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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

PRIEFACIE,

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 10x 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 |. Hang and Eliza-
beth M. Vierck.

Charles J. Vierck






INTIRODUCTION

This Chapter Outlines the Graphic Language in
Theory and Practice

This Chapter Outlines the Graphic Language
Basic Concepts—Writing and Reading
Essentials—Lines and Lettering « Methods of
Expression *« Methods of Shape * Description—
Orthographic and Pictorial * Auxiliaries, Sections,
Intersections, Developments * Methods of Size
Description * Measurement and Evaluation ¢
Metric and English Systems ¢ Charts and
Graphs * The Fundamentals of Design * Basic
Machine Elements—Screw Threads, Fasteners,
Keys, Springs ¢ Welding and Riveting * Jigs,
Fixtures, Gears, Cams * Piping; Drawings of
Electrical Systems, Structures, Maps and
Topography * Drawings for Engineering Design
and Construction



4 INTRODUCTION 1

1. The Graphic Language—

Theory and Practice.

In beginning the study of graphics, you are embark-
ing upon a rewarding educational experience and
one that will be of real value in your future 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

xQJ

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



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.

1 INTRODUCTION 5

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

A BsCcD
A BeCecld)

LETTERING. The standard lettering for en-
gineering drawings in known as ‘‘commercial
Gothic.”" Both vertical and inclined styles are
used.

__ Tsquare or friongle

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.
Itis 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.

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

ISOMETRIC DRAWING. This method is
I based on turning the object so that three
mutually perpendicular edges are equally
foreshortened.

TWO-VIEW DRAWINGS. Parts such as cylin-
ders require only two views. More would du-
plicate the two already drawn.

]

|

DIMETRIC DRAWING. This method is based
THREE-VIEW DRAWINGS. Most objects are on turning the object so that two mutually
made up of combined geometric solids. Three perpendicular edges are equally foreshort
views are required to represent their shape. 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
1s 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. [n this method of pictorial
projection angular and parallel forms are both \
used extensively. s

(a)

AUXILIARIES: EDGE AND NORMAL VIEWS. p
Auxiliaries are used to show the normal view B —{
(true size and shape) of (¢) an inclined sur- \_T /
face (at an angle to two of the planes of pro-

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

all three planes of projection).

(h)
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SECTIONAL VIEWS. These are used ta clari-
fy the representation of objects with compli-

cated internal detail.

INTERSECTIONS.

Geometric surfaces or

salids often are combined so that additional
projection is needed to determine the line of
intersection between the parts.

1l B

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 aobject. 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.



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 al!
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
Sl 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.
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Nevertheless the General Conference,! 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 I1.1). These S| units are called base units.?

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 Sl units can
only be base units or derived units, the 11th CGPM
(1960) admitted a third class of Sl 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 Sl prefixes must be given
their full name mudtiples and sub-multiples of ST units
when it is desired to make a distinction between
them and the coherent set of Sl units.

II. SI UNITS

II.1 Base units

L. 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.

2Transtators” note. The spellings “metre”” and *“‘kilogram'' are
used 1n 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 vacuun of the radiation corresponding to

the transition betwecn the levels 2p,, and 5d; 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 BIPM3 under conditions speci-
fied by the 1st CGPM in 1889.

¢) 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-

*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 the duration of 9192 631 770 periods
of the radiation corresponding to the 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 vacuinn, would produce between these
conductors a force equal to 2 X 107 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:

The kelvin, unit of thermodynamic temperature, is
the fraction 1/273.16 of the thermodynamic tempera-



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.—I1n addition to the thermodynamic temper-
ature (symbol T), expressed in kelvins, use is also
made of Celsius temperature (symbol 1) defined by
the equation

A=NST
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.

1) 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 (JUPAP) 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

1 INTRODUCTION 13

12; by international agreement, this mass has been
fixed at 0.012 kg, and the unit of the quantity,
“amount of substance”,? has been given the name
mole (symbol mol).

Following proposals of IUPAP, IUPAC, and IS0,
the CIPM 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 many 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 may be atoms, molecules, ions,
electrons, other particles, or specified groups of such
partieles.

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

@) 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 lllumination (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 candelsa,
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
I1SO is in French “quantité de matiére” and in English "*amount
of substance”; (the German and Russian translations are
“Stoffmenge” and “‘koamuccrso sewecrsa’). 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; if however the symbols are devived
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

I. Expressions

Derived units are expressed algebraically in terms
of base units by means of the mathematical sym-
bols of muitiplication 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

Quantity Name Symbol

length metre m
mass kilogram kg
time second s
electric current ampere A
thermodynamic temperature” kelvin K
amount of substance mole mol
luminous intensity candela cd

Celsius temperature is in general expressed 1n degrees Cel
sius (symbol "C) (see Note, p. 13)

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

SI unit
Quantity e ———
+ Name | Symbol
area square metre m?
volume | cubic metre m?
speed, velocity |metre per second m's
acceleration metre per second squared  m 's?
wave number 1 per metre m!

density, mass | !

density kilogram per cubic metre | kg/m?
concentration |

(of amount

of substance)| mole per cubic metre !'mol/m?
activity 1 |

(radioactive) 1 per second Sl
specific volume | cubic metre per kilogram | m?/kg

luminance candela per square metre Lcd m?
-

pressed by pure numbers. In this case the corre-
sponding Sl unit is the ratio of the same two S| units
and may be expressed by the number 1.

Note b—Although a derived unit can be expressed
in several equivalent ways by using names of base
units and special names of derived units, CIPM sees
no objection to the preferential use of certain com-
binations or of certain special names in order to
distinguish more easily between quantities of the
same dimension; for example, the hertz is often
used in preference to the reciprocal second for the
frequency of a periodic phenomenon, and the new-
ton-metre in preference to the joule for the moment
of a force, although, rigorously, 1 Hz = 1s7%, and
IN.-m=1)J.

2. Recommendations

The International Organization for Standardiza-
tion (ISO) has issued additional recommendations
with the aim of securing uniformity in the use of
units, in particular those of the International System
(see the series of Recommendations R 31 and Rec-
ommendation R 1000 of Technical Committee



Table 8. SI Derived Units With Special Names

|
3

Quantity

frequency

force

pressure

energy, work, quantity of heat

power, radiant flux

quantity of electricity, electric charge

electric potential, potential difference, |
electromotive force ‘

capacitance |

electric resistance

conductance

magnetic flux

magnetic flux density

inductance

luminous flux

illuminance

Table 4. Examples of SI Derived Units Expressed by Means of Special Names

(™ In this expression the steradian (sr) Is treated as a base unit

Quantity

Name

hertz
newton
pascal
joule
watt
coulomb

volt
tarad
ohm Q
siemens
weber
tesla
henry
lumen

lux
i

SI unit

Expression
in terms
of other

units

»—-2222
bo g

Es<»<0s=
TTv <r<y

1 Expression
in terms
of SI base
units
\r— st
m-kg-s ?
m !.kg-s?
m?.kg-s 2
m?-kg-s?
| s-A

m?.kg.s 3. A1
m ?.kg l.s*.A?
m?.kg.s3.A 2
m Z.kg 1.s3.A2

‘ m2~kg-s AL

A kg.s 2.A!
m?.kg.s 2.A 2
cd-sr (%)

Name

dynamic viscosity

moment of force

surface tension

heat flux density, irradiance

heat capacity, entropy

specific heat capacity, specific entropy
specific energy

thermal conductivity

energy density

electric field strength

electric charge density

electric flux density

permittivity

current density

magnetic field strength
permeability

molar energy

molar entropy, molar heat capacity

SI unit

m-2.cd.sr (*)

pascal second

metre newton

newton per metre

watt per square metre

joule per kelvin

joule per kilogram kelvin
joule per kilogram

watt per metre kelvin

joule per cubic metre

volt per metre

coulomb per cubic metre I
coulomb per square metre |
farad per metre

ampere per square metre
ampere per metre

henry per metre

joule per mole

Expression
Symbol in terms of
]‘ SI base units
Pa-s ‘ ml-kg.s !
N.m | m?.kg.s?
N m kg.s?
W m? kg-s ?
J K m.kg.s 2.K!
J (kg-K) ‘ m2.s2.K !
J kg m?.s ?
W (m-K) m-kg.s >.K !
J m? m !.kg-s ?
V.m m-kg-s A
j Ccm? m 3.s-A
cC m? m 2.s-A
Fm m 3.kgl.s*.A?
A m?
A m
H m m.kg.s?.A?
J mol m?-kg.s Z2-mol-!
J (mol-K) m?.kg-s ?-K '.mol *

joule per mole kelvin
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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 Nm but not: mN

b) A solidus (oblique stroke, /), a horizontal line,
or negative powers may be used to express a derived
unit formed from two others by division

for example: m's, i orm-.s!
) S}

¢) The solidus must not be repeated on the same
line unless ambiguity is avoided by parentheses. In
complicated cases negative powers or parentheses
should be used

for example: m/s? or m=s 2 but not: m/s/s
m-kg/(s**A)orm-kg-s 3 -A' m-kg/sP/A

II.3 Supplementary units

The General Conference has not yet classified cer-
tain units of the International System under either
base units or derived units. These SI units are as-
signed to the third class called ‘“‘supplementary
units”’, and may be regarded either as base units or
as derived units.

For the time being this class contains only two,
purely geometrical, units: the Sl unit of plane angle,
the radian, and the SI unit of solid angle, the stera
dian (11th CGPM (1960), Resolution 12).

The radian is the plane angle between two radii of a
circle which cat off on the circinference an are equal
in length to the radius.

Table 5. SI Supplementary Units

’ SI unit
Quantity | T

| Name Symbol
plane angle radian rad
sohd angle steradian Sr

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

SI unit
Quantity e ==
| Name | Symbol
+ -+
| radian per second | rad/s

radian per second |
M squared | rad/s?

watt per steradian | W sr

watt per square

metre steradian | W.m 2.sr !

angular velocity
angular
acceleration
radiant intensity
radiance

The steradiau is the solid angle which, having its
vertex in the center of a sphere, euts off an arca of the
surface of the sphere equal to that of a square with
sides of length equal to the radius of the sphere.

Supplementary units may be used to form derived
units. Examples are given in table 6.

III. DECIMAL MULTIPLES
AND SUB-MULTIPLES
OF SI UNITS

III.1 SI Prefixes

The 11th CGPM (1960, Resolution 12) adopted a
first series of names and symbols of prefixes to
form decimal multiples and sub-multiples of SI
units. Prefixes for 10 15 and 10 !® were added by
the 12th CGPM (1964, Resolution 8).

III.2 Recommendations
1SO recommends the following rules for the use of S|
prefixes:

a) Prefix symbols are printed in roman (upright)
type without spacing between the prefix symbol and
the unit symbol.

1) An exponent attached to a symbol containing a
prefix indicates that the multiple or sub-multiple of
the unit is raised to the power expressed by the
exponent,

for example: 1 cm? = 10 ¢ m?
lem ' =102m!



Table 7. SI Prefixes

Factor Prefix Symbol
1012 ' tera T
107 giga G
106 mega M
103 | kilo k
102 hecto h
10! deka da

¢) Compound prefixes, formed by the juxtaposi-
tion of two or more SI prefixes, are not to be used.

for example: 1 nm but not: 1 mpm

II1.3 The kilogram

Among the base units of the International System,
the unit of mass is the only one whose name, for
historical reasons, contains a prefix. Names of deci-
mal multiples and sub-multiples of the unit of mass
are formed by attaching prefixes to the word
“gram’ (CIPM (1967), Recommendation 2).

IV. UNITS OUTSIDE THE
INTERNATIONAL
SYSTEM

IV.1 Units used with the
International System

The CIPM (1969) recognized that users of SI will
wish to employ with it certain units not part of it, but
which are important and are widely used. These
units are given in table 8. The combination of units
of this table with Sl units to form compound units
should, however, be authorized only in limited cases;
in particular, the kilowatt-hour should eventually be
abandoned.

Visual comparisons of the English and metric
systems are given in the graphic comparison figures
on pages 18 and 19. Comparison of mathematical
values are given in the appendix.

-

17

1 INTRODUCTION

Factor | Prefix Symbol
10 ! deci [ d
102 centi c
G- milli m
10 ¢ micro n
16=* nano n
10 12 pico p
10 15 femto f
10 ‘37 7 7“11?0 ‘JL a

Table 8. Units in Use with the
International System

Name Symbol Value in SI unit
minute min | 1 min 60 s

hour'® h [1h = 60min - 36005

day d 1d 24h =86400s

degree 1° = (% '180) rad

minute i 1 (1 60)" = (= 10 800) rad
second v 1" (1 60) = (= 648 000) rad
litre'®! | 11 1dm® = 10 *m?

tonne'™ t 1t = 10% kg

(a) The symbol of thts unit 1s included 1n Resolution 7 of the
9th CGPM (1948). The litre i1s defined in Resolution 6 of the 12th
CGPM (1964).

9. Charts, Graphs, and Diagrams.

These are graphic plots for the analysis of engineer-
ing data or the presentation of statistics. Special
standards designate preferred construction, lines,
symbols, and lettering.

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.
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1 gram = .035 ounce
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10. 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.

%0 400 s o 2000 3000 4000 5000 5000 8000 10000

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.



INTRODUCTION - 1

R 1" Drt

DIMENSIONING ORTHOGRAPHIC DRAW-
INGS. Dimensions showing the magnitude
and relative position of each portion of the
object are placed on the view where each
dimension is most meaningful.
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DIMENSIONING PICTORIAL DRAWINGS.
The descriptions of magnitudes and positions
are shown on the pictorial by dimensions
placed so as to be easily readable.
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The earliest records of the screw are found in the
writings of Archimedes (278 to 212 B.c.). Although
specimens of ancient Greek and Roman screws are
so rare as fo indicate that they were seldom used,
there are many from the later Middle Ages; and it
is known that crude lathes and dies were used to
cut threads in the latter period. Most early screws
were made by hand, by forging the head, cutting
the slot with a saw, and fashioning the screw with
a file. In America in colonial times wood screws were
blunt on the ends; the gimlet point did not appear
until 1846. Iron screws were made for each threaded
hole. There was no interchanging of parts, and nuts
had to be tied to their own bolts. In England, Sir
Joseph Whitworth made the first attempt to set up
a uniform standard in 1841.



DESIGN DRAWING. Made by Leonardo da
Vinci about 1500.

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
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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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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 on which more details of the design are worked out.
and calculations, the design department produces a It is accurately made with instruments, full size if
design drawing. This is a preliminary pencil drawing possible, and shows the shape and position of the

various parts. Little attempt is made to show all the
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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 shapedas reqd.
/

“ompre Sprong

Extension Spring '

SPRINGS. A spring is an elastic body that
stores energy when deflected. Basic forms are
illustrated.



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.
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REPRESENTATION OF WELDS. Welds are
represented by symbols standardized by the
American Welding Society (AWS) and the
American Standards Association (ASA).

= B

Grip of civets

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.

1 INTRODUCTION

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.

23
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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.
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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.

[3e2v

R104 Lio2 V102
1600 FILTER G
CHOKE B
Fio2 RECTIFIERS Ti02
2OMP (23079 T T Tvel

Lerwa-a |
I $)107
&
I R lon OFF sw
1on voL conTR

——- ! &
Rizq  KINE {y._ RE

«.

S
5 Sl

5 AL

+270V WJGRK 3

| _ern

F101 [easv
Lot LAMP( [BicER
oo —s
(o8 L

|
I
-

NSV 60n,
SUPPLY







26

! INTRODUCTION

=40,

==——x
—_———

Serterson Zolingers Hers

MAPS AND TOPOGRAPHY. Maps and topo-
graphic drawings are made up chiefly of
symbols.
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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.
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A DETAIL DRAWING. This is typical of a
drawing used to manufacture a single part.
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SPECIALIZED PRACTICES. These include
simplified drawing practices, special uses of
reproduction processes, photography, and
modelmaking. The figure above 1s a photo
drawing.






GRAPHIC
INSTIRUMENTS
AND THIEIR USE

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 surtace),
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 curced
(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 tor
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.

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 pire

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 detall
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,’ 1o 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 LAYERS OF BASSWOOD

FIG. 1. Drawing board. This one is light and
ngid. Courtesy of Keuffel & Esser Co.



5. Tracing Paper.

Tracing papers are thin papers, natural or trans-
parentized, on which drawings are traced, in pencil
or ink, and from 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.
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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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STANDARD SEMIAUTOMATIC
PENCILS PENCILS

(a) ()

() (d) (€)

FIG. 2. Drafting pencils. The semiautomatics
are most convenient to use.
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ordinary pencils, with the lead set in wood. (a) Is
of American and (h) 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, (¢) to (e}, with a chuck to clamp and
hold the lead, are more convenient. (¢) has a plastic
handle and changeable tip (for indicating the grade
of lead). {d) has an aluminum handle and indexing
tip for indication of grade. (¢) 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.

THUMBTACKS

& ‘._ - O/ TAPE

SANDPAPER PAD

FIG. 3. Accessories. These are used for fas-
tening paper, sharpening pencils, and eras-
ing.

10. Pencil Pointer.

Atter 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.

SCOTCH

N,

Ceupa

RUBY
ERASER D
C ERASING
SHIELD

E
CLEANING ERASER



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.
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15. Triangles.

Triangles, Fig. 5, are made of transparent celluloid
(fiberloid) 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 8in.45° and a 10-in. 30-60" are gocd
sizes.

F1G. 4. Standard bottle in holder; Leroy
pen-filler cartridge. The cartridge is particu-
larly convenient.

FIc. 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 Engincer's Seales.  These are divided
and numbered so that fractions of inches represent
inches. The most common ranges are Y4, 1, 15, 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-cighth
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 Engineer's 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 Seales.  Divided into proportional feet
and inches, these scales have divisions indicating
Ve Vi Yo Yoo ¥ 1Y%, and 3 in. to the foor (Fig. 8).

Fi. 6. A mechanical engineer's full- and I
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.)

FIG. 7.

A civil engineer’s scale. Divisions are

10, 20, 30, 40, 50, and 60 parts to the inch.
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FIG. 8. An architect’s (or mechanical engi
neer's) scale. Reduction in size is based on

proportion of a foot.



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 nie-
chanical engineer’s scales.

Metric Seales. 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, (a)
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, (¢) and
(d), is easier to pick up than the ““flat-bevel” scale,

( ;‘||H!" V‘l Ill'.‘l‘l I‘I;(\Iiliv‘!‘ | ‘ ‘ ‘ ‘ [H] ‘ T
155 0 100mm 200 300
000¢ 0082 0092 0072
|
| 1 bzl il il 1]
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(/); 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 sei-
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

4 ‘ll“\!‘\‘\“\\‘\ T TE S T T
I
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FIG. 9. Examples of metric scales
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arcs. The patterns for these curves are laid out in
parts of ellipses and spirals or other mathematical
curves in various combinations. For the student, one
ellipse curve of the general shape of Fig. 11a or d
and one spiral, either a logarithmic spiral, (b), or one
similar to the one used in Fig. 61, is sufficient. (¢) is
a useful small curve.

18. The ""Case’’ Instruments.

We have so far, with the exception of curves, con-
sidered only the instruments (and materials) needed
for drawing straight lines. A major portion of any
drawing is likely to be circles and circle arcs, and
the so-called ‘‘case’” instruments are used for these.
The basic instruments are shown in Fig. 12. At the
left is a divider of the “‘hairspring’ type (with a screw
for fine adjustment), used for laying off or trans-
ferring measurements. Next is the large compass
with lengthening bar and pen attachment. The three
“bow" instruments are for smaller work. They are
almost always made without the conversion feature
(pencil to pen). The ruling pen, at the extreme right,

OPPOSITE BEVEL

)

() f)

FIG. 10. Scale types. Flat scales are the
most effective. I

is used for inking straight lines. A set of instruments
of the type shown in Fig. 12 is known as a three-bow
set.

Until recently the three-bow set was considered
the standard, in design and number cof pieces, for
all ordinary drafting work. However, the trend now
is for more rigid construction and fewer pieces. The
6-in. compass in Fig. 13 embraces practically a
whole set in one instrument. Used as shown, the
instrument is a pencil compass; with pencil replaced
by pen, it is used to ink circles; with steel point
installed in place of pencil point, it becomes a di-
vider; the pen point, placed in the handle provided,
makes a ruling pen; and there is a small metal
container for steel points and lead. Similar instru-
ments of other manufacture are shown in Figs. 14
and 15. The instrument in the upper right of Fig. 15
is a ‘“‘quick-change™ design (with vernier adjust-
ment), a great convenience when changing from a
very small setting to a large one.

Figure 14h shows a quick-action bow employing
special nylon nuts in which the center screw oper-
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FIG. 11. Irregular curves. These are used for
drawing curves where the radius of curvature
is not constant.
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DIVIDER COMPASS, LENGTHENING BOW PEN, PENCIL  PEN
BAR, PEN ATTACHMENT AND DIVIDER
FIG. 12. The basic three-bow set. Large

compass and dividers; bow pen, pencil, and
dividers; ruling pen.
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F1G6.13. 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 («) to (¢) are standard types. Note that (d)
uses the compass-pen leg in a handle. (f) is a con-
tour pen, (g) is a border pen for wide lines, (&) and
(i) are “‘railroad’” pens for double lines, and (j) 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 b) 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; 3Y,-in. bow pencil, bow pen, and bow di-
viders; two ruling pens; box of leads. Or large-bow
set containing 6Y,-in. bow compass; 4Y,-in. bow
compass; 6Y,-in. friction dividers and pen attach-
ment for compass; 5%;-in. ruling pen; beam compass
with extension beam; box for extra leads and points
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DIVIDER
OR
COMPASS

i 1 FAST-ACTION BOW
BOW PENCIL

)

e’ LARGE PENCIL COMPASS
WITH PEN AND

(a) A very rugged bow. Serves as DIVIDER LEGS
dividers, or pen or pencil compass. (h) A
quick-action bow instrument, with pencil and FIG. 15. Three different designs of targe bow

pen legs and extension bar. instruments. All are rigid and efficient.
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FIG. 17. Extender for large bow. This type

extends the range of its center point, with the
pen or pencit on the bow.

— —
AND ATTACHMENTS

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

Drawing hoard

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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FIG. 20. Various ruling pens. Standard pens
are all purpose instruments. Special pens ( f)
to (k) are convenient and efficient for con-
tours, double lines, and heavy lines.
Protractor is as a rule expected to take with him into a drafting
Erasing shield room.
Slide rule There are many other special instruments and

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

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



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
tamiliar 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
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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 comtort
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 1,4, in. to about
¥, in
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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.

REMOVE WOOD

FlG. 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.

To sharpen a pencil, cut away the wood from the
unlettered end with a pen-knife or mechanical
sharpener, as shown in Fig. 244, and then sharpen
the lead to make a long, conic point, as at (h), 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 () 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,
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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
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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 (¢), 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.

FIG. 27. To test a T square. Turn the T
square upside down; draw the line; turn it
right side up and align it with the original
line; draw the second line and compare it
with the first




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.
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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° tniangle as at (h), and lines at 30°
increments with the 30-60° triangle as at («). 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 into 8 parts, with the 30-60" triangle
into 12 parts, and with both into 24 parts.

To Drawe One Line Pavallel 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 1’(’rp¢’mli<-ulur 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
friangle 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



[

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

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.
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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.

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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FIG. 34. Making a measurement. Place the
scale in position; the distance is marked on
paper by short, light lines.

for the workmen, must be very accurately drawn,
at the expense of speed; conversely, drawings with
figured dimensions need not be quite so carefully
scaled, and better speed may be attained.

To make a measurement, place the scale on the
drawing where the distance is to be laid off, align

SCALES

MECHANICAL ENGINEER'S

1”7 = 17 (full size) 1" = 1" (Vasize)
17 (Vs size)

G

4" =17 (Y size) %=

ARCHITECT'S OR MECHANICAL ENGINEER’S

the scale in the direction of the measurement, and
make a light short dash with a sharp pencil at the
proper graduation mark (Fig. 34). In layout work
where extreme accuracy is required, a “pricker," or
needle point set in a wood handle, may be substi-
tuted for the pencil, and a small hole pricked into
the paper in place of the pencil mark. It is best to
start with the ““zero” of the scale when setting off
lengths or when measuring distances. In using an
open-divided scale, inches (or fractions) are ac-
counted for in one direction from the zero gradua-
tion while feet (or units) are recorded in the opposite
direction.

Measurements should not be made on a drawing
by taking distances off the scale with dividers, as
this method is time-consuming and no more accu-
rate than the regular methods.

To avoid cumulative errors, successive measure-
ments on the same line should, if possible, be made
without shifting the scale. In representing objects
that are larger than can be drawn to their natural

1
|
|

127 = 17-0” (full size) 17 = 1'-0” (Y2 size) W = 17-0"” (Y4s size)
6”7 = 1'-0” (V2 size) = 1-0" (Ye size) Me” = 17-0" (Ve size)
3" = 1-0” (Vi size) 1" = 1'-0" (Y4 size) % = 1-0" (Vs size)

117 = 170" (Vi size) W = 1"-0" (Y2 size) 2" = 1-0" (Y128 size)

CIVIL ENGINEER’S

10, 20, 30, 40, 50, 60, or 80 divisions to the inch representing feet, 10 ft, 100 ft,

rods, miles, or any other necessary unit

METRIC
Reductions of

100, 1:2,1:5, 1210, 1:20, 1:25, 1:33.3, 1:50, 1:75, 1:80, 1:100, 1:150 ‘

FIG. 35. Standard scales. Special scales are
available. See manufacturers’ catalogues.



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 = 1-0”. 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 = 17-0”. If the quarter-size scale
is too large, the next reduction is cighth size, or
1Y, = 170", the smallest proportion usually sup-
plied on standard mechanical engineer’s scales; but
the architect’s scales are used down to 3;,” = 10",
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) cighth size. These scales may also
begivenas(1)1” =17, (2)}," =17, 3" =17,
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”7 = 10", (2)
1Y, = 107, 0r (3) 17 = 1-0". In stating the scale,
the first figure always refers to the drawing and the
second to the object. Thus 3 = 1’-0”” means that
3 in. on the drawing represents 1 ft on the object.

Drawings to odd proportions, such as 9" = 1-0",
47 =1-0",5” = 1'-0”, 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 ', = 1-0” 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 Y, 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

2 GRAPHIC INSTRUMENTS AND THEIR USE 5].

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
Y, Vi, Y. and 1, Thus the scales for half 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" = 1-0”", may require
some study by the beginner in order to prevent
confusion and mistakes. As an example, consider
the scale of 3" = 17-0”. 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 1”-0%,” (Fig. 36). On the other end will
be found the scale of 11, = 1’0", or eighth size,
with the distance of 1! 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 2-71;," 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 ¥,” = 1-0” and
v = 10", are divided in a similar way, the only
difference being in the value of the smallest gradua-
tions. The scale of ¥,,” = 10", 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 Y,-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 Y, 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 Y;-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 by Trial.

In bisecting a line, the dividers are opened at a guess
to roughly half the length. This distance is stepped
otf 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



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.
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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 needie 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 1s 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.

1o 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 knuried handle in
the fingers.



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.
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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 iengthening 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. J




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.
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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,
to Y, 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
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FIG. 55. Inking over pencil line. Center ink
line over original layout line.

e

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 bath nibs
of the pen kept on the paper, bending the knuckle
joints, if necessary, to effect this.

Itis a universal rule in inking that circles and cirele
arcs must be inked first. 1t 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
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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
Secs. 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:
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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 PENCIL
DRAWING OR TRACING

VISIBLE OQOUTLINE (FULL LINE)

HIDDEN OUTLINE (DASHED LINE)

R
- _/

CENTER LINE |

EXTENSION LINE

DIMENSION LINE 7]

‘ CUTTING PLANE '

i
| 7

SECTION LINING

ADJACENT PARTS, ALTERNATE
| POSITION OR REPEAT LINE

SHORT BREAK

V' %

LONG BREAK

| | g P |

FIG. 57. The alphabet of lines for pencil
drawings.
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NG BREAK

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 1, and Y}, in., the me-
dium lines Y, in., and the fine lines Y4 in. in
width. To use the line gage, draw a line about 1%,
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-
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what thinner than for inked drawings, the thick
line being about ¥, in., medium about Y, in., and
thin between Y, and ¥, 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 funished drawings.
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FIG. 59. Line gage. Draw a line on the paper
to be used and apply it here to determine the
width.

40. Line Practice.

After reading the preceding paragraphs, take a blank
sheet of paper and practice making straight lines
and circles in all the forms—full, dashed, etc.—
shown in Figs. 57 and 58. Include starting and
stopping lines, with special attention to tangents
and corners.

In pencil, try to get all the lines uniform in width
and color for each type. Circle arcs and straight lines
should match exactly at tangent points.

In ink, proceed as for pencil practice and pay
particular attention to the weight of lines and to the
spacing of dashed lines and center lines.

If the inked lines appear imperfect in any way,
ascertain the reason immediately. It may be the fault
of the pen, the ink, the paper, or the draftsman;
the probabilities are greatly in favor of the last if
the faults resemble those in Fig. 60, which illustrates
the characteristic appearance of several kinds of
poor line. The correction in each case will suggest
itself.
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Pen pressed against T square foo hard ‘

V4
V4
Pen sloped away from T square Jézz

Pen too clase ta edge, ink ran under x::

Ink on outside af blade, ran under
P .o -

Pen blades naf kept parallel to T square

T square for triangle) slipped into wet line
q 5
yrr TYT T VPremw v v

Not enough ink fo finish line

FIG. 60. Faulty ink lines. The difficulty is
indicated in each case.

41. Use of the French Curve.

The French curve i1s a guiding edge for noncircular
curves. When sufficient points have been deter-
mined, it is best to sketch in the line lightly in pencil,
freehand and without losing the points, until it is
clean, smooth, continuous, and satisfactory to the
eye. Then apply the curve to it, selecting a part that
will fit a portion of the line most nearly and seeing
to it, particularly, that the curve is so placed that
the direction in which its curvature increases is the
direction in which the curvature of the line increases
(Fig. 61). In drawing the part of the line matched
by the curve, aliways stop a little short of the distance
in which the guide and the line seem to coincide.
After drawing this portion, shift the curve to find
another place that will coincide with the continuation
of the line. In shifting the curve, take care to pre-
serve smoothness and continuity and to avoid
breaks or cusps. Do this by seeing that in its succes-
sive positions the curve is always adjusted so that
it coincides for a short distance with the part of the
line already drawn. Thus at each junction the tan-
gents will coincide.
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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

FIG. 61. Use of the French curve. The
changing curvature of line and curve must
match.




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 beard.
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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 !/-in. spaces with the scale.
Draw all horizontal lines with the T square and all vertical
lines with the T square and triangle.

2. Aninterlacement. For T 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, Asquare pattern. For 45 triangle, dividers, and scale.
Draw a 4-in. square and divide its sides into three equa!
parts with dividers. With 45° triangle, draw diagonal lines

connecting these points. Measure 3 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 ,-in. spaces from
their intersection. Add the narrow border 3%, in. wide.
Add a second border 1, 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 1%,
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 1%g-in.
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 Y, in. inside
each line of this outside cross, and complete the figure
with triangles in combination.

PROB. 3. PROB. 4.

PROB. 7.



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 ¥,-in.-diameter construction circle, a 2%-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 inscr:be 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 a4-in. circle draw six diameters 30 apart.
Draw a 3-in. construction circle to locate the centers of

PROB. 8. PROB. 9.

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
Y, in. apart. In drawing concentric circles, always draw
the smallest first.

14, A four-centered spiral. For accurate tangents. Draw
a Yg-in. square and extend its sides as shown. With the
upper-right corner as center, draw quadrants with ;- and
Y,-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.

PROB. 13. PROB. 14.

B O
—

PROB. 10.
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e INradius 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 ',-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. 12.

PROB. 11.

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 Y,-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 /,-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 1,,1n. circle and drawing 2 smooth line with the
French curve.

@@

PROB. 15.

PROB. 16.
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Group 4. Scales.
17. Scale practice.

(a) Measure lines A to (i to the following scales: A,
full size; B. !, size; €. 3" = 10", D, 17 = 10" L
Y =107 R Y =107 G %, =107

(b) Lay off distances on lines /I to N as follows: H,
33,7, full size; I, 77, Y, size; J. 267, 11, = 1"07;
K. 781, 1,7 =107 L. 10-117, %" =1-0"; M.

Group 5. Combinations.

18. A telephone dial plate. Draw double size.

19. A film-reel stamping. Draw to scale of 6 = 1'-0"".
20. Box cover. Make a one-view drawing for rectangular
stamping 3 by 4 in., corners rounded with ,-in. radis.
Four holes, one in each corner, 3,-in. diameter, 3 and
2 in. center to center, for fasteners. Rectangular hole
in center, *, by 1 in., with 1-in. side parallel to 4-in. side.
Two slots !, in. wide, 2 1n. 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. 1D (inside

40, i0hotes
spaced as showr

PROB. 18. A telephone dial plate.

284", L' = 1-0"; N, 4010”7, %, = 1-0".

(¢) For engineer's scale. Lay off distances on lines i1
to N as follows: {1, 3.2”, full size; 1. 27°-0”, 1 = 10"-0";
J. 66’07, 17 =20-0"; K, 1050”7, 1 =30-0"; L,
156-0", 1”7 =40-0"; M, 183-0", 1" =50-0";, N,
2140, 1" = 60'-0".

PROB. 17.

diameter). Six Y,-in.-diameter holes equally spaced on
3-n.-diameter circle, with two holes on vertical center line.
Two semicircular notches 180° apart made with %4-in.
radius centered at intersections of horizontal center line
and 4-in.-OD circle.

22. Blank for wheel. Make a one-view drawing for
stamping 5 in. OD; center hole 1/ in. in diameter; eight
spokes %, in. wide connecting 1%Y,-in.-diameter center
portion with 1%-in. rim. Eight Y,-in.-diameter holes with
centers at intersection of center lines of spokes and
41,-in. circle; Yg-in. fillets throughout to break sharp
corners.

PROB. 19. A film-reel stamping.



23. Cover plate. Make a one-view drawing for rectan-
gular stamping 3 by 4 in., corners beveled !/, in. each
way. Four holes, one in each corner, ',-in. diameter, 3
and 2 in. center to center, for fasteners. Rectangular hole
in center, Y, by 1 in. with 1-in. side parallel to 4-in. side.
Two holes, %,-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).

"*‘:‘f -

PROB. 24. Fixture base.

Dial shaft.
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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. :

/
~ 33
% /"eab
T i 2 2
b, a4 o ‘
TR O
sl 3 )
R N . " Y
b4 S
2% b1 |
.:"; S . S -l
N

PROB. 28.
trol.

Inner toggle for temperature con-
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29. Drawing of mounting surface—O control. Scale,
twice size.

30. Drawingof mounting leg—O 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.

PROB. 29. Mounting surface: O control.

PROB. 31. Cooling fin and tube support.

PROB. 30. Mounting leg: O control.

PrOB. 32. Cone, sphere, and cylinder com-
binations.
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PROB. 34. Bell crank.

prOB. 35. Control plate.

PROB. 36. Torque disk. PROB. 37. Brake shoe.
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Parabola * The Hyperbola * Cycloids, Involute,
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Problems
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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

| FIG. 1. To draw a line through two points.
i 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.




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 Secs. 2, 3, and 4.

To draw a straight line through two points (Fig.
1), place the point of the pencil at () 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 (), 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 peint 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.
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FI6. 5. To draw a line perpendicular to an-
other (when the given line 1s 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
(when the given line is horvizontal, 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 iine AB at O with the given
radius. O is the center of the circle. Note that there
are two possible positions for the circle.

B

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. Acircle tangent to a line and passing
through a point. The circle center must be
equidistant from the line and the point.

D

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.



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. 10).

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 (. 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.

10. 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 €. Bring
the triangle back to its original position and draw
the tangent line.

11. 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,. Then with
T and T, as centers and with the same radius R,
draw arcs intersecting at O, the center of the re-
quired arc.

3 GRAPHIC GEOMETRY

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.

F16. 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.

75
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12. To Draw an Arc of Given

Radius Tangent to Two

Straight Lines (Fig. 13).

Given the lines AB and €D, set the compass to
radius R, and at any convenient point on the given
lines draw the arcs R and R;. 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 D, 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 T and T,. 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 T, and T,. 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, 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 + R, swing an arc intersecting CD at X, the
desired center. The tangent point for AB will be on
a perpendicular to AB from \; the tangent point for
the two circles will be on a line joining their centers
X and O.

ore.on friandlE I
T

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.



FI6. 15. Tangents to two circles (crossed
belt). Tangent lines are drawn by alignment
with both circles. Tangent points lie on per-
pendicular lines from 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.

16. To Draw a Circle of Radius i
Tangent to Two Given Circles.

First Case (Fig. 17, Top). The centers of the given
circles are outside the required circle. Let B, and
R, be the radii of the given circles and O and P their
centers. With O as center and radius B + R, de-
scribe an arc. With P as center and radius R + K,,
swing another arc intersecting the first arc at ),
which is the center sought. Mark the tangent points
in line with OQ and QF.

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 — K, and R — R,,
describe arcs intersecting at the required center (.
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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

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.

FIG. 20. Reverse curve tangent to three
lines. Note that the arc centers must le on
a line perpendicular to the tangent line at the
point of tangency

the line BC assume point E, the point through which
itis 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.

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 I and I, draw a perpendicular JH to EF
through a given point P on EF. With E as center and
radius EP, intersect CD at (.. Draw a perpendicular
from (. intersecting JII at H. With F as center and
radius I'P, intersect AB at K. Draw a perpendicular
to AB from K intersecting JII at J. I and J will be
the centers for arcs tangent to the three lines.

GEOMETRY OF 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.



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

a
s

ently

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.
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20. To Trisect a Line.
Trisection of a line is not nearly so often needed
as bisection, but will occasionally be required.

With 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 . 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 1. Then draw RT and ST,
which will intersect AB at third points [ 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 (' that
intersect AB at U7 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 €, 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 ( 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 I, will produce ninth points; or as
from £ and B, the half point located at J, and again
the half points of IJ 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 1s used to obtain
third points.

22. To Divide a Line into

Any Number of Parts.

First Mcthod (Fig. 27). To divide a line AB into, say,
five equal parts, draw any line BC of indefinite
Jength. 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 \' by the tangent to get
distance Y. Note that the angle between the sides
X and Y must be a right angle.

24. To Lay Out a Given Angle.

Chordal Method (Fig. 31). 1 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 1-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° =



¢

FiG. 27. To divide a line. Egqua! divisions on
any line BC are transferred to AB by parallels
to AC.

FiG. 28. To divide a line. Scale divisions are
i 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 (A makes 45~
with AB.

26. To Lay Out Angles of 30°, 60°,

90°, 120°, ete. (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.

3 GRAPHIC GEOMETRY
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FIG. 30. Angle by tangent. The proportion
of ¥ to X is obtained from a table of natural
tangents.

Fic. 31. Angle by chord. The proportion of
C to R is obtained from a table of chords.

FiIG. 32. Tolayouta 45 angle. The two legs,
AB and BC. are equal and perpendicular.

Fi6. 33. To construct angles in multiples of
30°. Chords equal to the radius will divide
a circle into six equal parts.

81
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With the same radius and B as center cut the original
arc at (. The included angle CAB is 60° and by
bisection (equal arcs from € and B to locate F) 30°
is obtained at CAE and EAB. For 120°, AR 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.

g

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

y

FIG. 35. To divide an angle into equal parts.
Equ,al 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 (, 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.



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'( and ('’
and continue the operation always using .\ 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.

FIG. 38. To transfer a polygon: by triangula-
| tion. All corners are located by triangles
| having a common base.

F1G. 39. To transfer a polygon: by ‘‘boxing."
Each corner is located by its position on a
rectangle.
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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.

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 («) 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 (d) 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 corn-
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
triangle draw tangents to it as in Fig. 43.
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FIG. 41. A hexagon. Arcs equal to the radius
locate all points. (Corner distance AB is
known.)

FIG. 42. A hexagon. The 30-60° triangle
gives construction for all points. (Corner dis-
tance AB is known.)

FIG.43. Ahexagon. Tangents drawn with the
30-60° triangle locate all points. (Across-flats
distance is known.)

34. To Inscribe a Regular Pentagon
in a Circle (Fig. 44).
Draw a diameter AB and a radius OC perpendicular

~—

FIG. 44. To inscribe a regular pentagon in
a circle. Arc construction locates one side;
others are stepped off.

FIG. 45. To inscribe a regular octagon in a
square. Arcs from the corners of the enclos-
ing square locate all points.

4 8

FIG. 46. To construct a regular polygon.
Given one side, a polygon of any number of
sides can be drawn by this method.

35. To Inscribe a Regular Octagon
in a Square (Fig. 45).

to it. Bisect OB. With this point DD as center and Draw the diagonals of the square. With the corners
radius DC, draw arc CE. With center C and radius of the square as centers and a radius of half the
CFE, draw arc EF. CF is a side of the pentagon. Step diagonal, draw arcs intersecting the sides and con-

off this distance around the circle with dividers. nect these points.



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 from the left 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 I 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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Application of circles and arcs

FIG. 47. Arc centers. The center of any arc
lies on the perpendicular bisector of any
chord of the arc.

FIG. 48. Circle through three points. Per-
pendicular bhisectors of chords locate the
center.
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Fig. 47, through two points O and P, 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-

FIG. 49. To locate the center of a circle.
Perpendicular chords to chord AB produce
diameters BC and AD.

FIG. 50. Chords connecting a diameter.
Chords from a point, connected to a diame-
ter, form a right angle between the chords.

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 DB, AC and CB, AL and EB, AF 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 k. Then EC and DB intersect at O,
the geometric center, and the radius of the sub-
scribing circle is OCG and/or OF.

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.



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 a square.
Diagonals locate the circle center.

7N
J
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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 ABCD, draw diagonals AC and BD,
which intersect at point O, the center. OPF is the
radius of the circle.
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FIG. 55. To draw a circle on a regular poly-
gon. Perpendicular bisectors of two sides
locate the center.

FIG.56. To approximate the length of an arc.
See footnote 1 for accuracy.

42. To Inscribe a Square

in a Circle (Fig. 54).

From A, the known point of orientation, draw diam-
eter AC and then erect BD, the perpendicular bi-
sector of AC. The square is ABCD.

43. To Scribe a Circle in or on a
Regular Polygon (Fig. 55).

Draw perpendicular bisectors of any two sides, for
example PO and SO of AB and (D, giving O, the
center. The inner-circle radius is OF or OG and the
external-circle radius is OA, OB, etc.

44. To Lay off on a Straight Line

the Approximate Length of

a Circle Arc (Fig. 56).

Given the arc AB. At A draw the tangent AD and
the chord produced, BA. Lay off AC equal to half
the chord AB. With center (" and radius CB, draw
an arc intersecting AD at D; then AD will be equal
in length to arc AB (very nearly).! If the given arc

'In this (Professor Rankine's) solution, the error varies as the
fourth power of the subtended angle. For 60" the line will be
a0 Part short, while at 30" 1t will be only ! part short

a1
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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).! 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 liyperbola, 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, and F,), called “focuses," is a con-
stant equal to the major axis.? 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 “‘munor axis" are the traditional terms.
However, because of the confusion between these and the
mathematical X\ and Y axes and the central axis (axis of rota-
tion), the terms “major diameter”™ and “minor diameter’ will
be used in this discussion.

FIG.57. To approximate the length of an arc.
The sum of short chords closely approaches
the arc length.

FiG. 58. To lay off, on an arc, a specified
distance. See footnote 1 for accuracy.

FIc. 59. The conic sections. Four plane
curves are produced by ‘“‘cutting’” a cone.



Application of the ellipse (intersection)

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
conics, 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
ellipseis x?/a? + y?/b? = 1, where a is 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 M\ and
PQ; and CD is parallel to the tangents MP and N(Q.
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, Civen
the Ellipse and a Pair of Conjugate Diameters. First
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Method (Fig. 62). The conjugate diameters are C\
and JG. With center O and radius O], 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 Curce Is Not Given (Fig.
63). The conjugate diameters CN and J(; are given.
With center O and radius )], describe a circle and
draw the diameter (R at right angles to JCi. Bisect
the angle QCRH. The major diameter will be parallel
to this bisector and equal in length to CR + CQ;
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,, and F, (Fig. 60), and tie
an inelastic thread or cord tightly around the three
pins. If the pin ) 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. 6:1). 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). QOn 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, ¢ will give
points on the ellipse. Extreme care must be taken
to keep points f and ¢ 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, (', etc. From P and () draw lines parallel
to OD, and from P and (' draw lines parallel to
OB. The intersection of the lines through P and P’
gives one point on the ellipse, the intersection of
the lines through () and Q' 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.



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.
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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, (), and S, draw
perpendiculars as PP, QO, and SS’ to the diameter
AB. From S and P, etc., draw lines parallel to D,
and from S’ and P’ draw lines parallel to OD. The
intersection of the lines through P and " gives one

FIG. 67. An ellipse by concentric-circle
method. Major- and mnor-diameter circles
and construction give points on the curve.

FIG. 66. An ellipse by triangle trammel
(conjugate diameters). Points are plotted at
the apex of the triangle.

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.

_ESNL G

£

FiG. 69. An ellipse by paralielogram method.
Points are plotted by construction through
equal divisions of AO and AC.

4
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FIG. 70. An ellipse by parallelogram method
(conjugate diameters). The constructive
method of Fig. 69 is used, but here applied
t¢ conjugate diameters.

55. To Draw a Tangent to an Ellipse.

At a Given Point on the Curve (Fig. 71). Draw lines
from the given point P to the focuses. The line
bisecting the exterior angle of these focal radii is
the required tangent.

Parallel to a Given Line (Fig. 71). Draw FE per-
pendicular to the given line GII. With F, as center
and radius AB, draw an arc cutting F|£ at K. The
line I;K cuts the ellipse at the required point of
tangency T, and the required tangent passes
through T parallel to GH.

From a Point Outside (Fig. 72). Find the focuses
Iy and F,. With the given point P and radius PI,
draw the arc RF,(). With F, as center and radius
AB, strike an arc cutting this arc at ) and R. Con-
nect QF, and RF,. The intersections of these lines
with the ellipse at 7| and T, will be the tangent
points of tangents to the ellipse from P.

Coneentric-cirele Method (Fig. 73). When the ellipse
has been constructed by the concentric-circle
method (Fig. 67), a tangent at any point I can be
drawn by dropping a perpendicular to AB from the
point to the outer circle at K and drawing the auxil-
iary tangent KL to the outer circle, cutting the major
diameter at L. From L draw the required tangent
LH.

56. To Draw a Normal to an Ellipse
(Fig. 73).
From point P on the curve, project a parallel to the
minor diameter to intersect the major diameter cir-
cle at (). Draw OQ extended to intersect (at N') an
arc with center at O and radius AO + OE. NP is the
required normal.

Or, normals may be drawn perpendicular to the
tangents of Figs. 71 and 72.

57. To Draw a Four-centered
Approximate Ellipse (Fig. 74).

Join A and b. Lay off DF equal to AO — DO. This
is done graphically as indicated on the figure by
swinging A around to A" with O as center where
now DO from OA”is DA’, the required distance. With
D as center, an arc from A’ to the diagonal AD
locates J°. Bisect AF by a perpendicular crossing AO



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 from an out
side point. Tangent points T, and T, 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 I1. Make OG’ equal to OG, and O’ equal to OH.
Then G, @', I, and H' will be centers for four tan-
gent circle arcs forming a curve approximating the
shape of an ellipse.
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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
1. Lay off OK equal to OD, and, on AK as a diame-
ter, draw a semicircle intersecting the extension of
the minor diameter at [.. Make OM equal to LD.
With center II and radius [IM, draw the arc MN.
From A, along AB, lay off AQ equal to OL. With P
as center and radius P(Q), 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 eenters must lie on the common normal
at the point of tangency.

Curves are sometimes inked in this way in prefer-
ence to using irregujar 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. Afour-centered approximate ellipse.
Four tangent circle arcs give elliptical shape.

£

FI1G. 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.

Application of the parabola

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 y? = 2 px, where p 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 I perpendicular to AB. Through any point
D on the axis, draw a line parallel to AB. With the



FIG. 78. A parabola. Paints on the curve are
equidistant from the focus F and directrix AB.

FIG. 79. A parabola by parallelogram
method. Points are plotted by lines through
equal-numbered divisions of OA and AB.

FIG. 80. A parabola by offset method. Off-
sets are proportionate to squares of divisions
of OA.

distance DO as radius and F as center, draw an arc
intersecting the line, thus locating a point P on the
curve. Repeat the operation as many times as
needed.

To Draw a Tangent at Any Point P. Draw PQ paral-
lel to the axis and bisect the angle FP().
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61. Parabola Construction:
Parallelogram Method.

Usually when a parabola is required, the dimensions
of the enclosing rectangle, that is, the width and
depth of the parabola (or span and rise), are given,
as in Fig. 79. Divide OA and AB into the same
number of equal parts. From the divisions on AB,
draw lines converging at O. From the divisions on
OA, draw lines parallel to the axis. The intersections
of these with the lines from the corresponding divi-
sions on AB will be points on the curve.

62. Parabola Construction:

Offset Method (Fig. 80).

Given the enclosing rectangle, the parabola can be
plotted by computing the offsets from the line OA.
These offsets vary in length as the square of their
distances from O. Thus if OA is divided into four
parts, DD" will be ¥, of AA’; CC7, since it is twice
as far from O as DD, will be 4, of AA"; and BB/,
% If OA had been divided into five parts, the rela-
tions would be Y,g, 4, % and ¢, the denomi-
nator in each case being the square of the number
of divisions. This method is the one generally used
by civil engineers in drawing parabolic arches.

63. Parabola Construction:

Parabolic Envelope (Fig. 81).

This method of drawing a pleasing curve is often
used in machine design. Divide OA and OB into the

4 4 ¢ 5 d 5

FIG.81. A parabola by envelope method. The
curve is drawn tangent to straight-line con
struction.
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Application of the hyperbola (intersection)

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 x?/a? — y?/b? =1,
where « 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 Fy and I,
and the Transverse Axis AB (Constant Difference) Are
Given (Fig. 82).  With | and F, as centers and any
radius greater than F,B, as F,P, draw arcs. With the
same centers and any radius F,P — AB, strike arcs
intersecting these arcs, giving points on the curve.

To Draw a Tangent at Any Point P. Bisect the
angle F,PF,.

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 = ¢, 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.



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 =10 —r sin#, y=r—rcost,
where ris 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!’

3/GRAPHIC GEOMETRY

Formation of a cycloid

Application of the involute

FIG. 85. An epicycloid and hypocycloid. Bath
are farmed by a circle rolling on another
circle.

97
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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=1r (sinfl —fcos ), y=r (cos +
#sin #), where r is the radius of the circle and 4 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
Twn in a Given Circle (Fig. S8S). Divide the circle
into a number of equal parts, drawing the radii and
numbering them. Divide the radius O-8into 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 = af (polar form).

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

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.

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,



reciprocal (hyperbolic) spiral, parabclic 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 907,
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

7
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Application of the helix

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

~Diameter (D) = '

+ kad?
43

FIG. 89. The cylindrical helix and its devel
opment. Any point moves at a constant rate
both around and along the axis
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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 /=D,
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 €. 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 I.. 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.

For 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
R,, draw a circle arc intersecting the given line at
A and B. With any convenient radius R, and with



FIG. 91. Parallel lines. Two points determine
the parallel.

FIG. 92. Parallel lines. The parallel 1s drawr
tangent to a pair of arcs

FIG. 93. Curved parallel lines. The curves are
drawn tangent to circle arcs.
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centers at A and B, draw intersecting arcs locating
(). The required perpendicular is P, 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 P on the line as
center and any convenient radius R;, draw circle
arcs to locate points A and B equidistant from P.
With any convenient radius R, longer than R, and
with centers at A and B, draw intersecting arcs
locating Q. 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 . P() 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,, locate point
P equidistant from C and M. With P as center and
the same radius R,, 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
acircle with radius R; — R,. From P draw a tangent
to this circle by the method of Fig. 98. Extend OT
to 1\, and draw PT, parallel to OT,. Join T, and T,
giving the required tangent.

Second Case: Crossed Belt (Fig. 100). Draw OA and
OB perpendicular to OO,. From P, where AB
crosses 0, locate tangents as in Fig. 98.
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FIG. 94. A perpendicular from a point out- T ) :
side. Equal radii determine the perpendicular. SR U

point. Here, as in Fig. 97, perpendicular
chords determine the solution.

- P 4

FIG. 95 (LEFT). A perpendicular from a point
on a line. Equal radil determine a point on
the perpendicular.

FIG. 96 (RIGHT). Aperpendncular_from apoint FIg. 99. Tangent lines (open belt). The
on aline. Geometrically, perpendicular chords difference in radius of the two circles is the
of a circle produce this solution.

geometric basis. Then perpendicular chords
are used.

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. 100. Tangent lines (crossed belt). A
duplicate of Fig. 99, except for position of the
tangent lines.
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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.

Group 1. Lines and Plane Figures.

1. Near the center of the working space, draw a hori-
zontal line 4Y, 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 37, 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) 3; 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.

Group 2. Problems in Accurate Joining
of Tangent Lines.
8. Draw the offset swivel plate.

proB. 8. Offset swivel plate.

9. Draw two lines AB and AC making an included angle
of 30°. Locate point P, 4 in. from A and Y, in. from line
AB. Draw two circle arcs centered at point P, one tangent

Locate a point by two intersecting lines; indicate the
length of a line by short dashes across it.

5. Draw a regular hexagon having a distance across
corners of 4 in.

6. Draw a regular hexagon, distance across flats 333 in.
7. Draw a regular dodecagon, distance across flats
3% in.

PROB. 3. Irregular polygon.

to line AB, the other to AC. Then draw two lines tangent
to the opposite sides of the arcs and passing through
point A. Locate all tangent points by construction.

10. Construct an ogee curve joining two parallel lines

ABand CD as in Fig. 18, making X = 4 in., Y = 2Y,in,,

and BE = 3 in. Consider this as the center line for a rod
1Y, in. in diameter, and draw the rod.

11. Make contour view of the bracket. In the upper ogee
curve, the radii R, and R, are equal. In the lower one,
R, is twice R,.

PROB. 11. Bracket.
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12. Draw an arc of a circle having a radius of 313, in., 15. Front view of rod guide. Draw full size.
with its center 1, in. from the top of the space and 1Y,
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.

PROB. 15. Rod guide.

PROB. 13. Washer. 16. Front view of a star knob. Radius of circumscribing

circle, 2% in. Diameter of hub, 2% in. Diameter of hole,

14. Front view of shim. Draw full size. ¥, in. Radius at points, % in. Radius of fillets, %; in. Mark
Y 1 tangent points in pencil.

PROB. 14. Shim.

17. Front view of sprocket. OD, 43, in. Pitch diameter,
4 in. Root diameter, 3Y, in. Bore, 1Y, in. Thickness of
tooth at the pitch line is %, in. Splines, ¥, in. wide by
. in. deep. Mark tangent points in pencil. See Glossary
for terms.

PROB. 17. Sprocket.
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24. Drawing of heater tube. Draw twice size.

22. Front view of spline lock. Draw full size.

PROB. 24. Heater tube.

25. Drawing of exhaust-port contour. Draw twice size.

(R

PROB. 22. Spline lock.

23. Front view of gage cover plate. Draw full size.

CETERMINE

PROB. 25. Exhaust-port contour.

26. Drawing of toggle spring for leaf switch. Use decimal
scale and draw 20 times size.

5 v
g7\ /

B fme———Ty
Ll
T ‘} B

DEGREES % =+

;

Scale Detar/

20ril] 4Holes -

PROB. 23. Gage cover plate.

i \’/ 13 — 008
PROB. 26. Toggle spring for leaf switch.
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27. Drawing of pulley shaft. Draw full size.

= @i~

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!, in. and a minor diameter of
3in.

32. Using the trammel method, draw an ellipse having
a major diameter of 4%, in. and a minor diameter of
41n.

33. Using the concentric-circle method, draw an ellipse
having a major diameter of 4%, in. and a minor diameter
of 1%, in.

34. Draw an ellipse on a major diameter of 4 in. One
point on the ellipse is 1%, in. to the left of the minor
diameter and 7 in. above the major diameter.

35. Draw an ellipse having a minor diameter of 23, in.
and a distance of 3!} in. between focuses. Draw a tangent
at a point 13 in. to the right of the minor diameter.

28. Drawingof cam for type A control. Plot cam contour
from the polar coordinates given. Use decimal scale and
draw five times size.

PrROB. 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 13
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%,
in. and 2%, 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 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
3in. long.



43. Draw a parabola, axis vertical, in a rectangle 4 by
2in.

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, Y, in. from OB and 2%, in. from OA. (Reference
letters correspond to Fig. 83.)

46. Draw two turns of the involute of a pentagon whose
circumscribed circle is 1, 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.

3,GRAPHIC GEOMETRY

52. Front view of cam. Draw full size.

25 -l
7

PROB. 52. Front view of cam.

53. Front view of fan base. Draw full size.

5

ErEtassio |
PROB. 53. Front view of fan base.

54. Front view of trip lever. Draw half size.

PROB. 54.

Quarter ellipse
Major onis 24
Minoraxis 7

Front view of trip lever

109
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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°42",
57. A tank is 31 in. in diameter and 4 ft 7%/ in. long.
Find the capacity in liters.

58. A 4d.in.-diameter cold-rolled steel bar is 96 cm long.
What is the weight in pounds? In grams?

59. A circle of 12%-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 muiles
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 815 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%, 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 tnangle 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 1s inscribed in a circle of
9%-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.n. 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. Acircular 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%gin. cube of aluminum is to be replaced by
steel. What is the percentage difference in weight?

71. A vertical water tank 4 ft O 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
1s 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 I, 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 Y} to Y. 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
7 and the figures 3 and & 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



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.

Direction for
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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 ;,, or 3, 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

= Turection *or

o170
s/an r/‘vf,’."

Arrows shon

> airection

Y

(a)

7~ square blade .
’ b)
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. (h) 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.

ul |
T Neck L
Bo,*h

/6 Q X /@ Deeo

1
—

[
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a
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BRI =
7N\ [ZES
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



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, in. high, then to smaller size, and finally directiy
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 7, fill the square; that is,
they are as wide as they are high. Others, such as
ITand 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.

The FH-T Group (Fig. 6).  The letter I 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 H 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 I 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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FIG. 6. The I-H-T group. Note the direction
of fundamental horizontal and vertical
strokes.

——

t
= 2 -

FIG. 7. The L-E-F group. Note the successive
order of strokes.

FIG. 8. The N-Z-X-Y group. Note that Z and
\ are smaller at the top than at the bottom,
in accordance with the rule of stability.

FIG. 9. The V-A-K group. The horizontal of
A is one-third from the bottom; the second
and third strokes of K are perpendicular to
each other.

make the strokes in consecutive order. Z and X are
both started inside the width of the square on top
and run to full width at the bottom. This throws the
crossing point of the X slightly above the center. The
junction of the Y strokes is at the center.

The V-A-K Group (Fig. 9). 'V is the same width
as A, the full breadth of the square. The A bridge
is one-third up from the bottom. The second stroke
of K strikes the stem one-third up from the bottom;
the third stroke branches from it in a direction start-
ing from the top of the stem.
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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 first, as with the
N. Wis formed 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 C: 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 (i is halfway up and does
not extend past the vertical stroke.

The D-U-] 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 (7 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. J has the same construction as U, with the first
stroke omitted.

The P-R-B Group (Iig. 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 $-8-3 Group (Fig. 14). The S, S, 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 § may
be made an the S construction in three strokes, or
in “head and body" in four strokes. A perfect 3 can
be finished into an §.

The 0-6-9 Group (Fig. 15). The cipher is an ellipse
tive-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 tigure.

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’-] 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 2-5-7-& 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 (Iig. 17). Fractions are always
made with horizontal bar. Integers are the same



FIG. 14. The S-8-3 group. A perfect S and 3
can be completed to a perfect S.

FIG. 15. The 0-6-9 group. The width is five-
sixths of the height.

FIG. 16. The 2-5-7-& group. Note the rule of
stability. The width is five-sixths of the height.

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.
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-,.,,r..n., e

Bose e l ’ e
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
67%,°, 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. 2¢ 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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ABsCcDEF GH |
JIKLMNOPrOR
Sss . UuVW XY Z
12134856788 O
a-abcdefg ghijklm
nopgrsifuvwxyyz

small-size capitals and the alternate shapes
for lower-case a, g, and y.

FIG. 21. Form of curved-stroke inclined capi-
tais. The basic shape is elliptical.

FIG. 20. Slope guide lines. The standard FIG. 22. Form of straight-stroke inclined

slope angle of 67,° (see Fig. 2a¢ and b) capitals. The *‘center line” must be a slope
can be approximated by a slope of 2 to 5. line.
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ABeCcDE F GH/
JoK L MN OF QR

Ses T LV W X ¥ Z
| B8/ 4 567690
aabcdertg ghij/kim
Nop grsiuvwxyyz

as A, V, and W. 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-

FIG. 23. Single-stroke inclined capitals and
lower case. Note the alternate strokes for
smail-size capitals and the alternate shapes
for the lower case a, g, and y.

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 j 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 ¢, ¢, 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 ¢, r, and w.
The s is similar to the capital but, except in letters
more than !4 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

/KT WXy Z

FIG. 24. Thestraight-line inclined lower-case
letters. Note that the center lines of the let-
ters follow the slope angle.

alfabdigpg

FIG. 25. The loop letters. Note the graceful
combination of elliptical body, ascenders, and
descenders.

ceeas

FIG. 26. The ellipse letters. Their formation
is basically elliptical.

hmnruy

FIG. 27. The hook letters. They are combi-
nations of ellipses and straight lines.

COMPRESSED LETTERS ARE USED

when space Is limited Fither verfical
or inclined styles may be compressed.

EXTENDED LETTERS OF A
given height are more iegible

FIG. 28. Compressed and extended letters.
Normal width has O the same in width as
in height and the other letters in proportion
Wider than high for O is extended, narrower
iIs compressed.
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AABCCDEEFF GGHH
I JJKLL MNOOP QQ
B S0 O ) 7, e X B T 2
I3 A8 8677880
abccdeffghijklmnoop
grsttuvwxyz

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 wuse rertical 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 I 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,
0, 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 ¢, itis better

FIG. 29. Strokes for left-handers. Several
alternate strokes are given. Choose the one
that is most effective for you

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
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Fic. 30. Background :
veen letters
uniform

s. Equal areas be
produce spac mrtlmt visually

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

COMPOSITION IN
DEE
ol

FUL SPA

REQUIRES CAR

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
U, to 1Y, 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. [t 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

ETTERING
CING, NOT ONLY

OF LETTERS BUT OF WORDS AND LINES

FIG 31. Word composition. Careful spacing
f letters and words and the proper emphasi
of size and weight are important
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TWEEN

WORDS SPACED BY SKETCHING AN | BETWEEN ‘

out a drawing, this corner is reserved for it. The
space allowed depends on the size and purpose of
the drawing. On an 11- by 17-in. working drawing,
the title may be about 3 in. long.

15. To Draw a Title.

When the wording has been determined, write out
the arrangement on a separate piece of paper as
in Fig. 34 (or, better, typewrite it). Count the letters,
including the word spaces, and make a mark across
the middle letter or space of each line. The lines
must be displayed for prominence according to their
relative importance as judged from the point of view
of the persons who will use the drawing. Titles are
usually made in all capitals. Draw the base line for
the most important line of the title and mark on
it the approximate length desired. To get the letter

i
B Al

A

|
|

|

FIG. 33. Shapes in symmetrical composition.
Design for clarity and emphasis.

FIG. 32. Word spacing. Space words so that
they read naturally and do not run together
(too close) or appear as separate units (too
far apart).

height, divide this length by the number of letters
in the line, and draw the capital line. Start at the
center line, and sketch lightly the last half of the
line, drawing only enough of the letters to show the
space each will occupy. Lay off the length of this
right half on the other side, and sketch that half,
working forward or backward. When this line is sat-
isfactory in size and spacing, draw the remainder
in the same way. Study the effect, shift letters or
lines if necessary, and complete in pencil. Use
punctuation marks only for abbreviations.
Scratch-paper Methods.  Sketch each line of the
title separately on a piece of scratch paper, using
guide lines of determined height. Find the middle
point of each of these lines, fold the paper along
the base line of the letters, fit the middle point to

10 x &6 x/2
2 boo A1 4 3 44
Bodlen Heed pourny
Welen eqplf deladdy
deall & c";',’,'%«,/u/j/’f%//"

6 x12
EED PUMP
D DETAILS

JUNE 15,1947

FIG. 34. Title composition. Sketch lightly;
then when satisfactory, complete.
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LEONARDT 516 F-506 F
HUNT 512:ESTERBROOK 968

Esterbrook 1000

Spencerian No |

Gillott 404 : Gillott 303 For e (ngges Gl (10 WY

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 S 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.



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.
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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 %, in. from the top
border, draw guide lines for five lines of ¥:-in. letters.
Draw each of the straight-line letters I, H, I, L, L,
F, N, Z, Y, V. A, M, W, and \, 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, ], B, P, R, and S. Study Figs. 11 to 14.

3. Same as Prob. 1 for the figures 3, 8, 6, 9, 2, 5, Y},
Y4 %, 1. and 75, Study Figs. 14 to 17.

4. Composition. Same layout as for Prob. 1. Read Sec.
13 on composition; then letter the following five lines
in pencil: («) WORD COMPOSITION, () TOPOGRAPHIC
SURVEY, (¢) TOOLS AND EQUIPMENT, (d) BRONZE
BUSHING. (¢) JACK-RAFTER DETAIL.

5, Quarter-inchvertical letters in pencil and ink. Starting
U, in. from the top, draw guide lines for nine lines of
1,-in. letters. In the group order given, draw each letter

JTHHHHT
T FEEE

PROB. 1.

k
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 Y, in. from
the top, draw guide lines for 18 lines of Y4-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.”

T HHHHEEHA

SLLLLLLLLEEE

PROB. 5.

Group 2. Single-stroke Inclined Capitals.
9 to 16. Same spacing and specifications as for Probs.
1 to 8, but for inclined leiters. Study Sec. 10 and Figs.
20 to 23.



Group 3. Single-stroke Inclined Lower Case.
17. Large letters in pencil for use with ¥;in. capitals.

The bodies are Y, in., the ascenders Y, in. above, and

the descenders Y4 in. below. Starting ¥; in. from the top,
draw guide lines for seven lines of letters. This can be
done quickly by spacing !; 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.

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.

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.
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4. LETTERING

18. Lower case for ¥,-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.

22. Design a title for the front elevation of a power-
house, drawn to !j-in. scale by Burton Grant, Architect,
for the Citizens Power and Light Company of Punxsu-
tawney, Pennsylvania.

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
SEALER AND TWO COATS
LACQUER AS PER CLIENT
COLOR ORDER.  onos. 23.
CUTOFF BURR MUST
NOT PROJECT BE -
YOND THIS SURFACE,

PROB. 26.

Flatten ear on this

side to make piece No.

51367. See detail.

PROB. 29.

Material:#19 Ga (0.024)

C R Steel. Temper fo Rock-

well B-40 to 65.

PROB. 32.

THIRD-ANGLE PROJECTION AFTER MACHINING
PROB. 24. AND BEFORE
ASSEMBLY.

%PNOT point for high

pressure bellows.

THIS PRINT IS AMERICAN /TO BE REMOVED
R
|
— =

PROB. 25.

ALTERNATE MATERIAL:
/ST RED BRASS 85 % CU.

2ND. COMM. BRASS 90 % CU.
FR0. COMM. BRASS 95 % CU.

PROB. 27.

THIS HOLE IN
PIECE NO. 82/
ONLY. REMOVE
BURR ON UPPER
SIDE.

. PROB. 28.
Deburring slot must

be centered on
0.625 hole within
+0.00!

08. 30.
PR PROB. 31.

This length varies from Extrude to 0.082

/ 0.245 to 0.627. +.002 Dia.
See table (@) below. / 3-56 Class 2 tap.
PROB. 33. /) PROB. 34.
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ORTHOGRAPHIC
DIRAW NG
AND SKIETCHING

Orthographic Drawing and Sketching Is the
Basic Graphic Form of Representation for Design
and Construction Drawings

This Chapter Presents:

Theory ¢ Orthographic Views * The Six Principal
Views ¢ Combinations of Views ¢ ‘‘Alternate-
position’ Views ¢ The Three Space

Dimensions ¢ Relationship of Planes, View
Directions, and Space Dimensions °
Classification of Surfaces and Lines °
Representation of Lines ¢ Hidden Features ¢
Center Lines « Precedence of Lines ¢ Exercises in
Projection ¢ Selection of Views ° Projection of
Views ¢ Order of Drawing * Freehand Drawing ¢
Freehand Techniques ¢ Reading Orthographic
Drawings ¢ Reading Lines, Areas * Learning to
Read by Sketching and Modeling * Exercises °
Problems
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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-
facturing groups, 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.! 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 ohlique. 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.

10nly 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? 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 cach other; collectively, the views on
these planes describe the object completely. (The term
“orthogonal” ? 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

Literally, “right writing.”
*Meaning right-angled.



F1G. 2. Orthographic projection. The station
point is at infinity, making the rays parallel
to each other. The rays are perpendicular to
the picture plane.

5/0RTHOGRAPHIC DRAWING AND SKETCHING 133

FiG. 1. Perspective projection. The rays of
projection converge at a station point from
which the object is observed. Rays intersect
a picture plane and produce a projection of
the object.

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. [f 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,
vertical projection, or front elevation; that on the
horizontal plane, the top view, horizontal projeetion,
or plan; that on the side, or “‘profile,”" plane, the
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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. 6. The three planes of projection:
frontal, horizontal, and profile. Each is per
pendicular to the other two.

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, profle projection. side elevation, or some-

FIG. 7. The honzontal and profile planes times end view or end elevation. By reversing the
rotated into the same plane as the frontal e — Aehit af o [ ey
plane. This makes it possible to draw three IEadielil & Eiilh & L Gl IS GREE e

views of the object on a plane, the drawing of a top view, or a rear view instead of a front view.
paper. In comparatively rare cases a hottom view or rear

view or both may be required tc show some detail
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of shape or construction. Figure 10 shows the rela-
tive position of the six views as set by the ANSI. In
actual work there is rarely an occasion when all six
principal views are needed on one drawing, but no

ORTHOGRAPHIC DRAWING AND SKETCHING 5

A

T
!
LEFT-SIOE VIEW

TOP VIEW

i

FIG. 10. The relative position of the six
views. Study this figurecarefullyin conjunction
with Figs. 8 and 9 to fix all relationships.

(The dashed lines are explained in Sec. 12.)

I~ Depth =

Height =

12
s

FIG. 11. Top, front, and right-side views. This
is the most common combination. Note that
the top view is directly above and in projec-
tion (alignment) with the front view; and that
the right-side view is to the right of and in
projection with the front view. Observe also
that twe (and remember which #wo) space
dimensions of height, width, and depth are
represented in each view.

FRONT VIEW

BCTTOM VIEW

sions of height, width, and depth.

T0P VIEW
= Width—"~

t Depth +

~——Width——~

b= Hoight |

FRONT VIEW

FIG. 12. Top, front, and left-side views. Note
that the left-side view is drawn to the left of
and in projection with the front view. The
left-side view is preferred only when, because
of the shape of the object, representation is
clearer with the left-side view than with the
right-side view.

matter how many are required, their positions rela-
tive to one another are given in Fig. 10 (except as
noted in Sec. 7). All these views are principal views.
Each of the six views shows two of the three dimen-



6. Combination of Views.

The most usual combination selected from the six
possible views consists of the rop. 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

‘ B Width —

BOTTOM VIEW

FIG. 13. Front, bottom, and right-side views.
The bottom view is used instead of the top
view only when its use gives clearer repre-
sentation.

TOP VIEW
= Width 3l

-

= Depth

== Width =l I Depth -1 = Width ==
1

i

b Height
~— Height —

LEFT-SIDE VIEW FRONT VIEW

T
| 1
i i
REAR VIEW

FIG. 14. Top, front, left-side, and rear views.
The rear view is added only when some detail
on the rear of the object is important and
representation can be improved by its use.
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FIG. 15. The transparent box opening for
alternate-position views. Note that frontal
and profile planes are hinged to the hori-
zontal plane. ‘

is its distance from the front surface on the top view.
The combination of front, right-side, and bottom views
is shown in Fig. 13 and of front. top, left-side. and
rear views in Fig. 14.

7. *"Alternate-position’’ Views.

The top of the enclosing transparent box may be
thought of as in a fixed position with the front, rear,
and sides hinged, as in Fig. 15, thus bringing the
sides in line with the top view and the rear view
above the top view, Fig. 16. This alternate-position
arrangement is of occasional use to save space on
the paper in drawing a broad, flat object (Fig. 17).
The alternate position for the rear view may be used
if this arrangement makes the drawing easier to
read (Fig. 18).

8. The Three Space Dimensions.

As all material objects, from single pieces to compli-
cated structures, have distinct limits and are mea-
surable by three space dimensions,* it is desirable

Space dimensions and dimensions of the object should not be
contused. The primary function of orthographic projection 1s to
show the shape of the object. Size 1s not estabhished until the
figured dimensions and or the scale are placed on the drawing.
Space dimensions are only the measure of three-dimensional
space.



138 oRTHOGRAPHI!

JRAWING AND SKETCHING 5

REAR VIEW
|
H
>
$ |
R [ —
™ ~
% 2
i bl S
o £ >
R $ g
< ¥y 3 @
il g
b Heght — ke wiarh 2

j=-tHerght —=]

FRONT VIEW

FIG. 16. Alternate-position views. Study this
figure carefully in conjunction with Fig. 15.

FIG. 17. Right-side view in alternate posttion.
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

FRONT VIEW

FIG. 18. Rear view in alternate position. This
method 1s preferable when no left-side view
is needed. Compare with Fig. 14.

always measured in a vertical direction and has no
relationship whatever to the shape of the object.

Width is the positional distance left to right be-
tween any two points measured as the perpendicular
distance between a pair of profile planes containing
the points. In Fig. 20 the relative width between
points £ and (: on the left and H and F on the
right of an object is shown by the dimension marked
“width.” The object edge EF is parallel to the width
direction and corresponds with the width dimension,
but edge i1 slopes downward from G to H, so this
actual edge of the object is longer than the width
separating points . and I1.

Depth® is the positional distance front to rear
between any two points measured as the perpen-
dicular distance between two frontal planes con-
taining the points. Figure 21 shows two frontal

5As in the civil engineering sense.



FIG. 19. Definition of height. This s the
difference in elevation between two paoints

FIG. 20. Definition of width. This s the
difference from left to right between two
points.

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.
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FIG. 21. Detinttion of depth. This i1s the
difference from front to rear between two
points

G—Width—=¢

FIG. 22. Location of points in space. Height
width, and depth must be designated.

9. The Relationship of Planes, View
Directions, and Space Dimensions.

As explained in Secs. 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.

10. 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 (¢), 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

(B)- ¢

(¢) - One obhque surface
|
FIG. 24, Classification of surface positions. J

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
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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. 24q
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 (b) 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 (¢) does not show in true shape in any of
the views, but each of the bounding edges shows

i 3 Frontal-profile hne }
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FIG. 25. Classification of line positions

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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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 view
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 eloser to the ob-

FIG. 27. Dashed-line technique. Note espe-
ially that a dashed line hegins with a space
when it continues in the same direction as a

full line

sercer’s eye. The edges, intersections, and surface
limits of these hidden parts are indicated by a dis-
continuous line called a dashed line.t See the alpha-
bet of lines (Figs. 56 and 57). In Fig. 27 the drilled
hole’ 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-

*The line indicating hidden features has been traditionally
known as a “dotted” line. However, in this treatise the term
“'dashed’” Iine will be used because it accurately describes the
appearance of the hne. 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.




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 !ine 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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FIG. 28. Dashed arcs, actual size
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Space here -
continuation

of line
___‘—E: L

1 N
| No space-beginning of line

FIG. 29. Dashed lines and arcs. Study this
figure in conjunction with Figs. 27 and 28

construction of the drawing; the important meas-
urements are made and dimensions given to and
from these lines. Study the center lines in Probs.
90 to 110.

14. Precedence of Lines.

In any view there is likely to be a coincidence of
lines. Hidden portions of the object may project to
coincide with visible portions. Center lines may occur
where there is a visible or hidden outline of some
part of the object.

Since the physical features of the object must be
represented, full and dashed lines take precedence
over all other lines. Since the visible outline is more
prominent by space position, full lines take prec-
edence over dashed lines. A full line could cover
a dashed line, but a dashed line could not cover a
full line. It is evident also that a dashed line could
not occur as one of the boundary lines of a view.
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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

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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FIG. 31.7 7Pro]ect|0n studies. Study each pic-
ture and the accompanying orthographic
views and note the projection of all features.
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FIG. 32. Projection studies. Study each pic-
ture and the accompanying orthographic
views and note the projection of all features.

can also be described in two views. Figure 34 illus-
trates two-view drawings. Some shapes will need
more than the three regular views for adequate
description.

Objects can be thought of as being made up of
combinations of simple geometric solids, principally

cylinders and rectangular prisms, and the views
necessary to describe any object would be deter-
mined by the directions from which it would have
to be viewed to see the characteristic contour shapes
of these parts. Figure 35, for example, is made up
of several prisms and cylinders. If each of these



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 (a) 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 (b). Two views of an
object, as drawn at (¢), 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
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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.
37a to e.

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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FIG. 36. A study of views. Two views do not
describe a rectangular object (a), but a wedge
shape (b) or quarter round (¢) is described
by two views.
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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 (¢).

picturing the orthographic views one at a time to
decide on the best combination. In Fig. 38, the
arrows show the direction of observation for the six
principal views of an object, and indicate the mental
process of the person making the selection. He
notes that the front view would show the two hori-
zontal holes as well as the width and height of the
piece, that a top view is needed to show the contour
of the vertical cylinder, and that the cutout corner
calls for a side view to show its shape. He notes
further that the right-side view would show this cut
in full lines, while the left-side view would give it in

FiIG. 38. Selection of views. A view must be
drawn in each direction (top, front, side)
needed to conclusively designate every fea-
ture of the object, but unnecessary views
must not be drawn.

dashed lines. He observes also that neither a bottom
view nor a rear view would be of any value in de-
scribing this object. Thus he has correctly chosen
the front, top, and right-side views as the best com-
bination for describing this piece. As a rule, the side
view containing the fewer dashed lines is preferred.
If the side views do not differ in this respect, the
right-side view is preferred in standard practice.
In inventive and design work, any simple object
should be visualized mentally and the view selected
without a picture sketch. In complicated work, a
pictorial or orthographic sketch may be used to



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.
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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 10Y, by
15 in. The front view will require 711, in., and the
side view 21, in. This leaves 5%, in. to be distributed
between the views and at the ends.

This preliminary planning need not be to exact

FIG. 39. Selection-of-view 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
s done graphically. Study the text carefully

while r ring 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, in. or 3, in., can be adjusted to !, and 1 in.,
respectively, to speed up the planning. In this case
the 71%/,-in. dimension can be adjusted to 73, 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 73, 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 1!, 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 21, 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



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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FIG. 41. Projection of lines. Carry all views
along together. The greatest mistake possible
1s to try to complete one view before starting
inother.

FIG. 42. Making a horizontal projection. This
1s the simplest operation in drawing. The T
square provides all honizontal lines.

N

FIG. 43. Making a vertical projection. The
90° angle of a triangle with one leg on the
horizontal T square produces the vertical.

151
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(b)

FIG. 44. Transferring depth measurements.

Depth cannot be projected. Transfer the nec-

essary distances with dividers, as at (a), or ‘
| with scale, as at (b).

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. 464 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).

]

£1G. 46. Projections of surfaces bounded by
linear edges. Depth measurements cannot be
projected directly with T square and triangle.
They must be transferred.




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, D,, and D, 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.
46b 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 D))
and transferred to the top view.

In summary, it may be stated that, if a line ap-
pears at some angie 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. 47a
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;) 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. 471.
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
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FIG. 47. Projection of an elliptical boundary.
Points on the curve are projected to deter-
mine the curve (a), or the curve is determined
by major and minor diameters (b).

project to the side view as the smaller, or minor,
diameter A Bg, and CD will project as the larger,
or major, diameter CiDy. The ellipse can then be
drawn by one of the methods of Secs. 50, 52, and
54 in Chap. 3.

If the surface intersected by the cylinder is skew,
as shown in Fig. 48, a pair of perpendicular diame-
ters located in the circular view will give a pair of
conjugate diameters in an adjacent view. Therefore,
ABy and C;D; projected to the front view will give
conjugate diameters, which can be employed as
explained in Secs. 51, 53, and 54 in Chap. 3 to
draw the required ellipse.

In projecting the axes, they can be extended to
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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

the straight-line boundary of the skew surtace. Thus
the line 1-2 located in the front view and intersected
by projection of A, B, from the top view locates A,B.
Similarly, lines 3-4 and 5-6 at the ends of the axis
CD locate C,.Dj.

(a)

|
1
|
[

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. 49q, 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. 49h, elements
of the skew surface, such as 1'-1, 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.

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

— & ) g

FIG. 49. Projection of a curved boundary.
Points are plotted and a smooth curve is
drawn through them




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. 50. l|dentified corners. Each corner is
lettered (or numbered) as an aid in making
projections.
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FIG. 51.

with the numbers on the picture.

n,

Projection study. Number the cor-
ners of the orthographic views to correspond

[
<
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(0)

‘ FIG. 52. Stages in penciling. (a) block out
the views; (b) locate center lines; (¢) start
details, drawing arcs first; (d) draw dominant

} details; (¢) finish. See text for explanation.

(a) (b i

(d) - (©) ‘

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 ditfferent 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



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. [n 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,
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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



158 ORTHUGRAPHIC DRAWING AND SKETCHING 5

FIG. 53. A freehand drawing. Note the
“roughness’ of lines as compared with in-
strument work, but that all features are con-
cise and readable

of a machine part with a normal amount of small
detail can be made effectively with a 2B or B pencil.
The smoothness and easy response to variations in
pressure make these grades stand out as the pre-
ferred grades for a wide variety of work. However,
for more critical work where there is much detail
and also where the smearing of the soft grades is
objectionable, the grades from F to 2H are used.
For a sketch on fairly smooth paper, F or H are quite
satisfactory. Grades harder than 2H are rarely used
for ireehand work. Incidentally, a fine pencit for
ordinary writing is the 2B grade.

31. Sharpening the Pencil.

The pencil should be sharpened to a fairly long,
conic point, as explained in Sec. 24, Chap. 2. How-
ever, for freehand work a point not quite so sharp
as for instrument drawing gives the desired line
width without too much pressure. If after sharpening

in the regular way the point Is too fine, it can be
rounded off slightly on a piece of scratch paper
before use on the drawing.

32. Pencil Pressure and Paper Texture.
The pencil grade, pressure, and paper texture all
have an effect on the final result. Figure 54 shows
the various pencil grades with medium pressure on
paper of medium texture. To mark the difference
in line quality obtainable by increasing the pressure,
Fig. 55 shows the same paper but with firm pressure
on the pencil. Note that the lines in Fig. 55 are much
blacker than those in Fig. 54. The line quality of Fig.
55 is about right for most engineering sketches. The
rather firm opaque lines are preferred to the type
in Fig. 54, especially if reproductions, either photo-
graphic or by transparency process, are to be made
from the sketch.
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To show the difference in line quality produced the effect of pressure and texture. On the left is the
by paper texture, Fig. 56 shows the same firm pres- medium pressure on medium-textured paper; at (a),
sure used in Fig. 55, but this time on smooth paper. (D), and (¢) firm pressure has been used but at (a)
In Fig. 57 the same pressure has been used on on medium-, at (h) on smooth-, and at (¢) on rough-
rough paper. Figure 58 is given to aid in comparing textured paper.

6B o 6B
5B = 58
4B 4B
3B 3B
2B 2B
B B —=———
HB HBESSS =
F F - e e
H H
2H 2H

FIG. 55. Different pencil grades. using firm

FIG. 54. Different pencil grades, using me
pressure on paper of medium texture.

dium pressure on paper of medium texture

6B =3 6B
5B 5B -
4B 4B -
3B 3B -
2B 2B

B B
HB e HB

F —— F

H e — H
B — 2H
FIG. 56. Different pencil grades, using firm FIG. 57. Different pencil grades, using firm

pressure on smooth paper pressure on rough paper
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6B
5B
4B
3B
2B

HB

2H

FIG. 58. Comparison of ditterent pencil
pressures and paper surfaces. Medium pres-
sure on medium paper—Ileft column. Firm
pressure on medium paper at (a), on smooth
at (b), and on rough at (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-

(a) () (c)

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 1 or ¥}, to 1 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
4 in. Figure 61 has divisions of Y in. Figure 62 is
a sketch made on Y,-in. coordinate paper, actual
size.

The paper type, tracing or regular, is another



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.
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FIG. 61. A freehand drawing on coordinate
notebook paper. Coordinates are !, 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 Y,-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.



162 GRTHGGRAPHIC DRAWING AND SKETUHING 5

o L
L —

==
FIG. 62. A freehand drawing on coordinate

paper (actual size). Note the bold but concise
technique

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.
654, 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



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.

@ - 'DIRECTION -
@ —

@ =P

FIG. 65. Technique of sketching lines. («) set
direction with a light construction line; (/)
first stroke; (¢) complete line with a series
of overlapping strokes.
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FIG. 66. Sketching a horizontal line. Draw
from left to right.

DIRECTION'

FIG. 67. Sketching a vertical line. Draw trom
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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\ F1G. 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.
|
|

-DIRECTION"

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.

{ — — —_—

perpendicular to the radii, and then complete the
circle as shown in Fig. 72. A modification is to use
a slip of paper as a trammel. Large circles can be

FIG. 70. Sketching an inclined line sloping
downward from left to right. This is the most
awkward position of any line. The paper
should be turned as in Fig. 71 to aid in ob-
taining a smooth, accurate line.

"DIREQTION -

FIG. 71. Paper turned to sketch an inclined
line as a horizontal line. This should be done
especially for the type of line shown in Fig.
70.

done smoothly, after a little practice, by using the
third or fourth finger as a pivot, holding the pencil
stationary and rotating the paper under it, or by



holding two pencils and using one as a pivot about
which to rotate the paper. Another way of drawing
a circle is to sketch it in its circumscribing square.

37. Projection.
In making an orthographic sketch, remember and
apply the principles of 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.
Itis 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

(a) (h)

() (d)

| FIG. 72. Method of drawing freehand circles.
(a) draw center lines; (b) draw diagonals; (c)
space points on the circle with light, short lines
(by eve); (d) correct and begin filling in; (¢)
finish. |
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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. 744, 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. («) block n view spaces;
(b) locate principal features with light lines;
(¢), {d), and (¢) 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 (h).

4. Brighten the outline of each view with bold
strokes as at (¢).

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.



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 Secs. 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
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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

frone the orthographie views.

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.

Liie 1 [T

FIG. 75. Orthographic views and picture
Simple objects can be visualized in pictonal
form but for complex objects this is difficult
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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 Secs. 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.
Caretul 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.

I
|
|
|

T

FIG. 76. Views to be read. Compare this
drawing with Fig. 77.

T
|

| | I ' |

FIG. 77. Views to be read. Compare this
drawing with Fig. 76.

[ S T

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.



Sixth, reread any detail or relationship not clear
at the first reading.

45. The Meaning of Lines.

As explained in Sec. 11, 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 EI 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 :I1 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
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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

‘ |
- A.\; !
r Ko [

] e

V

A

=

FIG. 78. The meaning of lines. AB, CD, and

EF represent the edge views of surfaces.

CGHrepresents an edge. Study carefully, read-
L ing all views.

FIG. 79. The meaning of lines. AB and CD
represent the intersection of two surfaces. EF
and GH represent a curved-surface limit.
Compare this drawing carefully with Fig. 78. [
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FIG. 80. Read all views. Read each feature
by looking at all three views; then school
yourself to remember all features.

FIG. 81, Read all views, features, and lines.
This drawing is more complex than Fig. 80.
Read all features in all views, by reading all
. lines, then school yourself to remember all
features.

limits of a surface or combination of tangent sur-
faces as seen in the different orthographic views. -
To illustrate, an area of a view as shown in Fig. 82

: <
may represent (1) a surface in true shape as at A, k
(2) a foreshortened surface as at B, (3) a curved
surface as at C, or (4) a combination of tangent I—\_\ ’—\

surfaces as at D.

When a surface is in an oblique position, as sur-
face I of Fig. 83, it will appear as an area in all
principal views of the surface. A study of the sur-
faces in Figs. 82, 83, and others will establish with
the force of a rule that a plane surface. whether it
is positioned in a horizontal, frontal, profile. or an
inclined or skew position, will always appear in a
principal orthographic view as a line or an area. Prin-
cipal views that show a skew surface as an area in
more than one view will always show it in like shape.
As an example, surface A of Fig. 84 appears as a B
triangular area in all the principal views; the length C Curved surfoce D- Tongent surfaces
e o o s bt PRSI g2 Th meain o s T v

! must be read to determine what an area
number of sides. It should be noted that a plane means. Compare A with B and C with D.
surface bounded by a certain number of sides can

e

A-Surfoce in true shape &-Surface foreshortened




FIG. 83. Oblique surface. This will appear as
an area in all three principal views.

FIG. 84. Oblique surtace. 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.

B

FI1G. 85. Auxiliary surface. Note that the sur
face appears as an edge in the front view and
as an area of similar shape in top and side
views.
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never appear to have more or fewer sides except
when the surface appears as an edge. Moreover, the
sides in any view will always connect in the same
sequence. For example, in Fig. 85 the front view
shows surface B as an edge; the top and side views
show the surface as an area having a similar shape,
the same number of sides, and with the corners in
the same sequence.

47. Adjacent Areas.

No two adjacent areas can lie in the same plane.
It is simple logic that, if two adjacent areas did lie
in the same plane, there would be no boundary
between the areas, and therefore, orthographically,
the two adjacent areas would not exist. As an illus-
tration, note that in Fig. 86 areas A, B, C, and D
are shown in the front and side views to lie in differ-
ent planes.

Further proof of these principles is given by Fig.
87, in which two top views are shown. By analysis
of the projection between top and front views, it is
seen that areas (; and Il shown in the top views
must lie in planes ; and H, respectively, shown in
the front view. Also, by projection, it is seen that
area | of top view A must lie in plane I and that
area K must lie in plane (.. Because areas H and
J lie in plane H, and areas (: and K lie in plane G,
the correct top view, therefore, is top view B.

Hidden areas may sometimes be confusing to read
because the areas may overlap or even coincide with
each other. For example, areas A, B, and C in Fig.
88 are not separate areas because they are all
formed by the slot on the rear of the object. The
apparent separation into separate areas is caused
by the dashed lines from the rectangular hole, which
is not connected with the slot in any way.

48. Reading Lines and Areas.

The foregoing principles regarding the meaning of
lines and areas must be used to analyze any given
set of views by correlating a surface appearing in
one view as a line or an area with its representation
in the other views, in which it may appear as a line
or an area. Study, for example, Fig. 89, first orienting
yourself with the given views. From their arrange-
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FIG. 86. Adjacent areas. A, B, . and D) all
lie in different planes.

FIG. 87. Adjacent areas. Read all areas and
note that B is the correct top view.

—

ment, the views are evidently top, front, and right-
side. An over-all inspection of the views does not
reveal a familiar geometric shape, such as a hole
or boss, so an analysis of the surfaces is necessary.
Beginning with the trapezoidal area A in the top view
and then moving to the front view, note that a
similar-shaped area of the same width is not shown:
therefore, the front view of area A must appear as
an edge, the line ab. Next, consider area B in the
top view. It is shown as a trapezoidal area (four
sides) the full width of the view. Again, going to the
front view for a mating area or line, the area abed
is of similar shape and has the same number of
sides with the corners in projection. Area abed,
therefore, satisfies the requirements of orthographic

T
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FIG. 88. Reading hidden areas. Read all
views and note that areas A, B, and (” do not
represent three different surfaces.

Front view

Side vien

FIG. 89. Reading lines and areas. Read this
drawing to determine how areas A and B of
the top view are represented in the front and
side views.

projection and is the front view of area B. The side
view should be checked along with the other views
to see if it agrees. Proceed in this way with additional
areas, correlating them one with another and visual-
izing the shape of the complete object.

Memory and experience aid materially in reading
any given drawing. However, every new set of views
must be approached with an open mind because
sometimes a shape that looks like a previously
known condition will crowd the correct interpretation
from the mind of the reader. For example, area E
in Fig. 90 is in a vertical position. The front view
in Fig. 91 is identical with the front view in Fig. 90,
but in Fig. 91 the surface F is inclined to the rear
and is not vertical.



FIG. 90. Identical areas may have different
meanings. Compare area E with area F of Fig.
9l.

FIG. 91. Identical areas may have different
meanings. Compare area I'with area F 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 ¢ in
the front view (c.) may be in projection with ¢, at
any one of the three positions marked 1, 2, 3. How-
ever, the point ¢ is one end of an edge dc, and the
front view of ¢ must therefore be at position 2. An
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cr 3

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°,® 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

8jsometric position. Oblique or other pictorial methods may
also be used. See Chap. 6 for pictorial methods.
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FIG. 93. Pictorial axes (1sometric). This s 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 (). 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 (). Now begin

]
{
L |
()
FiG. 94. Stagesin making a pictonal sketch.
(a) draw axes; (b) block in the enclosing
shape ) and (d) draw outhne of detail on
top, front, and side; (¢) and (f) finish by
completing surfaces represented on the or

thographic drawin

to cut the figure from the block, strengthening the
visible edges and adding the lines of intersection
where faces of the object meet (¢). 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

(a)




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 (b)
and the second as at (¢). Successive cuts are indi-
cated at (d) and (¢), 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 C on 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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FiG. 95. A drawing to be read. This 1s the
object modeled In Fig. 96

etc., subtracted. Record the dimensions of these
secondary masses, being careful to indicate plus or
minus volume.

3. Further limit the object to its actual shape by
locating smaller details, such as holes, fillets,
rounds, etc. (parts F, (¢, and H). Record the dimen-
sions of these parts.

4. Compute the volume of each portion. This may
be done by longhand multiplication or, more conve-
niently, with a calculator. Record each volume in the
proper column, plus or minus. When all unit volumes
are completed, find the net volume by subtracting
total minus volume from total plus volume.

5. Multiply net volume by the weight per cubic
inch of metal to compute the total weight.

The calculations are simplified if all fractional
dimensions are converted to decimal form. When
a calculator is used, fractions must be converted to
decimals by calculation or use of conversion tables. A
partial conversion table is given in Fig. 98 and a
more complete one in the Appendix.

Complete volume and weight calculation not only
gives training in recognition of the fundamental
geometric portions of an object but also serves to
teach neat and concise working methods in the
recording of engineering data.

54. Exercises in Reading.

Figures 99 and 100 contain a number of three-view
drawings of block shapes made for exercises in
reading orthographic projection and translating into



176 ORTHOGRAPHIC DRAWING AND SKETCHING/5

FIG. 96. Stages in modeling. («) score details FIG. 97. A built-up model. Separate pieces
on top, front, and side; then make cuts at (a) are combined to make the finished model
(h), (0), (d), and (e) to finish as at (f). (h).

FIG. 98. Shape breakdown for volume and
weight calculations. Each feature of the object
is analyzed individually.
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FIG. 99. Reading exercises. Read each
drawing, (a) to (). Make pictorial sketches
or models if necessary for understanding.

177
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(d)

()| ()

FIG. 100. Reading exercises. Read each
drawing, («) to (r). Make pictorial sketches
or models If necessary for understanding.

pictorial sketches or models. Proceed as described
in the previous paragraphs, making sketches not

less than 4 in. over-all. Check each sketch to be sure
that all intersections are shown and that the original
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FIG. 101. Missing-line exercises. Read each
drawing, (@) to (1), 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. iﬁtentionally omitted. Read the drawings and supply
In each drawing in Fig. 101 some lines have been the missing lines.
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PROBLEMS

For practice in orthographic freehand drawing, select
problems from the tollowing 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%, 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.
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PROB. 13. PROB. 14. 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.



5 DRTHOUGRAPHIC DRAWING AND SKETCHING 183

3. Special scales, decimal sizes, projections from photo 5. Views to be supplied
drawings, references to Appendix material 6. Views to be changed
4. Views to be supplied, freehand . 7. Drawing from memory

8. Volume and weight calculations with slide rule

Group 2. Projections from Pictorial Views.

19. Draw the top, front, and right-side views of the beam 22. Draw three views of the wedge block.
support. 23. Draw three views of the slotted wedge.
20. Draw the top, front, and right-side views of the vee 24. Draw three views of the pivot block.

rest. 25. Draw three views of the inclined support.
21. Draw three views of the saddle bracket. 26. Draw three views of the corner stop.

27. Draw three views of the switch base.

{

<~ 28

~u

PROB. 23. Slotted wedge. PROB. 24. Pwot block. &

- T T PROB. 27.
>3 | ; Switch b

~ U3

e r

I~ \I ~—_ m
2 ~__ -
PROB. 25. Inchned 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. 29. Guide base. PROB. 30. Bearing rest. PROB. 31. Swivel yoke.

‘UU-
T St

PROB. 33. Sliding-pin hanger. &4

PROB. 35. x
Hanger jaw. o PROB. 36. Adjustable jaw. b
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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.
f 41. Draw three views of the bedplate stop.
| 42. Draw top, front, and partial side views of the span-

N
o\ ner bracket.
\ :l\: 43. Draw two views of the sliding stop.
7oL 44. Draw three views of the clamp bracket.
PROB. 38. 45. Draw three views of the tube hanger.

46. Draw three views of the gage holder.

Mounting bracket. l
47. Draw three views of the shaft _guide.

AN

R "

" &
e

\
\
7

PROB. 45. Tube hanger. PROB. 46. Gage holder. PROB. 47. Shatt guide.
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48. Draw three views of the clamp block. 53. Draw three views of the sliding buttress.
49, Draw three views of the offset yoke. 54. Draw two views of the end plate.

50. Draw three views of the angle connector. 55. Draw three views of the plastic switch base.
51. Draw three views of the buckstay clamp. 56. Draw two views of the pawl hook.

52. Draw three views of the stop base. 57. Draw three views of the step-pulley frame.
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PROB. 51. Buckstay clamp. PROB. 52.  Stop base.

- =~ 3Dni, 3Holes

JHES

PROB. 54. End plate. PROB. 55. Switch base. 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 left-side 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.

b o

PROB. 58. Motor mount.

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

+0.005 .86

(75 509 ana 55)
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 VR
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.

PROB. 67. Stabilizer link.

PROB. 74.

Jet-engine bracket.

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-adjuster 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. 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.

QL'

PROB. 77. Rigging yoke.

PrROB. 80. Jet-engine inner-strut bracket. PrROB. 81. Transmission transfer fork.



190 ORTHOGRAPHIC DRAWING AND SKETCHING 5

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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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 tront 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.

! r
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PROB. 89.
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Projection study. prROB. 91. Projection study.
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PROB. 92. Projection study.

PROB. 95. Wedge block.
PROB. 94. Rabbeting-plane guide.

T

&

.
i

(Y.

Foritreipeeo C
PROB. 97. Burner-support key.

{
1
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|
|
1

1 PrOB. 100
PROB. 98. Abutment block. PrROB. 99. Sliding port Bumper support and post cap.



196 ORTHOGRAPHIC DRAWING AND SKETCHING.S

— m

&

1§ Core

pROB. 101. Anchor bracket. proB. 102. Entrance head.

=N
Sl

PROB. 104. Rubber-mounting bracket. PROB. 105. Crosshead. prOB. 107. Lock plate.
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PROB. 111. Electric-motor support.
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PROB. 112. Master brake cylinder. 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 it 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
1s, 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.

b . ¥
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PROB. 115. Plunger bracket.

PROB. 116. Offset bracket
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117. Given front, right-side, and bottom views, draw 119. Given front, left-side, and bottom views, draw
new front, top, and right-side views, turning the support front, top, and right-side views.

so that the back becomes the front. 120. Given top and front views of jet-engine hinge plate.
118. Given front and left-side views of the left-hand Add right- and left-side views.

part, draw the right-hand part.

520/‘/// ror o1/ —

PROB. 117. Toggle-shaft support.

5

3225/01‘///, Spottace /§? Dx
& deep, 3 holes

pRoB. 118. Compound link.






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
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concentration for a certain time (from 5 sec to Y, min
or more), close the bock, 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
object is broken up into the geometric solids (prisms,
cylinders, pyramids, or cones) of which it is composed.
The volume of each of these shapes is calculated and
the individual volumes are added, or subtracted, to find
the total volume. The total volume multiplied by the
weight of the material per unit of volume gives the weight
of the object.

A table of weights of materials is given in the Appendix.

121. Find the weight of the cast-iron anchor bracket,
Prob. 101.
122, Find the weight of the cast-iron bracket, Prob. 104.
123. Find the weight of the wrought-iron tool holder,
Prob. 106.
124. Find the weight of the cast-steel cylinder support,
Prob. 109.
125. Find the weight of the malleable-iron sliding block,
Prob. 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
rightside of the object and that the directions of obser-
vation are perpendicular 1o 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-
elined 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 nornnal, in geometry, as “‘any per-
pendicular.”” In graphics, a plane of projection is
involved as well as a direction of observation; hence,
a normal view is a projection that has the viewing
direction perpendicular to, and made on a plane paral-
lel to. the object face.

FRONT

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.

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-



P, ks
e | R0

| FIG. 4. Pictorial of Fig. 3. A view projected
perpendicular to the inclined face will show
\ it in true size and proportions.

L

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 view 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 tiwo of the principal planes
but perpendicular to one plane and is called an
inclined surface. At (¢) the shaded surface is at an
angle to all three principal planes of projection and
is known as a skeiwe, or oblique, surface (that is, one
that takes a slanting or oblique course or direction).

6 AUXILIARY VIEWS

NORMAL VIEW

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 SURFAE

(a)

AN CINTAON

) (c)

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 (¢), shows surfaces inclined to the
front and side so that the surface may be on the
(b) right front, (¢) left front, (d) left rear, or (¢) right
rear. The second column, (f) to (j). shows surfaces
inclined to the top and side, so that the surface may
be on the (f) upper right, (g) lower right, () lower
left, or (j) 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, (1) upper
rear, (m) lower rear, or (n) 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.

(h)

()

R
L

FIG. 7. Inclined-surface positions. (h) to (¢)
are inclined to front and side; (f) to (j), to
top and side; and (k) to (»), to front and top

(h)

)]

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 (b) 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

(k)

(0

(m)

(1)



TOP VIEW

FIG. 8. Normal view of an inclined surface
The object is in position (h) 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 P 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 (), shown at (1), 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. 9b 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
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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.

FiIG. 9. Relationship of projectors, reference
plane, and surface dimensions.

!

FI16.10. 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 ditferent 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, (¢) 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
(¢)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 alicays 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 (d) 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
(f) to (j) 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 (h), and Fig. 17 position (j).

~ —~PROJECTOR

——7 REFERENCE
PLANE

MEASURE THIS
DISTANCE AND
TRANSFER HERE ™,

FIG. 11. Normal view of an inclined surface.

The object is in position (¢) of Fig. 7.

~
REFERENCE PLANE

. ~PROJECTOR

URE THIS | TOP VIEW
ISTANCE ANO | |
| TRANSFER HERE-  REFERENCE PLANE~

FIG. 12. Normal view of an inclined surface.

The object is in position (d) of Fig. 7.

REFERENCE PLANE

PROUECTOR —,

FIG. 13. Normal view of an inclined surface.

The object is in position (e} of Fig. 7.



2

REFERENCE )
PLANE —=—

!
PROJECTOR — o,

S~ PROJECTOR

FRONT VIEW

FIG. 14. Normal view of an inclined surface.
The object is in position (f) of Fig. 7.

TOP VIEW

i i ‘];”MEASU?[ THIS
! S | OISTANCE AND

Ty TRANSFER HERE ~
“REFERENCE PLANE ]

|
FRONT VIEW

~PROJECTOR

PROJECTOR —

REFERENCE PLANE ~. 3

FIG. 15. Normal view of an inclined sur-
face. The object is in position (g) of Fig. 7.

The projection of the normal view in Figs. 14 to
17 is unchanged geometrically and projectively as
compared with Figs. 8 to 13. The only difference
is that the projectors for the normal view this time
emanate from the front view, where the inclined
surface appears as an edge. While studying Figs. 14
to 17, consider again the principles of projection
involved and the procedure followed: (1) The direc-
tion of observation for the normal view is perpen-
dicular to the inclined surface and, on the drawing,
perpendicular to the edge view of the surface. (2)
The projectors for the normal view are parallel to
the viewing direction, perpendicular to the inclined
surface and, on the drawing, perpendicular to the
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FG. 16. Normal view of an inclined surface.
The object is in position (h) of Fig. 7.

" MEASURE THIS
DISTANCE AND
TRANSFER HERE

FIG. 17, Normal view of an inclined surface.
The object is in position (j) of Fig. 7.

edge view of the surface. (3) The projectors (or the
spacing between them) determine one dimension
of the normal view. (4) The second dimension for
the normal view is now needed. (5) The reference
plane for making the needed measurement will ap-
pear in the normal perpendicular to the projectors
between edge view and normal view, and in the
principal view (in projection with the edge view)
perpendicular to the projectors between edge view
and principal view. (6) The measurement perpen-
dicular to the reference plane in the principal view
is then transferred to the normal view, perpendicular
to the reference plane, thus completing the layout
of the normal view.
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Figures 18 to 21 show the inclined surface posi-
tions of the third column of Fig. 7 [(k) to (»)], 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.

FRONT RIGHT-LIDE VEW

= ~REFERENCE PLANE
FIG. 18. Normal view of an inclined surface.
The object is in position (k) of Fig. 7.

MEASURE THIS B

-~ REFERENCE

PLANE

PROJECTOR

NE

FIG. 19. Normal view of an inclined surface
The object is in position (/) of Fig. 7.

5. Normal Views of Inclined

Surfaces on Practical Objects.

So far we have presented only the pertinent princi-
ples of projection and the procedure for drawing a
normal view, using a rectangular object for illus-
tration. Practical objects are, of course, made up of
rectangular, conic, cylindrical, and other shapes, and
this is sometimes considered by the uninitiated to
be a complication. However, this is not the case; a
machine part is often easier to draw than a purely
geometric shape because it is more readily visual-
ized.

Figure 22 shows a part with a surface inclined to
front and side, about in the same position as the
inclined surface in Fig. 8. At () the object is shown
pictorially, surrounded by the planes of projection,
and at (b) the projection planes are opened up into

REFERENCE PLANE -~
NCE PLANE ‘{ T
EFT-SIDE VIEW | VIEW

| |
-
~~PROJECTOR _ 4

7 /
ueasuse THIS
DISTANCE AND
TRANSFER HERE\)
-/
FIG. 20. Normal view of an inclined surface.
The object is 1n position (m) of Fig. 7.

REFERENCE PLANE <—

~ FRONT
EFT-SIDE VIEW L OVIEW

PROJECTOR —

"MEASURE THIS
DISTANCE AND
TRANSFER HERE ~

FIG. 21. Normal view of an inclined surface.
The object is in position (n) of Fig. 7.
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T
il

“r FRONT VIEW

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 (¢) the reference plane is drawn at the base in
the front and normal views, and measurements are
made upward (dimensions # and [I) to needed
points. Note that the top view is the normal view

FIG. 22. Machine part with surface inclined
to front and side. (a¢) Planes of projection;
(h) the planes opened up; (¢) front, top, and
normal views of the inclined surface.

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 (D),
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 of 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 (¢).

3. As shown at (d), measure the distance (height)
from the reference plane of various points needed,
as, for example, H and f1,, 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 (¢). Note that any
measurement in the front view, made toward the
top view, is transferred to the normal riew, 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

FIG. 24. A machine part with surfaces in-
clined to top and side. (¢) Planes of projec-
tion; (h) the planes opened up; (¢) front, top,
and normal views of the inclined surfaces.

front view. On these projectors transfer the heights
11, and H; from the normal view to find the corre-
sponding points in the front view. 11,, 11;, 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 (D),
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 (¢).




3. As shown at (d), 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 (¢).

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-
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FIG. 25. Stages in drawing a machine part
with a surface inclined to top and side.

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 (¢).

3. As shown at (d), 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 (e¢).

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- FRONT VIEW
clined to top and front. (a) Planes of projec-
tion; (b) the planes opened up; (¢) front, side,
and normal views of the inclined surface.
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FIG. 27. Stages in drawing a machine part

with a surface inclined to top and front.
object appearing in the view will be foreshortened. called partial views. The exercise of drawing the
in practical work these foreshortened parts are usu- complete view, however, may aid the student in

ally omitted, as in Fig. 28. Views thus drawn are understanding the subject.



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.
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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 exampleiis 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 (), and
profile (¢), the normal views of the lines are at (a)
the top view, at (h) the front view, and at (¢) 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.
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FIG. 32. Normal views of lines.
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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



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 I.
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 aff
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

(@)

FRONT (b) H0E

FIG. 33. A skew surface. (a) Relationship to
principal views; (b) orthographic views.
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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. 34a the line is horizontal and a view made
looking in a horizontal direction that is aligned with
the Tine will give the end view. Note in Fig. 344 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 (b); it is projected from the
front (normal) view. The end view of a profile line
is shown at (¢); 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 «ll 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 > and €. Then 1 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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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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e
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FIG. 36. Edge view of a skew surface. Pro-
jection is in the direction of frontal line AC.

FIG. 37. Edge view of a skew surface. The
direction of the edge view is located by the
horizontal line AB.

In Fig. 37 the surface ACD does not contain any
horizontal, frontal, or profile line, and so to get an
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end view of one line of the surface, a horizontal,
frontal, or profile line must be laid out on the surface.
A horizontal line has been selected and is drawn
at AB in the front view and then projected to the
top view. This line (AB) is then normal in the top
view and projectors parallel to it from AB, C, and
D will establish the direction for the edge view of
ACD. The reference plane is conveniently located
through AB in front and edge views; then D and
C are measured from the reference plane in the front
view and transferred to the edge view. Note that D
lies abore the reference plane and C Lelow and that
they are transferred accordingly to the edge view.
To avoid reversing a normal or edge view, remember
this simple rule: if a point is on the side of the
reference plane toward the view projected from in
making an edge or normal view (the top view, in
this case), the point will be transferred toward that
same view. As an example of the rule, note in Fig.
37 that D is on the side toward the top view from
the reference plane in both front and edge views
while Cis on the side away from the reference plane.

0 2 TRANS-
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Fic. 38. Normal view of a skew surface
BCDF 1s a skew surface because of the pos
tion of the object

10. Normal Views of

Skew Surfaces.

A skew surface is produced by an object with an
inclined surface that is turned at an angle to the
principal planes, as in Fig. 38, or by an object with
a face at an angle to three object faces, as in Figs.
39 and 40. Figure 38 is easier to visualize, so we
will discuss it first.

Surface BCDE of Fig. 38 is a skew surface. CB
and DE are horizontal lines of the surface. The edge
view is obtained by looking in the direction of CB
and DE, as shown in Fig. 38 and described in
Sec. 9.

The normal view is made with the direction of
observation perpendicular to the edge view. To draw
the normal view, first draw projectors perpendicular
to the edge view (Fig. 38), establishing the direction
for the normal view. As in all earlier examples, the
reference plane for the normal view (RP No. 2 in
Fig. 38) is perpendicular to the projectors. The refer-
ence plane appears normal in the edge view and
appears again as an edge in any other view in direct
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FIG. 39. Normal view of a skew surface. The

edge view is projected in the direction of the
horizontal line CB. The normal view is per-
P

pendicular to the edge view.
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FIG. 40. Normal view of a skew surface. The
edge view is projected in the direction of the
frontal line DB. The normal view is perpen-
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dicular to the edge view.




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 E 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

OO
o ©®
ok
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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.

11. Normal Views of Skew

Surfaces on Practical Objects.

Figure 41 illustrates the successive steps in drawing
a normal view. The pictorial illustration (a) 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 resuit. The reference plane (RP
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 (RP

£A

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 (), 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 (¢) and (f). 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.

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

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 Group 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. 7b to e.

Right awxiliary. Any view made by looking from
the right side in a frontal direction but inclined to
horizontal and profile planes. See Fig. 7f 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 j.

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 a.

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. 7f to j.

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.

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.
1to 7. Draw given views and add normal views of the inclined surface using the reference plane

indicated.

> ﬁ;‘:
/ Q Verfex
S
. ‘ PROB. 4. Fulcrum.
i l
toB. 1. Locking wedge. PROB. 2. Statue base. PrROB. 3. Rod slide.
o Q

'

~ 4t 2

PROB. 5. Adjustable pawi. PROB. 6. Hexagonal-shaft lock. PrOB. 7. Molding.
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8. Draw the front view, partial top view, and normal view 11. Draw the top view, partial front view, and normal
of the inclined surface. view of the inclined surfaces.

prOB. 11. Push plate.
PROB. 8. Holder

12, Draw the front view, partial top view, and normal
view of the inclined surface.

9. Draw the partial front view, right-side view, partial o
top view, and normal view of the inclined surface.

PROB. 9. Slotted anchor.

PROB. 12. Bevel washer.

10. Draw the front view, partial top view, and normal 13. Draw the front view, partial right-side view, and
view of the inclined surfaces. normal view of the inclined surface. Draw the normal view
before completing the front view.

h N
PROB. 13.
Jig angle.

PrOB. 10. Connector strip.
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14. Draw the front view, partal top view, and normal 17. Draw the front view, partial top and left-side views,
view of the inclined surface. and normal view of the inclined surface.

PROB. 14. Angle clip.

15. Draw the front view, partial top view, and normal PROB. 17. Channel support

view of the inclined surface. ,
18 and 19. Determine what views and partial views will

best describe the part. Sketch the proposed views before
making the drawing with instruments.

PROB. 15. Angle swivel.

16. Draw the front view, partial top and right-side views,
and normal view of the inclined surface.

PROB. 16. Corner tie. 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. 20. Catenary clip.

21. Draw the front view, partial left-side and bottom
views, and normal view of the inclined surface.

& ol ‘Flg
s

R

* E;i({:\
=

PROB. 21. Bevel-gear housing.
22 and 23. Determine what views and partial views will
best describe the part.

Y
L

PROB. 22. Shde base.

PROB. 23. Idler bracket.

24. Draw the given front view and add the views neces-
sary to describe the part.

PROB. 24. Corner brace.
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25. Draw the front view, partial left-side view, and nor- lug in two different positions. Layouts are for 11- x 17-in.
mal view of the inclined surface. paper. Draw the views and partial views as indicated on
26 and 27. This pair of similar objects has the upper the layouts.

|

PROB. 26. Spar clip, 90

71
8

PROB. 27. Spar chp, 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.

PROB. 28. Seat release.

/00 ~

PROB. 30. Actuator bracket.

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.

2
509 p "
157 140 ]
0% .

prOB. 29. ldler link.

proB. 31. Assembly-fixture base.



32. Frontandright-side views of the shaft-locator wedge
are shown on a layout for 11- < 17-in. paper. Add normal
view of the inclined faces at centerline position shown.

Group 2. Normal Views of Skew Surfaces.

33. Draw the partial front and top views, edge view

229
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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
before completing the edge view.

35. Draw the partial front and top views, and edge and
normal views of the skew surface.

- 750
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3 2 Holes
3
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Both Ends

PROB. 32. Shaft-locator wedge.

PROB. 33. Dovetail clip.

PROB. 34. Anchor base.

PROB. 35. Adjusting chp.
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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.

PROB. 36. Bar-strut anchor.

x
)
20l EHoles / ‘ \ Boss [0 xg Thick

A

-Lug rmakes B~
of 60°with base ™

angle

20

A

PrROB. 38. Transverse connection.

- .ﬁ‘

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 44. Shown on layout for 11- % 17-in. paper are partial
front and right-side views and partial auxiliary views that top and front views and auxiliaries that describe the
describe the position and shape of the skew surface. position and shape of the clamp portion of the part.
Complete front, right-side, and first auxiliary views. Complete the top and front views.

PROB. 41, Crane-masthead collar and cap.

PROB. 42. Bus-bar connector.
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SECTIONAIL VIEWS
AND CONVENTIONS

These Special Views and Practices Are Specific
Aids to Complete and Accurate Orthographic
Representation

Shown in this Chapter:

Definition, Classification « Full, Half, Broken-out,
Rotated, and Removed Sections * Auxiliary
Sections ¢ Assembly Sections * Drawing
Practices * Sections Showing Arms, Ribs,

Lugs * Crosshatching * Aligned Sections *
Conventional Practices * Conventional Breaks
and Symbols ¢ Problems
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1. Sectional Views Defined.

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 (¢), 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 view.

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.

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 (¢), 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
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FI6. 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; (¢)
cross-sectional shape of lug shown by re-
moved section.

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
(h) and (c¢). Section-lining practice is given in Sec.
11, where codes for materials are also discussed.

3. Types of Sections.
Although the different sections and sectional views
have been named for identification and for speci-



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.

(a)

FIG. 3. Two cutting planes. The two planes
at (a) will produce sections () and (¢). Each
section is considered separately, without ref-
erence to what has been removed for the
other view.
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fying 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 cicw 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 (b) and (¢). Sometimes two views
are drawn in section on a pair of cutting planes,
as at (a) in Fig. 3. In such cases each view is con-
sidered separately, without reference to what has
been removed for another view. Thus (h) shows the
portion remaining and the cut surface for one sec-
tional view, and (¢) 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.

| 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 beth the interior and exterior of the
object on one view without using dashed lines, as

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.

FiIG. 7. Half sections. Dashed lines are rarely
necessary (u), but may be used if needed for
clarity or to aid in dimensioning ().

F1IG. 8. Cutting planes for broken-out sec-
tions. The cutting plane extends only slightly
beyond the features to be shown in section.

at (a) in Fig. 7. However, a half section thus made
is difficult to dimension without ambiguity, and so,
it needed for clarity, dashed lines may be added,
as at (b).

Note particularly that a center line separates the
extertor 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.



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.

FIG. 11. A rotated section. The section is
rotated 90° to bring it into the plane of the
view.

I
i

I
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F16. 12. A rotated section with broken view.
The view is broken thus whenever the view
outline interferes with the section.
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6. Broken-out Section.

Often an interior portion must be shown but a full
or half section cannot be used because the cutting
plane would remove some feature that must be
included. For this condition the cutting plane is
extended only so far as needed, as illustrated by
Fig. 8a and b, and then is thought of as ‘‘broken
out.”” Figure 9 is an example. Note the irregular
break line that limits the extent of the section.

7. Rotated Section.

As indicated in Sec. 1, a section may be a slice of
negligible thickness used to show a shape that would
otherwise be difficult to see or describe. The cutting
plane for such a section is shown in Fig. 10. If the
resulting section is then rotated 90° onto the view
as in Fig. 11, the section is called a rotated section.
Whenever the view outline interferes with the sec-
tion, the view is broken, as in Fig. 12.

8. Removed Sections.

These are used for the same purpose as rotated
sections, but instead of being drawn on the view,
they are removed to some adjacent place on the
paper, as in Fig. 13.

The cutting plane with reference letters should
always be indicated unless the place from which the
section has been taken is obvious. Removed sections
are used whenever restricted space for the section

FIG. 13. Removed sections. The cutting
planes and the mating sections must be
identified.
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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-

FIG. 15. Auxiliary section. The section is a
normal view of the cutting plane.

{
|
; FIG. 16. Auxiliary sections (partial). Identi-
| fications of the cutting planes and mating

sections are necessary.




moved sections in auxiliary position. Note in Fig. 16
that the two sections are normal views of their cut-
ting planes.

10. 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
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FIG. 17. The cutting plane for an assembly
section. It is often offset to pass through
features to be shown in the section.

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 !y, 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.

FIG. 18. A sectional assembly drawing. The
sectional views give emphasis to construction
and separate parts.
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11. 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 symboal, of visible and
hidden edges, and for crosshatching are as follows:

The Cutting-plane Symbol. 1t 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 symboal 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

S|

FIG. 20. A drawing with a sectional view.
This is the same object as in Fig. 19.

Tithoy

lines complicate the view and do not add any infor-
mation. The view at (b) 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 Ilidden 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 (b), 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 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 (b) with the visible edges
and surfaces behind the cutting plane included in
the sectional view.



(b)

(@)

-

FIG. 21. Hidden edges and surfaces not
shown; (b) is preferable to («) because the
dashed lines are not necessary for description
of the part.

Visible Detail Not Shown in Seetional 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 1, in. and rarely more than %
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(a)

Zil

FIG. 22. Hidden edges and surfaces shown.
(b) must be used instead of («) because the
dashed lines are necessary for description of
the part.

(a) )

FIG. 23. Visible edges shown. These are the
edges seen behind the plane of the section
and must be shown as at (b).

in. Very small pieces may require a spacing closer
than Y, in. Take care in setting the pitch by the
first two or three lines, and glance back at the first
lines often to see that the pitch does not gradually
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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

1T

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, another direction should be chosen (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!
(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).

IAn exception to this rule is made for the crosshatching of

an auxiliary view in order to avoid crosshatch fines that are
parallel or perpendicutar, or nearly so, to the outlines of the view.



FIG. 26. Section-line directions for unusual
shaoes. Avoid crosshatch directions parallel
to the view outlines.

FIG. 27. Outline sectioning. This saves
drafting time on large views or on large
drawings.

e

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
arecognized 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
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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 resuits 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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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-

Gear foolh’
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FiG. 30. Spokes in section. The wheel with
spokes (h) is treated as though the cutting
plane were in front of the spokes, to avoid
misreading the section as a solid web line (a).



Ribs in section. Ribs at (a) are
treated as though the cutting plane were in
front of them, to avoid misreading the section

FIG. 32. Ribs in section. These are treated
as though the cutting plane were in front of
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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. 314, 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 (h). The same
principle applies to ribs cut longitudinally on rectan-
gular parts (Fig. 32). When the cutting plane cuts
arib 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 Secs. 14 and 15, a
lug or projecting ear (Fig. 33a), 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. 34a 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 (@) and
the ribs of () 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 (¢), 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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FIG. 34. Alternate crosshatching. Section
(D), with ribs flush at the top, looks like sec-
tion (a), with no ribs. Alternate crosshatching
FIG. 33. Lugs in section. Small lugs (a) are (c) identifies the ribs.
treated like spokes (Fig. 30) and ribs. (Figs.
31 and 32). Large lugs (b) are considered as
| the solid base of the part.

True projecton Good Practice

Poor Practice

FIG. 35. Aligned spokes. True projection is

misleading and difficult to draw. Alignment

gives a symmetrical section for a symmetrical
| part.



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

1NN
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FIG. 36. Cutting planes for alignment of
holes.

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

FiIG. 37. Aligned ribs, lugs, and holes. True
projection of ribs (a) is misleading. Alignment
(b) gives a symmetrical section for a sym-
metrical part. The same is true for lugs (¢)
and holes (d).
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of the ribs would show the pair on the right fore-
shortened, as at (a), suggesting in the sectional view
that they would not extend to the outer edge of the
base. Here, again, the alignment shown at (h) gives
a symmetrical section of a symmetrical part and
shows the ribs in their true relationship to the basic
part. To illustrate further, at (¢) and (d) 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 (¢) 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 (d) in Fig. 36.

20. Alignment of Elements

in Full Views.

In tull 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
thearetical 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 anather
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.

R
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FiG. 38. Aligned view. This is to avoid draw-
ing in the foreshortened position.

=

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 be 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
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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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F1G. 43. Conventional intersections. These
are used when there is a small difference as
compared with true projection.

Preferrea

[

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

1s 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



FIG. 46. Broken view with rotated sections.
A broken view saves drawing the whole length

of the part.
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b) (¢)

h)

FIG. 45. Conventional fillets, rounds, and
runouts. These are conventionalized inter-
sections.

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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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 symbals. 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

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.

Rolied Shapes

Rope or Cable

= T
=T

Flat Surface

-Bearing

w Flat Surface A

~Knuri \

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.

2. Draw the top view, and make the front and two side
views 1n section on cutting planes as indicated. Scale to
suit.

3 to 5. Given the side view, draw full front and side
views I 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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PROB. 2. Section study.
PROB. 1. Section study.
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PROB. 6. Cap.
R0B. 3. Flanged wheel. PROB. 4. Step pu