elevation view, 134

Elevator bolts, table. A53
Ellipses:

approximate, 94

as conic section, 88
construction, 90-92
defined, 88
diameters, 88-89
equation, 89

in isometric, 272
projection, 153

in sketching, 294
tangents to, 92

Ellipsoids, 103, 428
Empirical equations, charts for, 411

End elevation, 135

End view of line, 217

Engineering drawing, 4

Engineering graphics

defined. 4

importance of, 4

Engineering orders, 497
Enlarged drawings, 51

Enlarged view, 358
Enlarging geometric shape, 83
Epicycloid. 97
Equiangular triangle, 103
Equilateral hyperbola, 96
Equilateral triangle. 103

to locate center, 82
Erasers. 32
Erasing. 62

ink, 492
Erasing machine, 63
Erasing shield. 32
Executive sketches. 497
Exploded drawings, 527-532
Exponential equations, plots. 413
Extended lettering, 114, 122
Extension lines, 59. 60, 343
Exterior materials, symbols, A92
Extra-fine thread series:

table, A48-A49

Facing, 332, 333
Fasteners. 22. A105-A121

Palnuts, A110-A111
Pushnuts. A112-A113
Rivets, A105-A109
Rivnuts, A114-A117
Rollpins. A118-A121

Filing of drawings, 491. 502
Fillet-and-round gage, 500

Fillets, 251

dimensioning, 349, 354
Fillister-head screws, tables, A54. A55
Fine-thread series, table, A48-A49
Finish marks, 348

Finish turning, dimensioning, 375
Fit, 372, 376
ANSI, 376

examples, 377
classes, 372

cylindrical, 376
limits, tables, A67-A68
preferred sizes, table, A66

description, 376
of mating parts, 370

Fittings, tables: brass. A82
butt-welding, A75
cast-iron, A74
flanged, A74
malleable-iron, A70 — A71
screwed, A70 — A71

Fixtures, 339
Flanged fittings, table, A74
Flash, 330
Flat-head screws, tables, A54, A55, A57
Flat keys, tables, A58, A59
Flat-point setscrews, A56
Flatbed plotter, 467
Flow sheets, 414
Focus, 88, 95
Fold lines, 451

Folding of drawings, 491

Foot marks, 345
Force fits, table, A68
Forgmgs. 330
dimensioning, 375
drop, 330

dimensioning, 392
Form tolerances, 383
Formed surface, 332
Foundry. 329
Four-centered ellipse, 92
Fractions:

lettering, 118

table of decimal equivalents, A23
Freehand drawing (see Sketching)
French curves, 35
use of, 61-62

Front-adjacent auxiliary. 222
Front auxiliary, 222
Front elevation view, 134

Front view, 134

Frontal line, 141

end view, 217

Frontal plane, 134
Frustum, 103

of pyramid, 428
Full-divided scales. 34
Full-dog-point setscrews. A56
Full section, 237

isometric, 274

Gages
for angles, A78
measuring, 499

Gang milling, 336
Gate valves, table, A72
Gears. 23

rack, 68
Generated surface. 332
Generatrix, 428
Geometric shapes, 103

breakdown, 175

Geometry:

applied, 5, 72-103
problems. 104-109

Gib-head keys, table, A58
Girth line, 448
Globe valves, table, A72
Glossary, A1 — A8
Gore method, 458
Gothic lettering, 5, 114-121
Grades, dimensioning, 363
Graphic calculus, 413
Graphic language, 4 — 5

Graphic symbols (see Symbols)
Graphics (see Computer graphics)

Graphics program, 471

Graphs (see Charts)

Graticulation, 290
Grinder, 336
Grinding, dimensioning, 375

Ground plane, 284

Guide lines

for fractions, 119

for lettering, 1 14, 115

for slope, 120

Half-dog-point setscrews. A56
Half section, 238
dimensioning, 360
isometric. 274

Half views, 250
Hand calculator, A9-A21
problems, A20-A21

Hard-copy devices, 470 — 471

Hardening, 339
Heat-power symbols, table A84
Heat-treatment, 339
Heating symbols, table, A84
Heel radius, 452
Height, defined. 138

Helicoid. 103

Helix, 99, 100

Hems for sheet metal. 458
Henry tank pen. 127

Heptagon, 103

Hexagon, 103

to construct, 83
Hexagon-head bolts, table, A50
Hexagon-head cap screws, table. A50
Hexagon-head screws, tables, A50. A55.

A56
Hexagon nuts, table, A51

Hexahedron, 103
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Hidden features, 142

in sectioning, 242
Hidden lines, 59. 60, 142

in isometric, 269
Hole circles, 367
Holes:

dimensioning, 365
in isometric, 272
measurement, 499
positioning, 367

Honing, 337
Horizon. 284
Horizon plane, 284
Horizontal lettering strokes, 116

Horizontal lines, 140

drawing, 45
end view, 217

sketching, 161-162
Horizontal plane, 134 — 135
Horizontal projection, 151

Hyperbola, 96

as conic section, 88
Hyperbolic paraboloid, 103

Hyperboloid, 103, 428
Hypocycloid, 97

Icosahedron, 103

Idea sketches, 497
Illustration, 303
Inch fractions, table of decimal equiva-

lents, A23
Inch marks, 345
Inclined lettering, 119-121
Inclined lines:

intersection with plane, 429
in perspective, 292

Inclined planes in perspective. 293
Inclined surface, 9, 206
normal view, 206-210
on practical objects, 210-213
problems, 223-231

(See also Auxiliary surface)

Ink cartridge. 33
Ink lines, 60, 61

Ink shading, 305
Inkholder for pens. 127

Inking. 56-58
drawings, order of, 492-493
order of, 68, 155-157, 492-493
pens for, 33

Inks, 33
erasing. 492
printing of, 492

Inscribed figures, 84
Inspection of parts, 339
Instrument drawing, 6
Instruments, 30-63
Ames lettering, 116

beam compasses, 736
bow, 37-40, 53-56

Instruments:

Braddock-Rowe, 115

compasses, 37-40, 53-56
dividers, 37-40, 52
french curve, 35, 61

lettering, 41

pencil pointer, 32

pencils. 31-32, 44-45
pens, 33, 36-37, 56-58
scales, 34-35, 49-51
selection, 30
sets, 42, 43
T square, 33. 45-48
triangles, 33, 46-49
use of, 5, 43
exercises in, 63-69
rules for, 63

Interactive graphics, 476
Intercept, 288
Interference fits, 373

table, A68
Intersections, 10, 141, 428

of cone: with cylinder, 439
with line, 437

conventional, 250. 252. 428
of curved surfaces, 436
of cylinders, 439

with cone, 439

with line, 437
defined. 428
of lines (see Lines)

of planes (see Planes)

plotted. 428
prisms, 434
and pyramid, 436

problems, 459-463
procedure, 430
of pyramids, 435
and prism, 436

Involute, 98
Irregular curves, 36
Isometric drawings, 7, 268 — 281

angles, 270-271
arcs, 273
axes, 267, 268
box construction, 270
circles, 272
curves, 271-272
ellipses, 272

to make, 268-269
measurements, 269
nonisometric lines in, 269

offset method, 271

from orthographic views, 7. 281

problems, 306-308
reversed, 273-274
scale for, 268
sections, 274
sketching, 294-297
spheres, 273

Isometric line, 268

Isometric planes, 268
Isometric projection, 267-268
Isosceles triangle, 103

Jig bushings, table, A80
Jigs, 23, 339
Joints, for sheet metal, 458

Key for chart, 408
Key seats, tables, A59 — A61
Keys, 22

specification, 369
tables, A58-A59, A61

Keyways, tables, A59 — A61
Knurl, conventional symbol, 254

Lap |Oints. 458
Lapping, 337

Lathe, 332
turret, 335

Lathe turning, dimensioning, 375

Lay, symbols for, 387

Layout drawings, 60
Leaders, 344
Left auxiliary, 222
Left-handed draftsman, 47, 49

lettering for, 122-123
Leroy pen, 126

Lettering, 5, 114-127
alphabets, 118-123
boldface, 114

capital, 117-121
for charts, 409
composition, 123—124
condensed, 114, 122

extended, 114, 122

fractions, 119

Gothic, 116-119
guide lines for, 114, 119

horizontal strokes for, 116

inclined, 119-120, 122

instruments for, 115, 116

for left-hander, 122-123
lightface, 114

lower-case, 119, 121

numerals, 118- 1 19

pencil, 115-116
pens, 127

problems, 128-129
proportions, 114, 117

Reinhardt, 121

single-stroke, 114 — 124

inclined, 119-121
vertical, 116-119

slope lines, 120

spacing. 124-125
stability rule for. 114

strokes, 117- 119. 122, 123
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Lettering:

thickness, 116

titles, 124,495-496
vertical, 116-119
vertical strokes for, 117

words, 124

Lettering instruments, 41

Lettering pens, 126

Lettering strokes, 116, 122

for left-handers. 122

Light and shade, 303
Light pen, 476
Lightface lettering, 114

Limit dimensioning, 369-372
allowance. 370
angles, 380
basic-hole and basic-shaft, 372,

373
for cylindrical parts, 376
fit (see Fit)

for manufacturing, 374 — 375
nomenclature, 371 -372
problems, 397-398
surface quality, 383

symbols, 386
tolerances (see Tolerances)

values, 373
(See also Dimensioning)

Line connections, 73-78
Line gage, 61

Line plotter. 617
Line practice, 61

Line relationships, 73-78
Line widths, 58-61

for curves on charts. 409
for dimensioning. 342

Linear equations, plots of, 411

Lines, 5

alphabets, 59-60
to bisect, 53, 78

center, 143

classification, 140-141
curved (see Curved lines)

to divide, 52, 79, 80
double-curved, 99
drawing, 46
end view, 217

fold, 448
freehand, 157-158
frontal, 141

gage for, 61

hidden, 142

horizontal, 46, 141

inclined, 292, 429
ink, 60, 61

intersection: with cone. 437
with cylinder. 436
with plane, 429-431
with skew surface. 431

to lay off on circle. 88
long-break, 59, 60. 254

Lines:

meaning, 169

measuring, 286, 451

normal view, 215 — 217
oblique, 140

parallel, 49, 72, 73. 100

pencil, 59, 61

perpendicular, 49, 73, 100

positions, 140. 141

precedence, 143
problems, 104
profile, 141

representation of, 141

sketched, 157-162
skew, 140, 215, 430
tangents to. 74, 76, 101

transverse, 296

to trisect, 79

true length of, 140, 215
through two points. 72
vertical, 47

sketching, 296
widths, 60

Lists, computer graphics, 473-474
Lithoprinting, 502
Locational fits, table, A67-A68
Lock screws, table, A80
Lock washers, table, A63
Logarithmic charts, 409
Logarithmic functions of angles, table.

A26-A31
Logarithmic paper, 409
Logarithmic plots for data, 412
Logarithmic scales, 409
Logarithms of numbers, table,

A24-A25
Long-break lines, 59, 60. 254

Lower-case lettering, 119 — 121

Lugs in section, 247

Lunes, 457

Machine elements. 21

Machine parts:

method of production, 326
sheet-metal. 326, 337
from stock, 326, 335
welded, 327, 337

Machine screws:

nuts for. table. A56
table, A55

Machine shop, 330
Machine tapers, table, A64
Machining, 331, 334, 335
Machining drawings, 488
Malleable-iron fittings, table. A70
Malleable-iron unions, table. A75
Manufacturing methods, drawings for,

327
Maps, 25

computer graphics, 474-475

Masking tape, 31

Materials:

symbols, A92
weights, A92

Mathematical models, 471-472
Mathematical tables, A22-A46
problems, 1 12

Mathematical values, table. A22
Mating parts:

dimensioning, 352, 354
fits (see Fits)

Mating surfaces. 370
Matrix plotter. 468
Measurements, 50, 499
conversion tables, A23, A35-A46
in isometric, 268
making, 499
metric, 11-19, 394-396
reading, 52

scale, 51

SI units, 11

for sketches, 299
transfer, 152

Measures, conversion table, A33-A76
Measuring lines, 451

in perspective, 286-288
Measuring-point method for perspec-

tives. 291

Mechanical engineer's scales, 34, 50

Meridian sections, 457
Metric dimensioning, 368, 394-396
problems, 536-559

Metric equivalents, table, A23
Metric measurement:

dual dimensioning, 394-396.
536-559

SI units, 11-19
Micrometer caliper, 501

Milling, 336
dimensioning, 375

Milling cutters, specification, 369
Milling machine, 335-336
Missing-line exercises. 179

Miter projection, 151

Modeling, 175

Molds, 330
Multiple-bar charts. 415
Multiple-drawing system, 327
Multiple-view drawings, 492
Mylar, 491

Nominal size, 371

Nomograms, 413
Nonagon, 103

Noncircular curves to draw, 93
Nonisometric line, 269
Normal to tangent line, 85
Normal views, 9, 204

for constructing other views, 215

dimensioning, 357, 358



Normal views:

drawing procedure, 211-213
inclined surface, 206-210
on practical object, 210-213
problems, 223-231

line, 215-217
purposes, 213-215
skew surfaces, 219-222
on practical objects, 221-222
problems, 223-231

Normalizing, 339
Normals to ellipse, 92
Notation for charts, 407

Notes:

for dimensioning, 343, 351, 357, 361

general, 361

reading direction for, 346

specific, 361

in title blocks. 126

wording, 368
Numbers, logarithms of, table,

A24-A25
Numerals, lettering, 118-119
Numerical control:

programming, 479 — 480

tools and machines for, 477-480
uses of, 480

Nuts:

Palnuts. A110-A111
Pushnuts, A112-A113
Rivnuts, A114-A117
tables hexagon, A51

machine-screw, A56
square, A51
stove-bolt, A56

Object orientation, 144

Oblate ellipsoid, 103

Oblique cone, 103

Oblique cylinder, 103

Oblique drawings, 8, 266, 276-278
cabinet, 278

circles, 278

to make, 276

object orientation, 276
offset method 278
from orthographic views. 281 -282
problems, 310-314
rules for, 276
sketching, 294, 295, 302
problems, 315

starting plane, 278
Oblique hexagonal pyramid, 103

Oblique line, 141

Oblique pentagonal prism, 103

Oblique pentagonal pyramid, 103

Oblique projection, 6, 8, 275
from orthographic views, 8

rays of sight for, 132

Oblique pyramid, 428

Oblique rectangular prism, 103

Oblique surface, 140. 171. 205, 428

Oblique view, 222

Obtuse angle, 103

Octagon, 103

to inscribe in square, 84

Octagonal dome, development, 452

Octahedron, 103

Offset method:
for isometric, 269-274
for parabola, 88, 95
for transferring polygon, 83

Offsets, positioning by, in dimension-

ing, 351. 364

Ogee curve, to draw, 77

One-view drawings, 7

Open-belt tangents, 102

Open-divided scales, 35, 50, 52

Orthogonal projection (see Ortho-

graphic projection)

Orthographic drawing, 132-179
(See also Orthographic proiection)

Orthographic freehand drawing,

157-166
(See also Sketching)

Orthographic projection, 132-155
defined, 132

freehand, 157, 165

introduction to, 6

planes for, 134-135
rays of sight, 132. 133

reading exercises, 145, 146. 167 — 179

in sketching, 157 — 166

theory, 132

types of, 7

views, 6-9, 132-137
projection from axonometric, 279

isometric, 281

oblique, 283
Orthographic reading (see Reading of

drawings)

Orthographic views, 475 — 476

(See also Orthographic projection,

views)

Outline assembly drawing. 486

Outline lines, 59, 60

Outline sectioning, 245

Outline sketches, 497

Oval-head screws, tables, A55. A57
Oval-point setscrews, tables, A56
Overlays, 506-507
Ozalid prints, 502

Pan-head screws, table, A55
Paper:

sizes, 491

for sketching, 160-161
texture, 158-159
tracing, 31, 490

(See also Drawing paper)

Parabola:

as conic section, 88

construction, 95
defined, 93
equation, 94
method for parabolic-envelope,

95
parallelogram, 95

Paraboloid, 103, 428
Parallel lines to draw, 49, 73. 100

Parallel perspective, 288
Parallelepipeds, 103

Parallelogram method:
for ellipse, 92

for parabola, 95

Part machined from stock, dimension-

ing. 389
Part number. 495
Partial views, 215

auxiliary section. 240

Parts list, 489
Parts production, 388-389
Pattern drawing, 328, 488

Pattern shop. 328
Pen shading, 305
Pen strokes for lettering, 126

Pencil cloth, 490
Pencil lines, 59, 61

Pencil pointer, 32

Pencil shading, 304

Penciling

order of, 492
stages in, 156

Pencils, 31-32
choice, 44 — 45

for lettering. 115-116
to sharpen, 44

sketched lines with, 157

use of, 45

Penholders, 33
Pens. 33. 37. 42, 56

for lettering, 126

to sharpen, 56

use of. 57

(See also specific types of pens)

Pentagon, 103

construction, 84

to inscribe in circle, 84

Penwiper, 33
Perpendicular lines, 49, 73, 101

Perspective, 9

Perspective drawings, 266. 282-288
angles for. 284-285
circles. 289-290
cruves. 290
definitions, 284
elevation view angle, 285

inclined lines, 292
inclined planes, 293

lateral view angle, 284

to make, 285, 288



Perspective drawings:
measuring lines, 286
measuring points, 291

parallel, 288

problems, 306-307
sketching, 294-297, 302

problems, 313

terms used, 284
theory, 282
vanishing points, 286-287

Perspective proiection, 6, 9

rays of sight for, 132, 133

Photostat prints, 502
Pictorial charts, 416
Pictorial drawings, 6, 266-305
axonometric, 266
dimensioning. 20, 360-361
dimetric, 266. 274
isometric, 268-274
methods, 268
oblique, 276-278
perspective, 189. 282-293
problems, 313

trimetric, 266, 275
(See also Pictorial sketching)

Pictorial illustration, 303
Pictorial projection, three main divi-

sions, 6

Pictorial sketching, 174, 293-304
axes. 295
axonometric, 294. 302
box construction in, 299

circles, 298
classification, 294
curves. 298
diagonals. 298
dimetric, 295
distances in, 299
illustration, 303
isometric. 295
light and shade, 303-304
materials for, 294
measurements, 299-301
oblique, 294, 296, 302
perspective, 294. 302
principal lines, 296-297
problems. 307-312
proportioning, 299

shading, 304
stages in, 174

steps in, 301

for symmetry, 297

trimetric. 296
type of selection, 296
view direction. 294
working drawings. 497-501

Pictorial views, 132
Pictorials (see Pictorial drawings)

Picture plane in perspective, 284
Pictures, computer graphics, 475
Pie charts. 415

Pin and string construction of ellipse,

90
Pipe:

cast-iron, table, A76
conventional break for, 252
table, A69

(See also Piping)

Pipe bushings, table, A73
Pipe fittings, tables, A70-A77
Pipe flanges, table, A74
Pipe nipples, table. A72
Piping, table, A69
Piping drawings, 24

Piping symbols, table. A83-A84
Plan view, 134

Plane curves, 88
problems, 107

Plane figures, problems, 104

Plane surfaces (see Planes)

Planer, 334
Planes:

generation, 428
inclined, in perspective, 293
intersection, 429

with cone, 438
with cylinder, 437
with lines, 429-433
with planes, 433

of projection, 134-135. 139
receding. 432
relationship. 139

skew, intersection. 434
Planing, dimensioning, 375
Plasma panel display. 469-470
Plastic molding, dimensioning, 375
Plastics. 337. 491

Plinths. 103

Plotters, 467-469
Plumbing symbols, table, A85
Points:

measuring, in perspective, 291

of tangency, 74
vanishing, 286-288

Polar charts. 409
Polygons, 103

construction, 85
to inscribe circle on, 87

to transfer to new base. 83
Popular charts, 414
Position dimensions. 350

selection, 350-352
Positional tolerances, 382
Power equations, plots of, 412

Pratt and Whitney keys, table. A61

Precision, 369
Primary auxiliary (see Normal views)

Printing of drawings, 492
Prints of drawings, 501-502
Prisms, 103

defined, 428
development, 449

Prisms:

dimensioning, 355, 361

intersection, 434-435
with pyramid, 436

Profile line. 141

end view, 217
Profile plane, 133
Programs
computer graphics, 471 -473
numerical control, 479-480

Proiection:

auxiliary, 206-210
axonometric, 6, 266

from orthographic views, 279
cabinet, 278
cavalier, 275
dimetric, 274
isometric, 267
methods, 151 - 155

oblique, 6,8, 276-278
orthographic (see Orthographic pro-

jection)

perspective, 8, 132

pictorial (see Pictorial sketching)

reversed, 273-274
trimetric. 275
from views. 151

Proiection studies, 145, 146

Proiective geometry, 132
Projective theory, 132
Projectors. 133
Prolate ellipsoid, 103
Protractor, 43
Pyramids, 103

defined, 428
development, 449
dimensioning, 350
intersection, 435

with prism. 436

Quadrilaterals, 103

Quarter scale, 51

Quarter size, 51

Radii:

dimensioning, 364
throat and heel. 452

Railroad pens, 41

Raster cathode-ray tube, 469

Rate-of-change chart, 409
Ratio chart, 409
Reading of drawings, 167 — 168

areas, 169-171
calculation of volume as aid, 175

corners. 173

defined. 167

edges, 173

exercises in, 177 — 179

lines, 169. 171
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Reading of drawings:

by modeling, 174

by pictorials, 174

procedure, 168

by sketching, 173-174
surfaces, 169-172

Reamers, 338
specifications, 369

Reaming, dimensioning, 375
Rear auxiliary, 222
Rear view, 137

alternate position for, 137

Record strip, 496
Rectangle, 103

locating center, 83
Rectangular plots for data, 41

1

Rectilinear charts, 406
Rectilinear coordinates, 407, 411

Reducing geometric shape, 83
Reference dimensions, 354
Reference line, 150

Reference plane for auxiliary view, 207
Refresh cathode-ray tube, 469
Regular polygons, 103

Regular solids. 103

Reinhardt alphabet, 121

Removed section, 239
Repeat lines, 59, 60
Reproduction of drawings, 495
Retaining rings, A122-A129
Return bends, pipe, table, A71
Reverse curve, to draw, 78
Reversed isometric, 273
Revolved section, 239
Rhomboid, 103
Rhombus, 103
Ribs:

dimt ioning, 354
in se on, 247

Right ar.gle, 103
Right auxiliary, 222
Right circular cone, 88
Right cone, 103, 349
Right cylinder, 103
Right hexagonal prism, 103
Right prism, defined, 428
Right pyramid, 103, 350, 428
Right-side view, alternate position for,

138

Right surfaces, 428
Right triangular prism, 103
Ring, 428
Riveting:

connections. A78
driving clearances, table, A78

Rivets, 23, A105-A109
specification, 369
table, A58

Rolled shapes, conventional symbol,
254

Rope, conventional symbol, 254

Rotated section, 239
Rotation, difference between auxiliary

projection and, 267
Roughness symbols. 386-388
Round-head bolts, table, A53
Round-head screws, tables, A54. A55,

A57
Round section, conventional break for,

254
Rounds, 251

dimensioning, 349, 354
Route charts, 413
Ruby eraser, 32
Ruled surfaces, 428
Rulers (see Scales)

Ruling pens, 34-35, 42, 56
to sharpen, 56
use of, 57

Running fits, table, A67
Runouts, 252

Sand castings, 327
dimensioning, 391

drawings of. 329
Sandpaper pad, 44
Scale, 495

of drawings, 49-51, 348
reading, 51 -52
statement on drawing, 51

unnecessary. 504
Scalene triangles, 103

Scales:

for charts, 408
reading, 51

types of, 34-35
use of, 49-51

Screw-pitch gage, 500
Screw threads, 22

Acme, table, A52
American National, table, A48-A49
buttress, table, A52
coarse, table, A48-A49
dimensioning, 375
external, 337
extra-fine, table, A48-A49
fine table, A48-A49
measurement, 500
stub Acme, table, A52
tables, A48-A52
unified, table, A48-A49

Screwed pipe fittings, tables, A70 — A71
Screws:

cap, table, A54
lock, table, A80
machine, table, A55
set, table, A56
shoulder, table, A57
specification, 369
tables, A50, A54-A57
wood, table, A57

Seams, sheet-metal, 448-458
types. 458

Secondary auxiliary (see Normal views)

Section-lining, 59, 60, 236, 242
alternate. 247
outline, 245
simplified, 504

Sectional views, 10, 236-248
defined, 236
detail in, 242
dimensioning, 358
drawing practices, 242-245
(See also sections)

Sectioning (see Section-lining)

Sections, 236-250
aligned, 249
alignment of features, 248-250
arms, 246
assembly, 241

broken-out, 239
code for, 245
cutting plane, 237, 242
defined, 236
full, 237
half, 238
hidden details, 242
holes, 249-250
identification, 236
in isometric, 274
lugs, 247
materials code, 245
parts not sectioned, 245
problems, 254-261
removed, 239
ribs, 247
rotated, 239
spokes, 246, 247
types of, 236

Selective assembly, 373
Semilogarithmic charts, 409
Semiloganthmic plots, 413
Serpentine, 103
Setscrews:

points for, A56
table, A56

Shade lines, 304
Shading, 304, 305
Shape breakdown, 176
Shape description, 132

methods, 6-10
Shape representation, 132

Shaper, 334
Shaping, dimensioning, 375
Sharpening pencils, 44
Sheet-metal designs, 448
Sheet-metal gages, specification, 369

table, A65
Sheet-metal parts, 326
dimensioning, 392-394

Shop practices, 23, 326
Shop processes, 166
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Short-break lines. 59, 60
Shoulder screws, table, A57
Shrink fits, table, A82
Shrink rule. 328
SI units, 11-19
dual dimensioning, 394 — 396
problems, 536-559

Side-adjacent auxiliary, 222

Side elevation. 135

Side view, 135

alternate position for, 138

Significant figures. 374
Simplified drawing, 503-506

abbreviations, 506
cautions for, 506
dimensioning in, 504 — 505
freehand, 506
scale, 503-504
sketching, 504
structural. 504. 505
views, 503

Sine values, table, A26-A31
Single-curved lines, 85
Single-curved surfaces, 428
Single-stroke lettering, 114

defined, 114

Size, 370
Size description, method, 10

Size dimensioning, 349
selection, 350-351

Sizes for drawings, 149

Sketches
checking, 501

computation, 497
on coordinate paper. 499
types of, 497
working, 497-501

Sketching

circles, 163
on coordinate paper, 160-162,

499
learning to read by, 173-174
lines, 163-164

horizontal, 163

inclined, 164

quality. 157

straight. 162

vertical, 163

orthographic, 157-166, 497
order of, 164-165
problems. 180-187
projection in, 165

paper, 158-161
pencils for, 157

pictorial (see Pictorial sketching)

problems, 180-202
reading by, 173 — 174

simplified, 504
steps in, 165-166
technique, 161 - 165

working (see Working sketches)

Skew lines, 140, 215
intersection: with plane, 430-431

with skew surface, 431 -433
Skew surfaces, 9, 205, 217
edge views, 217 — 219

intersection: with lines, 431

with skew plane, 433
normal views, 219-222
on practical objects, 221-222
problems, 228-231
(See also Oblique surface)

Sliding fits, table, A67
Slopes, dimensioning, 363
Slotted headless setscrews, table, A56
Socket-head cap screws, table. A54
Socket-head screw, tables, A54, A56,

A57
Solids, geometric, 103
Space dimensions, 138

Spacing of lettering, 124, 125

Specifications, 484
Speed in drawing, 490
Speedball pen, 126
Spheres, 103, 428
development. 457
dimensioning. 350. 367
in isometric, 273

Spiral. 98
of Archimedes, 98

Spokes in section, 246
Spot-faced holes, dimensioning, 366
Spot-facing tool, 337
Springs, 22
Square, 103

to inscribe in circle. 87

Square-head bolts, table, A50
Square-head setscrews, table, A56
Square keys, tables, A58, A59
Square nuts, table, A51
Square prism, 103
Stability rule, 114
Standard drawings, 488
Standard parts, 488
Standard sheet, parts from, 337
Standard stock, parts from, 326, 334
Standing seams, 448
Station point in perspective, 284

Steel structural shapes, table, A79
Steel valves, table, A77
Step bolts, table, A53
Stock machining, 326, 334
Storage cathode-ray tube, 619
Storing of drawings, 502
Stove bolts, nuts for, table, A56
Straight-line figures, 78 — 85
Straight lines, to draw, 73
Strata charts, 416
Stretchout line, 448
Structural drawing, 26

simplified, 503
Structural-steel shapes, table, A79

Stub Acme thread, table, A52
Subassembly drawing, 486
Superfinishing, 337
Surface limit, 141

Surface positions, classification,

140-141
Surface quality, 389-390
symbols, 391-393

Surface roughness, 391

values, 394
Surfaces:

auxiliary, 171

classification, 140, 205, 428
curved: dimensioning, 368

intersection, 436
double-curved, 428. 457
development, 457

formed, 338
generated, 338
inclined. 7. 206-210

drawing, 210-213
normal view, 206-213
problems, 223-228

oblique. 171

plane (see Planes)

projection, 140-141, 152

reading, 169-172
of revolution, 428
ruled, 428
single-curved, 428

skew. 9, 217

edge view, 217-219
intersection, 431-433
normal view. 219-222

true shape, 141

warped, 350, 428
development, 457

Symbols:
conventional, 253-254
for electrical diagrams, table,

A87-A91
graphical, table, A83-A92
for points on chart, 408
table, A83-A92

T square, 33
testing, 46

use of, 45-46
Tabular drawings, 696
Tacks, 31

Tangency point, 58
Tangent method for laying out angle, 80
Tangent points. 74

Tangent values, table, A26-A31
Tangents, 58

of circle: and line, 75
passing through two points, 75

to circle, 101,102

crossed-belt, 102

to curved line, 74, 85
to draw. 74. 75
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Tangents:

to ellipse, 92

to hyperbola, 96
inking, 60
normal to. 85

open-belt, 102

problems, 104-107
to two circles. 76. 77

to two lines. 75

Tape. 31

Taper pins, table, A64
Tapers:

dimensioning, 349 361

table, A64
Taps, 338
Technical manuals, A105-A129
Tees, pipe, table, A70
Tempering, 339
Templates, 506-507
Tetrahedron, 103

Texture of drawing surfaces, 157 — 159

Threading, 332
Threads per inch (see Screw threads)

Three-view drawings. 7

Throat radius, 452

Thumbtacks, 31

Tinner's rivets, table, A58
Title blocks, 494
Titles, 125-126

for charts, 407, 408

form, 495
position, 492

Tolerances:

for angles, 380
bilateral, 372-374
between centers, 379

of concentricity. 379
cumulative, 378
decimal places for, 374
defined, 371

expression of, 373
fits (see Fit)

form, 383
for manufacturing, 374-375
maximum material condition, 382
positional, 382
for screw threads, 515
selection, 375

fundamentals, 374

types of, 372
unilateral, 372-374
zone, 383

Tools:

machine, 372
for mass production, 339

Top-adjacent auxiliary, 222
Top view, 135

Topographic drawing, 25, 676
Torus, 103, 428

Tracing, order of, 156

Tracing cloth, 31, 490, 492
pencil, 490
sizes, 491-492
use of, 156—157

Tracing paper, 31, 490
coordinate, 160-161
use of, 156-157

Tracings, 492-493
duplicating, 502

Trammel construction of ellipse, 90

Transistors, symbols for, A91

Transition fits, 372
table, A68

Transition pieces, development, 455

Transparent box, 135

Transverse lines, 296
Trapezium, 103

Trapezoid, 103

Triangles, (instrument), 33

testing, 49

use of, 46-49
Triangles (shape), 103

center, to locate, 82

to construct, 82
equilateral: to inscribe circle in, 86

to locate center, 82

Triangular scales, 35, 51

Triangulation:

for development, 453 — 454

of warped surfaces, 457

for transferring polygon. 83

Triaxial diagram, 41

1

Trigonometric functions, table,

A26-A31
Trilinear charts, 411

Trimetric drawings, 6, 266, 275

from orthographic views, 8, 279-281
sketching, 294

Tnsection of line, 79

True length of line, 140

True shape of surface, 141

Truncated cone, 103

Truncated pyramid, 103

Truncated surfaces, defined, 428

Truncated triangular prism, 103

Truss-head screws, table, A55
Tubing, conventional break for. 254

Turret lathe, 335
Twist drill, 337
Two-view drawings, 7, 147

Unidirectional dimensioning, 346

Unified threads, table, A48-A49
Unilateral tolerance, 373, 374

Unions, pipe, table, A75
Unit assembly drawings, 486

Units, conversion table, A33-A46

Valves, pipe, tables, A72, A77

Vandyke paper, 501

Vanishing points, 286

Ventilating symbols, table, A84
Vertex, defined, 428

Vertical lettering, 116-119
Vertical lettering strokes, 116

Vertical lines:

drawing, 46 — 47

sketching, 161, 296

Vertical projection, 151

View directions, 139

Views:

aligned, 250
alternate-position, 137

arrangement. 149

auxiliary (see Auxiliary views)

combination of, 137

developed, 250
dimensioning, 355 — 361

edge, 205, 217-219
enlarged, 358

half. 250
normal, 7. 206-217
orthographic (see Orthographic

views)

partial, 215
principal. 134

projection of, 151

relative position, 136

sectional, 10, 236-247
selection, 144 — 149

spacing, 149

unnecessary, 711

Volume calculations, 175

problems, 201

Volume diagrams. 416

Waist line for lettering, 119

Warped surfaces, 103

development, 457
dimensioning, 350

Washers:
lock, table, A63
plain, table, A62

Weight calculations, 175

problems, 201

Weights, conversion table. A33-A46
Welded parts, 327, 337

WF shapes, structural, table, A79
Width, defined, 138

Wire-frame pictures, 475

Wire gages:
specification, 369

table, A65
Wiring symbols, table, A86
Wood screws, table, A57
Woodruff key seats, table, A60
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Woodruff keys, table, A59
Word spacing, 125

Words, lettering, 124

Working drawings, 484-501
architectural: assembly, 484-487

outline, 486
unit, 486

checking, 496
defined. 484
design, 484

Working drawings:

detail, 484. 486-488
making, 489-490
materials for, 490-491
pictorial, problems, 322-323
problems, 509-535
sketching (see Working sketches)

(See also Drawings)
Working sketches, 497-501

checking, 501

Working sketches:

on coordinate paper, 499
dimensioning, 499-501
making, 497-499

Wrought-iron pipe, table, A69

Zone method, 458
Zone tolerances, 383
Zoning of drawings. 496
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