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PREFACEv PREFACE

For more than 85 years of continuous publication, Machinery's Handbook has served as
the principal reference in design and manufacturing facilities, and in colleges throughout
the world. The editors’ objective continues to be that of making the Handbook a practical
tool to be used in the same way that other kinds of tools are used, to make or repair products
of high quality, at the lowest cost, and in the shortest time possible.

Reference works such as Machinery's Handbook cannot carry the same information in
successive editions if they are to justify the claim that new or updated material is always
presented. The editors of such a book must move with the times, keeping a finger on the
pulse of manufacturing industry to learn what subjects have less, and what have more, use-
fulness to the majority of users. At the same time, material that is of proven worth must
continue to be included if the Handbook is to provide for the needs of disciplines that do not
develop as fast as, for instance, the numerical control field. Thus, it remains a difficult task
to select suitable material from the almost limitless supply of data pertaining to the manu-
facturing and mechanical engineering fields, and to provide for the needs of design and
production departments in all sizes of manufacturing plants and workshops, as well as
those of jobbing shops, trade schools, and technical schools. 

The editors rely to some extent on conversations with users of the Handbook, and on
postcards and other written communications from Handbook users, for guidance on which
topics should be introduced, revised, lengthened, shortened, or omitted. In response to
users’ suggestions, in recent years material on logarithms, trigonometry, and other topics
was restored, and in this edition sine-bar tables have finally been restored after numerous
requests for this topic. Also at the request of users, in 1997 the first ever large-print or
“desktop” edition of the Handbook was published, followed in 1998 by the publication of
Machinery's Handbook CD-ROM including several hundred additional pages of material
restored from earlier editions.

Regular users of the Handbook should be able to identify some of the many changes
embodied in the present edition. “Old style” numerals, in continuous use since the first edi-
tion, and occasionally a source of confusion for readers, have been replaced by a modern
numeral style. The entire text of this edition, including all the tables and equations, has
been reset, and a great many of the numerous figures have been redrawn. The addition of
80 pages brings the total length of the book to 2640 pages.

The 26th edition of the Handbook contains significant format changes and major revi-
sions of existing content, as well as new material on a variety of topics including: aerody-
namic lubrication, high speed machining, grinding feeds and speeds, machining
econometrics, metalworking fluids, ISO surface texture, pipe welding, geometric dimen-
sioning and tolerancing, gearing, and EDM.

Other subjects in the Handbook that are new or have been revised, expanded, or updated
are: graphic descriptions of functions of angles, imaginary and complex numbers, com-
plex coordinate systems, contour milling, weight of piles, Ohm’s law, binary multiples,
force on inclined planes, and measurement over pins.

Those users involved in aspects of machining and grinding will be interested in the new
topics MACHINING ECONOMETRICS and GRINDING FEEDS AND SPEEDS, pre-
sented in the Machining section. The core of all manufacturing methods start with the cut-
ting edge and the metal removal process, and improving the control of the machining
process is a major component in order to achieve a Lean chain of manufacturing events.
These sections describe the means that are necessary to get metal cutting processes under
control and how to properly evaluate the decision making.

A major goal of the editors is to make the Handbook easier to use. The 26th edition of the
Handbook continues to incorporate the time-saving thumb tabs, much requested by users
in the past. The table of contents pages beginning each major section, first introduced for
the 25th edition, have proven very useful to readers. Consequently, the number of contents
pages has been increased to several pages each for many of the larger sections, more thor-
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oughly reflecting the contents of these sections. In the present edition, the Plastics section,
formerly a separate thumb tab, has been incorporated into the Properties of Materials sec-
tion. A major task in assembling this edition has been the expansion and reorganization of
the index. For the first time, most of the many Standards referenced in the Handbook are
now included in the index. 

The American Standards Association was reconstituted in August 1969 as the United
States of America Standards Institute, and standards that had been approved as American
Standards were designated as USA Standards. In October 1969, the name was changed to
the American National Standards Institute. Thus, the designation of present standards is
ANSI instead of ASA or USAS. Standards originally adopted by the American Standards
Association and not revised are still referred to in the Handbook by the designation ASA.

ANSI Standards are copyrighted by the American National Standards Institute, West
42nd Street, New York, NY 10017, from whom current copies may be purchased. Many of
the American National Standards Institute (ANSI) Standards that deal with mechanical
engineering, extracts from which are included in the Handbook, are produced by the
American Society of Mechanical Engineers (ASME), and we are grateful for their permis-
sion to quote extracts and to update the information contained in the standards, based on
the revisions regularly carried out by the ASME. Information regarding current editions of
any of these Standards can be obtained from ASME International, Three Park Avenue,
New York, NY 10016.

Users who call possible defects to the attention of the editors, or the omission of some
matter that is considered to be of general value, often render a service to the entire manu-
facturing field. We desire to increase the usefulness of the Handbook as far as possible, so
all criticisms and suggestions about revisions, omissions, or inclusion of new material are
welcome.

Christopher J. McCauley, Editor 
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MECHANICS

Throughout the Mechanics section in this Handbook, both English and metric SI
data and formulas are given to cover the requirements of working in either system of
measurement. Except for the passage entitled The Use of the Metric SI System in
Mechanics Calculations formulas and text relating exclusively to SI are given in bold
face type.

Terms and Definitions

Definitions.—The science of mechanics deals with the effects of forces in causing or pre-
venting motion. Statics is the branch of mechanics that deals with bodies in equilibrium,
i.e., the forces acting on them cause them to remain at rest or to move with uniform veloc-
ity. Dynamics is the branch of mechanics that deals with bodies not in equilibrium, i.e., the
forces acting on them cause them to move with non-uniform velocity. Kinetics is the
branch of dynamics that deals with both the forces acting on bodies and the motions that
they cause. Kinematics is the branch of dynamics that deals only with the motions of bodies
without reference to the forces that cause them.

Definitions of certain terms and quantities as used in mechanics follow:
 Force may be defined simply as a push or a pull; the push or pull may result from the

force of contact between bodies or from a force, such as magnetism or gravitation, in which
no direct contact takes place.

 Matter is any substance that occupies space; gases, liquids, solids, electrons, atoms,
molecules, etc., all fit this definition.

 Inertia is the property of matter that causes it to resist any change in its motion or state of
rest.

 Mass is a measure of the inertia of a body.
 Work, in mechanics, is the product of force times distance and is expressed by a combi-

nation of units of force and distance, as foot-pounds, inch-pounds, meter-kilograms, etc.
The metric SI unit of work is the joule, which is the work done when the point of appli-
cation of a force of one newton is displaced through a distance of one meter in the
direction of the force.

 Power, in mechanics, is the product of force times distance divided by time; it measures
the performance of a given amount of work in a given time. It is the rate of doing work and
as such is expressed in foot-pounds per minute, foot-pounds per second, kilogram-meters
per second, etc. The metric SI unit is the watt, which is one joule per second.

 Horsepower is the unit of power that has been adopted for engineering work. One horse-
power is equal to 33,000 foot-pounds per minute or 550 foot-pounds per second. The kilo-
watt, used in electrical work, equals 1.34 horsepower; or 1 horsepower equals 0.746
kilowatt. However, in the metric SI, the term horsepower is not used, and the basic
unit of power is the watt. This unit, and the derived units milliwatt and kilowatt, for
example, are the same as those used in electrical work.

 Torque or moment of a force is a measure of the tendency of the force to rotate the body
upon which it acts about an axis. The magnitude of the moment due to a force acting in a
plane perpendicular to some axis is obtained by multiplying the force by the perpendicular
distance from the axis to the line of action of the force. (If the axis of rotation is not perpen-
dicular to the plane of the force, then the components of the force in a plane perpendicular
to the axis of rotation are used to find the resultant moment of the force by finding the
moment of each component and adding these component moments algebraically.)
Moment or torque is commonly expressed in pound-feet, pound-inches, kilogram-meters,
etc. The metric SI unit is the newton-meter (N · m).

 Velocity is the time-rate of change of distance and is expressed as distance divided by
time, that is, feet per second, miles per hour, centimeters per second, meters per second,
etc.
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 Acceleration is defined as the time-rate of change of velocity and is expressed as veloc-
ity divided by time or as distance divided by time squared, that is, in feet per second, per
second or feet per second squared; inches per second, per second or inches per second
squared; centimeters per second, per second or centimeters per second squared; etc. The
metric SI unit is the meter per second squared.

Unit Systems.—In mechanics calculations, both absolute and gravitational systems of
units are employed. The fundamental units in absolute systems are length, time, and mass,
and from these units, the dimension of force is derived. Two absolute systems which have
been in use for many years are the cgs (centimeter-gram-second) and the MKS (meter-
kilogram-second) systems. Another system, known as MKSA (meter-kilogram-second-
ampere), links the MKS system of units of mechanics with electro magnetic units.

The Conference General des Poids et Mesures (CGPM), which is the body responsi-
ble for all international matters concerning the metric system, adopted in 1954 a
rationalized and coherent system of units based on the four MKSA units and includ-
ing the kelvin as the unit of temperature, and the candela as the unit of luminous
intensity. In 1960, the CGPM formally named this system the ‘Systeme International
d'Unites,’ for which the abbreviation is SI in all languages. In 1971, the 14th CGPM
adopted a seventh base unit, the mole, which is the unit of quantity (“amount of sub-
stance”). Further details of the SI are given in the Weights and Measures section, and
its application in mechanics calculations, contrasted with the use of the English sys-
tem, is considered on page116.

The fundamental units in gravitational systems are length, time, and force, and from
these units, the dimension of mass is derived. In the gravitational system most widely used
in English measure countries, the units of length, time, and force are, respectively, the foot,
the second, and the pound. The corresponding unit of mass, commonly called the slug, is
equal to 1 pound second2 per foot and is derived from the formula, M = W ÷ g in which M =
mass in slugs, W = weight in pounds, and g = acceleration due to gravity, commonly taken
as 32.16 feet per second2. A body that weighs 32.16 lbs. on the surface of the earth has,
therefore, a mass of one slug.

Many engineering calculations utilize a system of units consisting of the inch, the sec-
ond, and the pound. The corresponding units of mass are pounds second2 per inch and the
value of g is taken as 386 inches per second2.

In a gravitational system that has been widely used in metric countries, the units of
length, time, and force are, respectively, the meter, the second, and the kilogram. The cor-
responding units of mass are kilograms second2 per meter and the value of g is taken as
9.81 meters per second2.

Acceleration of Gravity g Used in Mechanics Formulas.—The acceleration of a freely
falling body has been found to vary according to location on the earth’s surface as well as
with height, the value at the equator being 32.09 feet per second, per second while at the
poles it is 32.26 ft/sec2. In the United States it is customary to regard 32.16 as satisfactory
for most practical purposes in engineering calculations.

Standard Pound Force: For use in defining the magnitude of a standard unit of force,
known as the pound force, a fixed value of 32.1740 ft/sec2, designated by the symbol g0,
has been adopted by international agreement. As a result of this agreement, whenever the
term mass, M, appears in a mechanics formula and the substitution M = W/g is made, use of
the standard value g0 = 32.1740 ft/sec2 is implied although as stated previously, it is cus-
tomary to use approximate values for g except where extreme accuracy is required.
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American National Standard Letter Symbols for Mechanics and
 Time-Related Phenomena  ANSI/ASME Y10.3M-1984

Acceleration, angular α (alpha) Height h
Acceleration, due to gravity g Inertia, moment of I or J
Acceleration, linear a Inertia, polar (area) moment ofa J

Amplitudea

a Not specified in Standard 

A Inertia, product (area) moment 
ofa

Ixy

Angle

α (alpha) Length L or l
β (beta) Load per unit distancea q or w
γ (gamma) Load, totala P or W
θ (theta) Mass m

φ (phi) Moment of force, including 
bending moment M

ψ (psi) Neutral axis, distance to extreme 
fiber froma c

Angle, solid Ω (omega) Period T

Angular frequency ω (omega) Poisson's ratio µ (mu) or 
ν (nu)

Angular momentum L Power P

Angular velocity ω (omega) Pressure, normal force per unit 
area p

Arc length s Radius r
Area A Revolutions per unit of time n

Axes, through any pointa X-X, Y-Y, or 
Z-Z

Second moment of area (second 
axial moment of area) Ia

Bulk modulus K Second polar moment of area Ip or J
Breadth (width) b Section modulus Z
Coefficient of expansion, lineara α (alpha) Shear force in beam sectiona V

Coefficient of friction µ (mu) Spring constant (load per unit 
deflection)a

k

Concentrated load (same as 
force) F Statical moment of any area 

about a given axisa Q

Deflection of beam, maxa δ (delta) Strain, normal ε (epsilon)
Density ρ (rho) Strain, shear γ (gamma)

Depth d, δ (delta), 
or t Stress, concentration factora K

Diameter D or d Stress, normal σ (sigma)
Displacementa u, v, w Stress, shear τ (tau)
Distance, lineara s Temperature, absoluteb

b Specified in ANSI Y10.4-1982 (R1988) 

T, or θ (theta)
Eccentricity of application of 

loada e Temperatureb t, or θ (theta)

Efficiencya η (eta) Thickness d, δ (delta), 
or t

Elasticity, modulus of E Time t
Elasticity, modulus of, in shear G Torque T
Elongation, totala δ (delta) Velocity, linear v
Energy, kinetic Ek, K, T Volume V

Energy, potential Ep, V, or Φ 
(phi)

Wavelength λ (lambda)

Factor of safetya N, or n Weight W
Force or load, concentrated F Weight per unit volume γ (gamma)
Frequency f Work W
Gyration, radius ofa k
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The Use of the Metric SI System in Mechanics Calculations.—The SI system is a
development of the traditional metric system based on decimal arithmetic; fractions are
avoided. For each physical quantity, units of different sizes are formed by multiplying or
dividing a single base value by powers of 10. Thus, changes can be made very simply by
adding zeros or shifting decimal points. For example, the meter is the basic unit of length;
the kilometer is a multiple (1,000 meters); and the millimeter is a sub-multiple (one-thou-
sandth of a meter).

In the older metric system, the simplicity of a series of units linked by powers of 10 is an
advantage for plain quantities such as length, but this simplicity is lost as soon as more
complex units are encountered. For example, in different branches of science and engi-
neering, energy may appear as the erg, the calorie, the kilogram-meter, the liter-atmo-
sphere, or the horsepower-hour. In contrast, the SI provides only one basic unit for each
physical quantity, and universality is thus achieved.

There are seven base-units, and in mechanics calculations three are used, which are for
the basic quantities of length, mass, and time, expressed as the meter (m), the kilogram
(kg), and the second (s). The other four base-units are the ampere (A) for electric current,
the kelvin (K) for thermodynamic temperature, the candela (cd) for luminous intensity,
and the mole (mol) for amount of substance.

The SI is a coherent system. A system of units is said to be coherent if the product or quo-
tient of any two unit quantities in the system is the unit of the resultant quantity. For exam-
ple, in a coherent system in which the foot is a unit of length, the square foot is the unit of
area, whereas the acre is not. Further details of the SI, and definitions of the units, are given
in the section “METRIC SYSTEMS OF MEASUREMENT” at the end of the book.

Other physical quantities are derived from the base-units. For example, the unit of veloc-
ity is the meter per second (m/s), which is a combination of the base-units of length and
time. The unit of acceleration is the meter per second squared (m/s2). By applying New-
ton's second law of motion — force is proportional to mass multiplied by acceleration —
the unit of force is obtained, which is the kg · m/s2. This unit is known as the newton, or N.
Work, or force times distance, is the kg · m2/s2, which is the joule, (1 joule = 1 newton-
meter) and energy is also expressed in these terms. The abbreviation for joule is J. Power,
or work per unit time, is the kg · m2/s3, which is the watt (1 watt = 1 joule per second = 1
newton-meter per second). The abbreviation for watt is W.

The coherence of SI units has two important advantages. The first, that of uniqueness and
therefore universality, has been explained. The second is that it greatly simplifies technical
calculations. Equations representing physical principles can be applied without introduc-
ing such numbers as 550 in power calculations, which, in the English system of measure-
ment have to be used to convert units. Thus conversion factors largely disappear from
calculations carried out in SI units, with a great saving in time and labor.

Mass, weight, force, load: SI is an absolute system (see Unit Systems on page 114), and
consequently it is necessary to make a clear distinction between mass and weight. The
mass of a body is a measure of its inertia, whereas the weight of a body is the force exerted
on it by gravity. In a fixed gravitational field, weight is directly proportional to mass, and
the distinction between the two can be easily overlooked. However, if a body is moved to a
different gravitational field, for example, that of the moon, its weight alters, but its mass
remains unchanged. Since the gravitational field on earth varies from place to place by
only a small amount, and weight is proportional to mass, it is practical to use the weight of
unit mass as a unit of force, and this procedure is adopted in both the English and older met-
ric systems of measurement. In common usage, they are given the same names, and we say
that a mass of 1 pound has a weight of 1 pound. In the former case the pound is being used
as a unit of mass, and in the latter case, as a unit of force. This procedure is convenient in
some branches of engineering, but leads to confusion in others.
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As mentioned earlier, Newton's second law of motion states that force is proportional to
mass times acceleration. Because an unsupported body on the earth's surface falls with
acceleration g (32 ft/s2 approximately), the pound (force) is that force which will impart an
acceleration of g ft/s2 to a pound (mass). Similarly, the kilogram (force) is that force which
will impart an acceleration of g (9.8 meters per second2 approximately), to a mass of one
kilogram. In the SI, the newton is that force which will impart unit acceleration (1 m/s2) to
a mass of one kilogram. It is therefore smaller than the kilogram (force) in the ratio 1:g
(about 1:9.8). This fact has important consequences in engineering calculations. The factor
g now disappears from a wide range of formulas in dynamics, but appears in many formu-
las in statics where it was formerly absent. It is however not quite the same g, for reasons
which will now be explained.

In the article on page154, the mass of a body is referred to as M, but it is immediately
replaced in subsequent formulas by W/g, where W is the weight in pounds (force), which
leads to familiar expressions such as WV2 / 2g for kinetic energy. In this treatment, the M
which appears briefly is really expressed in terms of the slug (page114), a unit normally
used only in aeronautical engineering. In everyday engineers’ language, weight and mass
are regarded as synonymous and expressions such as WV2 / 2g are used without pondering
the distinction. Nevertheless, on reflection it seems odd that g should appear in a formula
which has nothing to do with gravity at all. In fact the g used here is not the true, local value
of the acceleration due to gravity, but an arbitrary standard value which has been chosen as
part of the definition of the pound (force) and is more properly designated go (page114).
Its function is not to indicate the strength of the local gravitational field, but to convert from
one unit to another.

In the SI the unit of mass is the kilogram, and the unit of force (and therefore weight) is
the newton.

The following are typical statements in dynamics expressed in SI units:
A force of R newtons acting on a mass of M kilograms produces an acceleration of R/M

meters per second2. The kinetic energy of a mass of M kg moving with velocity V m/s is 1⁄2
MV2 kg (m/s)2 or 1⁄2 MV2 joules. The work done by a force of R newtons moving a distance
L meters is RL Nm, or RL joules. If this work were converted entirely into kinetic energy
we could write RL = 1⁄2 MV2 and it is instructive to consider the units. Remembering that the
N is the same as the kg · m/s2, we have (kg · m/s)2 × m = kg (m/s)2, which is obviously cor-
rect. It will be noted that g does not appear anywhere in these statements.

In contrast, in many branches of engineering where the weight of a body is important,
rather than its mass, using SI units, g does appear where formerly it was absent. Thus, if a
rope hangs vertically supporting a mass of M kilograms the tension in the rope is Mg N.
Here g is the acceleration due to gravity, and its units are m/s2. The ordinary numerical
value of 9.81 will be sufficiently accurate for most purposes on earth. The expression is
still valid elsewhere, for example, on the moon, provided the proper value of g is used. The
maximum tension the rope can safely withstand (and other similar properties) will also be
specified in terms of the newton, so that direct comparison may be made with the tension
predicted.

Words like load and weight have to be used with greater care. In everyday language we
might say “a lift carries a load of five people of average weight 70 kg,” but in precise tech-
nical language we say that if the average mass is 70 kg, then the average weight is 70g N,
and the total load (that is force) on the lift is 350g N.

If the lift starts to rise with acceleration a m/s2, the load becomes 350 (g + a) N; both g and
a have units of m/s2, the mass is in kg, so the load is in terms of kg · m/s2, which is the same
as the newton.

Pressure and stress: These quantities are expressed in terms of force per unit area. In the
SI the unit is the pascal (Pa), which expressed in terms of SI derived and base units is the
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newton per meter squared (N/m2). The pascal is very small—it is only equivalent to 0.15 ×
10−3 lb/in2 — hence the kilopascal (kPa = 1000 pascals), and the megapascal (MPa = 106

pascals) may be more convenient multiples in practice. Thus, note: 1 newton per millime-
ter squared = 1 meganewton per meter squared = 1 megapascal.

In addition to the pascal, the bar, a non-SI unit, is in use in the field of pressure measure-
ment in some countries, including England. Thus, in view of existing practice, the Interna-
tional Committee of Weights and Measures (CIPM) decided in 1969 to retain this unit for
a limited time for use with those of SI. The bar = 105 pascals and the hectobar = 107 pascals.

Force Systems

Scalar and Vector Quantities.—The quantities dealt with in mechanics are of two kinds
according to whether magnitude alone or direction as well as magnitude must be known in
order to completely specify them. Quantities such as time, volume and density are com-
pletely specified when their magnitude is known. Such quantities are called scalar quanti-
ties. Quantities such as force, velocity, acceleration, moment, and displacement which
must, in order to be specified completely, have a specific direction as well as magnitude,
are called vector quantities.

Graphical Representation of Forces.—A force has three characteristics which, when
known, determine it. They are direction, point of application, and magnitude. The direc-
tion of a force is the direction in which it tends to move the body upon which it acts. The
point of application is the place on the line of action where the force is applied. Forces may
conveniently be represented by straight lines and arrow heads. The arrow head indicates
the direction of the force, and the length of the line, its magnitude to any suitable scale. The
point of application may be at any point on the line, but it is generally convenient to assume
it to be at one end. In the accompanying illustration, a force is supposed to act along line AB
in a direction from left to right. The length of line AB shows the magnitude of the force. If
point A is the point of application, the force is exerted as a pull, but if point B be assumed to
be the point of application, it would indicate that the force is exerted as a push.

Vector

Velocities, moments, displacements, etc. may similarly be represented and manipulated
graphically because they are all of the same class of quantities called vectors. (See Scalar
and Vector Quantities.)

Addition and Subtraction of Forces: The resultant of two forces applied at the same point
and acting in the same direction, is equal to the sum of the forces. For example, if the two
forces AB and AC, one equal to two and the other equal to three pounds, are applied at point
A, then their resultant AD equals the sum of these forces, or five pounds.

If two forces act in opposite directions, then their resultant is equal to their difference,
and the direction of the resultant is the same as the direction of the greater of the two forces.
For example: AB and AC are both applied at point A; then, if AB equals four and AC equals
six pounds, the resultant AD equals two pounds and acts in the direction of AC.

Fig. 1. Fig. 2. 
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Parallelogram of Forces: If two forces applied at a point are represented in magnitude
and direction by the adjacent sides of a parallelogram (AB and AC in Fig. 3), their resultant
will be represented in magnitude and direction by the diagonal AR drawn from the intersec-
tion of the two component forces.

If two forces P and Q do not have the same point of application, as in Fig. 4, but the lines
indicating their directions intersect, the forces may be imagined as applied at the point of
intersection between the lines (as at A), and the resultant of the two forces may be found by
constructing the parallelogram of forces. Line AR shows the direction and magnitude of
the resultant, the point of application of which may be assumed to be at any point on line AR
or its extension.

If the resultant of three or more forces having the same point of application is to be found,
as in Fig. 5, first find the resultant of any two of the forces (AB and AC) and then find the
resultant of the resultant just found (AR1) and the third force (AD). If there are more than
three forces, continue in this manner until the resultant of all the forces has been found.

Parallel Forces: If two forces are parallel and act in the same direction, as in Fig. 6, then
their resultant is parallel to both lines, is located between them, and is equal to the sum of
the two components. The point of application of the resultant divides the line joining the
points of application of the components inversely as the magnitude of the components.
Thus,

 AB : CE = CD : AD
The resultant of two parallel and unequal forces acting in opposite directions, Fig. 7, is

parallel to both lines, is located outside of them on the side of the greater of the compo-
nents, has the same direction as the greater component, and is equal in magnitude to the
difference between the two components. The point of application on the line AC produced
is found from the proportion:

AB : CD = CE : AE

Polygon of Forces: When several forces are applied at a point and act in a single plane,
Fig. 8, their resultant may be found more simply than by the method just described, as fol-
lows: From the extreme end of the line representing the first force, draw a line representing
the second force, parallel to it and of the same length and in the direction of the second
force. Then through the extreme end of this line draw a line parallel to, and of the same

Fig. 3. Fig. 4. Fig. 5. 

Fig. 6. Fig. 7. 
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length and direction as the third force, and continue this until all the forces have been thus
represented. Then draw a line from the point of application of the forces (as A) to the
extreme point (as 51) of the line last drawn. This line (A 51) is the resultant of the forces.

Moment of a Force: The moment of a force with respect to a point is the product of the
force multiplied by the perpendicular distance from the given point to the direction of the
force. In Fig. 9, the moment of the force P with relation to point A is P × AB. The perpen-
dicular distance AB is called the lever-arm of the force. The moment is the measure of the
tendency of the force to produce rotation about the given point, which is termed the center
of moments. If the force is measured in pounds and the distance in inches, the moment is
expressed in inch-pounds. In metric SI units, the moment is expressed in newton-
meters (N · m), or newton-millimeters (N · mm).

The moment of the resultant of any number of forces acting together in the same plane is
equal to the algebraic sum of the moments of the separate forces.

Couples.—If the forces AB and CD are equal and parallel but act in opposite directions,
then the resultant equals 0, or, in other words, the two forces have no resultant and are
called a couple. A couple tends to produce rotation. The measure of this tendency is called
the moment of the couple and is the product of one of the forces multiplied by the distance
between the two.

Two Examples of Couples

As a couple has no resultant, no single force can balance or counteract the tendency of the
couple to produce rotation. To prevent the rotation of a body acted upon by a couple, two
other forces are therefore required, forming a second couple. In the illustration, E and F
form one couple and G and H are the balancing couple. The body on which they act is in
equilibrium if the moments of the two couples are equal and tend to rotate the body in
opposite directions. A couple may also be represented by a vector in the direction of the
axis about which the couple acts. The length of the vector, to some scale, represents the
magnitude of the couple, and the direction of the vector is that in which a right-hand screw
would advance if it were to be rotated by the couple.

Fig. 8. Fig. 9. 
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Composition of a Single Force and Couple.—A single force and a couple in the same
plane or in parallel planes may be replaced by another single force equal and parallel to the
first force, at a distance from it equal to the moment of the couple divided by the magnitude
of the force. The new single force is located so that the moment of the resultant about the
point of application of the original force is of the same sign as the moment of the couple.

In the next figure, with the couple N − N in the position shown, the resultant of P, − N, and
N is O (which equals P) acting on a line through point c so that (P − N) × ac = N × bc.

Thus, it follows that,

Single Force and Couple Composition

Algebraic Composition and Resolution of Force Systems.—The graphical methods
given beginning on page118 are convenient for solving problems involving force systems
in which all of the forces lie in the same plane and only a few forces are involved. If many
forces are involved, however, or the forces do not lie in the same plane, it is better to use
algebraic methods to avoid complicated space diagrams. Systematic procedures for solv-
ing force problems by algebraic methods are outlined beginning on page121. In connec-
tion with the use of these procedures, it is necessary to define several terms applicable to
force systems in general.

The single force which produces the same effect upon a body as two or more forces acting
together is called their resultant. The separate forces which can be so combined are called
the components. Finding the resultant of two or more forces is called the composition of
forces, and finding two or more components of a given force, the resolution of forces.
Forces are said to be concurrent when their lines of action can be extended to meet at a
common point; forces that are parallel are, of course, nonconcurrent. Two forces having
the same line of action are said to be collinear. Two forces equal in magnitude, parallel,
and in opposite directions constitute a couple. Forces all in the same plane are said to be
coplanar; if not in the same plane, they are called noncoplanar forces.

The resultant of a system of forces is the simplest equivalent system that can be deter-
mined. It may be a single force, a couple, or a noncoplanar force and a couple. This last type
of resultant, a noncoplanar force and a couple, may be replaced, if desired, by two skewed
forces (forces that are nonconcurrent, nonparallel, and noncoplanar). When the resultant of
a system of forces is zero, the system is in equilibrium, that is, the body on which the force
system acts remains at rest or continues to move with uniform velocity.

ac
N ac bc+( )

P
---------------------------

Moment of Couple
P

---------------------------------------------= =
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Algebraic Solution of Force Systems—All Forces in the Same Plane

Finding Two Concurrent Components of a Single Force: 

Finding the Resultant of Two Concurrent Forces: 

Finding the Resultant of Three or More Concurrent Forces: 

Case I: To find two components F1 and F2 at 
angles θ and φ, φ not being 90°.

Case II: Components F1 and F2 form 90° angle.

Case I: Forces F1 and F2 do not form 90° angle.

Case II: Forces F1 and F2 form 90° angle.

To determine resultant of forces F1, F2, F3, etc. 
making angles, respectively, of θ1, θ2, θ3, etc. with 
the x axis, find the x and y components Fx and Fy of 
each force and arrange in a table similar to that 
shown below for a system of three forces. Find the 
algebraic sum of the Fx and Fy components (∑Fx 
and ∑Fy) and use these to determine resultant R.

Force Fx Fy

F1 F1 cos θ1 F1 sin θ1

F2 F2 cos θ2 F2 sin θ2

F3 F3 cos θ3 F3 sin θ3

∑Φx ∑Φy

F1
F θsin

φsin
---------------=

F2
F φ θ–( )sin

φsin
-----------------------------=

F1 F θsin=

F2 F θcos=

R
F1 φsin

θsin
-----------------  or R

F2 φsin

φ θ–( )sin
------------------------- or= =

R F1
2 F2

2 2F1F2 φcos+ +=

θtan
F1 φsin

F1 φcos F2+
-------------------------------=

R
F2

θcos
------------=     or R

F1

θsin
-----------  or=

R F1
2 F2

2+=

θtan
F1

F2
------=

R ΣFx( )2 ΣFy( )2+=

θRcos
ΣFx

R
---------=

or  θRtan
ΣFy

ΣFx
---------=
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Finding a Force and a Couple Which Together are Equivalent to a Single Force: 

Finding the Resultant of a Single Force and a Couple: 

Finding the Resultant of a System of Parallel Forces: 

To resolve a single force F into a couple of 
moment M and a force P passing through any cho-
sen point O at a distance d from the original force 
F, use the relations

The moment M must, of course, tend to produce 
rotation about O in the same direction as the origi-
nal force. Thus, as seen in the diagram, F tends to 
produce clockwise rotation; hence M is shown 
clockwise.

The resultant of a single force F and a couple M 
is a single force  R equal in magnitude and direc-
tion to F and parallel to it at a distance d to the left 
or right of F.

Resultant R is placed to the left or right of point 
of application O of the original force F depending 
on which position will give R the same direction of 
moment about O as the original couple M.

To find the resultant of a system of coplanar parallel 
forces, proceed as indicated below.

1) Select any convenient point O from which perpendicular distances d1, d2, d3, etc. to parallel forces F1, F2, F3, etc. can 
be specified or calculated.

2) Find the algebraic sum of all the forces; this will give the magnitude of the resultant of the system.

3) Find the algebraic sum of the moments of the forces about O; clockwise moments may be taken as negative and coun-
terclockwise moments as positive:

4) Calculate the distance d from O to the line of action of resultant R:

This distance is measured to the left or right from O depending on which position will give the moment of R the same 
direction of rotation about O as the couple ∑MO, that is, if ∑MO is negative, then d is left or right of O depending on which 
direction will make R × d negative.

Note Concerning Interpretation of Results: If R = 0, then the resultant of the system is a couple ∑MO; if ∑MO = 0 then 
the resultant is a single force R; if both R and ∑MO = 0, then the system is in equilibrium.

P F=

M F d×=

R F=

d M R÷=

R ΣF F1 F2 F3 …+ + += =

ΣMO F1d1 F2d2 …+ +=

d ΣMO R÷=
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Finding the Resultant of Forces Not Intersecting at a Common Point: 

To determine the resultant of a 
coplanar, nonconcurrent, nonpar-
allel force system as shown in the 
diagram, proceed as shown 
below.

1) Draw a set of x and y coordinate axes through any convenient point O in the plane of the forces as 
shown in the diagram.

2) Determine the x and y coordinates of any convenient point on the line of action of each force and 
the angle θ, measured in a counterclockwise direction, that each line of action makes with the positive 
x axis. For example, in the diagram, coordinates x4, y4, and θ4 are shown for F4. Similar data should be 
known for each of the forces of the system.

3) Calculate the x and y components (Fx, Fy) of each force and the moment of each component about 
O. Counterclockwise moments are considered positive and clockwise moments are negative. Tabulate 
all results in a manner similar to that shown below for a system of three forces and find ∑Fx, ∑Fy, ∑MO 
by algebraic addition.

Force Coordinates of F Components of F Moment of F about O

F x y θ Fx Fy MO = xFy − yFx

F1 x1 y1 θ1 F1 cos θ1 F1 sin θ1 x1F1 sin θ1 − y1F1 cos θ1

F2 x2 y2 θ2 F2 cos θ2 F2 sin θ2 x2F2 sin θ2 − y2F2 cos θ2

F3 x3 y3 θ3 F3 cos θ3 F3 sin θ3 x3F3 sin θ3 − y3F3 cos θ3

∑Fx ∑Fy ∑MO

4. Compute the resultant of the system and the angle θR it makes with the x axis by using the formulas:

5. Calculate the distance d from O to the line of action of the resultant R:

Distance d is in such direction from O as will make the moment of R about O have the same sign as 
∑MO.

Note Concerning Interpretation of Results: If R = 0, then the resultant is a couple ∑MO; if ∑MO = 0, 
then R passes through O; if both R = 0 and ∑MO = 0, then the system is in equilibrium.

R ΣFx( )2 ΣFy( )2+=

θRcos ΣFx R÷  or θRtan ΣFy ΣFx÷= =

d ΣMO R÷=
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Example:Find the resultant of three coplanar nonconcurrent forces for which the follow-
ing data are given.

Note: When working in metric SI units, pounds are replaced by newtons (N); inches by 
meters or millimeters, and inch-pounds by newton-meters (N · m) or newton-millimeters 
(N · mm).

Force
F

Coordinates of F Components of F Moment
of F about Ox y θ Fx Fy

F1 = 10 5 −1 270° 0 −10.00 −50.00

F2 = 20 4 1.5 50° 12.86 15.32 41.99

F3 = 30 2 2 60° 15.00 25.98 21.96

27.86 31.30 13.95

measured as shown on the diagram.

F1 10 lbs;  x1 5 in.;  y1 1–  in.;   θ1 270°= = = =

F2 20 lbs;  x2 4 in.;  y2 1.5 in.;  θ2 50°= = = =

F3 30 lbs;  x3 2 in.;  y3 2 in.;  θ3 60°= = = =

Fx1
10 270°cos 10 0× 0 lbs.= = =

Fx2
20 50°cos 20 0.64279× 12.86 lbs.= = =

Fx3
30 60°cos 30 0.5000× 15.00 lbs.= = =

Fy1
10 270sin °× 10 1–( )× 10.00–  lbs.= = =

Fy2
20 50sin °× 20 0.76604× 15.32 lbs.= = =

Fy3
30 60sin °× 30 0.86603× 25.98 lbs.= = =

Mo1
5 10–( )× 1–( )– 0× 50–  in. lbs.= =

Mo2
4 15.32× 1.5– 12.86× 41.99 in. lbs.= =

Mo3
2 25.98× 2– 15× 21.96 in. lbs.= =

R 27.86( )2 31.30( )2+=

41.90=  lbs.

θtan R
31.30
27.86
------------- 1.1235= =

θR 48°20′=

d
13.95
41.90
------------- 0.33 inches= =
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Algebraic Solution of Force Systems — Forces Not in Same Plane

Resolving a Single Force Into Its Three Rectangular Components: 

Finding the Resultant of Any Number of Concurrent Forces: 

The diagram shows how a force F may be 
resolved at any point O on its line of action into 
three concurrent components each of which is per-
pendicular to the other two.

The x, y, z components Fx, Fy, Fz of force F are 
determined from the accompanying relations in 
which θx, θy, θz are the angles that the force F 
makes with the x, y, z axes.

To find the resultant of any number of noncopla-
nar concurrent forces F1, F2, F3, etc., use the pro-
cedure outlined below.

1) Draw a set of x, y, z axes at O, the point of concurrency of the forces. The angles each force makes 
measured counterclockwise from the positive x, y, and z coordinate axes must be known in addition to 
the magnitudes of the forces. For force F2, for example, the angles are θx2, θy2, θz2 as indicated on the 
diagram.

2) Apply the first three formulas given under the heading “Resolving a Single Force Into Its Three 
Rectangular Components” to each force to find its x, y, and z components. Tabulate these calculations 
as shown below for a system of three forces. Algebraically add the calculated components to find ∑Fx, 
∑Fy, and ∑Fz which are the components of the resultant.

Force Angles Components of Forces

F θx θy θz Fx Fy Fz

F1 θx1 θy1 θz1 F1 cos θx1 F1 cos θy1 F1 cos θz1

F2 θx2 θy2 θz2 F2cos θx2 F2 cos θy2 F2 cos θz2

F3 θx3 θy3 θz3 F3 cos θx3 F3 cos θy3 F3 cos θz3

∑Fx ∑Fy ∑Fz

3. Find the resultant of the system from the formula

4. Calculate the angles θxR, θyR, and θzR that the resultant R makes with the respective coordinate axes:

Fx F θxcos=

Fy F θycos=

Fz F θzcos=

F Fx
2 Fy

2 Fz
2+ +=

R ΣFx( )2 ΣFy( )2 ΣFz( )2+ +=

θcos xR

ΣFx

R
---------=

θcos yR

ΣFy

R
---------=

θcos zR

ΣFz

R
---------=
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Finding the Resultant of Parallel Forces Not in the Same Plane: 

In the diagram, forces F1, F2, etc. repre-
sent a system of noncoplanar parallel 
forces. To find the resultant of such 
systems, use the procedure shown 

below.

1) Draw a set of x, y, and z coordinate axes through any point O in such a way that one of these axes, 
say the z axis, is parallel to the lines of action of the forces. The x and y axes then will be perpendicular 
to the forces.

2) Set the distances of each force from the x and y axes in a table as shown below. For example, x1 and 
y1 are the x and y distances for F1 shown in the diagram.

3) Calculate the moment of each force about the x and y axes and set the results in the table as shown 
for a system consisting of three forces. The algebraic sums of the moments ∑Mx and ∑My are then 
obtained. (In taking moments about the x and y axes, assign counterclockwise moments a plus ( + ) sign 
and clockwise moments a minus ( - ) sign. In deciding whether a moment is counterclockwise or clock-
wise, look from the positive side of the axis in question toward the negative side.)

Force Coordinates of Force F Moments Mx and My due to F

F x y Mx My

F1 x1 y1 F1y1 F1x1

F2 x2 y2 F2y2 F2x2

F3 x3 y3 F3y3 F3x3

∑F ∑Mx ∑My

4. Find the algebraic sum ∑F of all the forces; this will be the resultant R of the system.

5. Calculate x R and y R, the moment arms of the resultant:

These moment arms are measured in such direction along the x and y axes as will give the resultant a 
moment of the same direction of rotation as ∑Mx and ∑My.

Note Concerning Interpretation of Results: If ∑Mx and ∑My are both 0, then the resultant is a single 
force R along the z axis; if R is also 0, then the system is in equilibrium. If R is 0 but ∑Mx and ∑My are 
not both 0, then the resultant is a couple

that lies in a plane parallel to the z axis and making an angle θR measured in a counterclockwise direc-
tion from the positive x axis and calculated from the following formula:

R ΣF F1 F2 …+ += =

xR ΣMy R÷=

yR ΣMx R÷=

MR ΣMx( )2 ΣMy( )2+=

θsin R

ΣMx

MR
-----------=
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Finding the Resultant of Nonparallel Forces Not Meeting at a Common Point: 

The diagram shows a system of 
noncoplanar, nonparallel, noncon-
current forces F1, F2, etc. for which 
the resultant is to be determined. 
Generally speaking, the resultant 
will be a noncoplanar force and a 
couple which may be further com-
bined, if desired, into two forces 
that are skewed.

This is the most general force sys-
tem that can be devised, so each of 
the other systems so far described 
represents a special, simpler case of 
this general force system. The 
method of solution described below 
for a system of three forces applies 
for any number of forces.

1) Select a set of coordinate x, y, and z axes at any desired point O in the body as shown in the diagram.
2) Determine the x, y, and z coordinates of any convenient point on the line of action of each force as 

shown for F2. Also determine the angles, θx, θy, θz that each force makes with each coordinate axis. 
These angles are measured counterclockwise from the positive direction of the x, y, and z axes. The data 
is tabulated, as shown in the table accompanying Step 3, for convenient use in subsequent calculations.

3) Calculate the x, y, and z components of each force using the formulas given in the accompanying 
table. Add these components algebraically to get ∑Fx, ∑Fy and ∑Fz which are the components of the 
resultant, R, given by the formula,

Force Coordinates of Force F Components of F

F x y z θx θy θz Fx Fy Fz

F1 x1 y1 z1 θx1 θy1 θz1 F1 cos θx1 F1 cos θy1 F1 cos θz1

F2 x2 y2 z2 θx2 θy2 θz2 F2 cos θx2 F2 cos θy2 F2 cos θz2

F3 x3 y3 z3 θx3 θy3 θz3 F3 cos θx3 F3 cos θy3 F3 cos θz3

∑Fx ∑Fy ∑Fz

The resultant force R makes angles of θxR, θyR, and θzR with the x, y, and z axes, respectively, and passes 
through the selected point O. These angles are determined from the formulas,

R ΣFx( )2 ΣFy( )2 ΣFz( )2+ +=

θcos xR ΣFx R÷=

θcos yR ΣFy R÷=

θcos zR ΣFz R÷=
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General Method of Locating Resultant When Its Components are Known: 

4. Calculate the moments Mx, My, Mz about x, y, and z axes, respectively, due to the Fx, Fy, and Fz com-
ponents of each force and set them in tabular form. The formulas to use are given in the accompanying 
table.

In interpreting moments about the x, y, and z axes, consider counterclockwise moments a plus ( + ) 
sign and clockwise moments a minus ( - ) sign. In deciding whether a moment is counterclockwise or 
clockwise, look from the positive side of the axis in question toward the negative side.

Force Moments of Components of F (Fx, Fy, Fz) about x, y, z axes

F Mx = yFz - zFy My = zFx - xFz Mz = xFy - yFx

F1 Mx1 = y1Fz1 - z1Fy1 My1 = z1Fx1 - x1Fz1 Mz1 = x1Fy1 - y1Fx1

F2 Mx2 = y2Fz2 - z2Fy2 My2 = z2Fx2 - x2Fz2 Mz2 = x2Fy2 - y2Fx2

F3 Mx3 = y3Fz3 - z3Fy3 My3 = z3Fx3 - x3Fz3 Mz3 = x3Fy3 - y3Fx3

∑Mx ∑My ∑Mz

5. Add the component moments algebraically to get ∑Mx, ∑My and ∑Mz which are the components of 
the resultant couple, M, given by the formula,

The resultant couple M will tend to produce rotation about an axis making angles of βx, βy, and βz with 
the x, y, z axes, respectively. These angles are determined from the formulas,

To determine the position of the resultant force of a system of forces, proceed as follows:
From the origin, point O, of a set of coordinate axes x, y, z, lay off on the x axis a length A representing 

the algebraic sum ∑Fx of the x components of all the forces. From the end of line A lay off a line B rep-
resenting ∑Fy, the algebraic sum of the y components; this line B is drawn in a direction parallel to the 
y axis. From the end of line B lay off a line C representing ∑Fz. Finally, draw a line R from O to the end 
of C; R will be the resultant of the system.

M ΣMx( )2 ΣMy( )2 ΣMz( )2+ +=

βxcos
ΣMx

M
-----------= βycos

ΣMy

M
-----------= βzcos

ΣMz

M
----------=
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Mechanisms

Inclined Plane—Wedge

W = weight of body
 

Neglecting friction:

If friction is taken into account, then force P to 
pull body up is:

Force P1 to pull body down is:

Force P2 to hold body stationary:

in which µ is the coefficient of friction.

W = weight of body W = weight of body

Neglecting friction: With friction: Neglecting friction: With friction:

Neglecting friction:

With friction:
Coefficient of friction = µ.

Neglecting friction:

With friction:
Coefficient of friction = µ = tan φ.

P W
h
l
---× W αsin×= =

W P
l
h
---× P

αsin
----------- P cosecα×= = =

Q W
b
l
---× W αcos×= =

P W µ αcos αsin+( )=

P1 W µ αcos αsin–( )=

P2 W αsin µ αcos–( )=

P W
αsin
βcos

------------×=

W P
βcos
αsin

------------×=

Q W
α β+( )cos

βcos
---------------------------×=

Coefficient of friction
µ= φtan=

P W
α φ+( )sin
β φ–( )cos

--------------------------×=

P W
h
b
---× W αtan×= =

W P
b
h
---× P αcot×= =

Q
W

αcos
------------ W αsec×= =

Coefficient of friction
µ= φtan=

P W α φ+( )tan=

P 2Q
b
l
---× 2Q αsin×= =

Q P
l

2b
------× 1

2
---P cosecα×= =

P 2Q µ αcos αsin+( )=

P 2Q
b
h
---× 2Q αtan×= =

Q P
h

2b
------× 1

2
---P αcot×= =

P 2Q α φ+( )tan=
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Table of Forces on Inclined Planes
The table below makes it possible to find the force required for mov-

ing a body on an inclined plane. The friction on the plane is not taken 
into account. The column headed “Tension P in Cable per Ton of 2000 
Pounds” gives the pull in pounds required for moving one ton along the 
inclined surface. The fourth column gives the perpendicular or normal 
pressure. If the coefficient of friction is known, the added pull required 
to overcome friction is thus easily determined:

Tensions and Pressures in Pounds

Per Cent
of Grade.
Rise, Ft.
per 100

Ft.

Angle α

Tension
P in

Cable per
Ton of

2000 Lbs.

Perpendicular
Pressure

Q on
Plane per

Ton of
2000 Lbs.

Per Cent
of Grade.
Rise, Ft.
Per 100

Ft.

Angle α

Tension
P in

Cable per
Ton of

2000 Lbs.

Perpendicular
Pressure

Q on
Plane per

Ton of
2000 Lbs.

1 0° 35′ 20.2 1999.8 39 21° 19′ 727.0 1863.0

2 1 9 40.0 1999.4 40 21 49 743.2 1856.6

3 1 44 60.4 1999.0 41 22 18 758.8 1850.4

4 2 18 80.2 1998.2 42 22 47 774.4 1843.8

5 2 52 100.0 1997.4 43 23 17 790.4 1837.0

6 3 27 120.2 1996.2 44 23 45 805.4 1830.6

7 4 1 140.0 1995.0 45 24 14 820.8 1823.6

8 4 35 159.8 1993.6 46 24 43 836.2 1816.6

9 5 9 179.4 1991.8 47 25 11 851.0 1809.8

10 5 43 199.2 1990.0 48 25 39 865.6 1802.8

11 6 17 218.8 1987.8 49 26 7 880.4 1795.6

12 6 51 238.4 1985.6 50 26 34 894.4 1788.8

13 7 25 258.0 1983.2 51 27 2 909.0 1781.4

14 7 59 277.6 1980.6 52 27 29 922.8 1774.2

15 8 32 296.6 1977.8 53 27 56 936.8 1766.8

16 9 6 316.2 1974.8 54 28 23 950.6 1759.4

17 9 39 335.2 1971.6 55 28 49 964.0 1752.2

18 10 13 354.6 1968.2 56 29 15 977.2 1744.8

19 10 46 373.6 1964.6 57 29 41 990.4 1737.4

20 11 19 392.4 1961.0 58 30 7 1003.4 1730.0

21 11 52 411.2 1957.2 59 30 33 1016.4 1722.2

22 12 25 430.0 1953.2 60 30 58 1029.0 1714.8

23 12 58 448.6 1949.0 61 31 23 1041.4 1707.4

24 13 30 466.8 1944.6 62 31 48 1053.8 1699.6

25 14 3 485.4 1940.0 63 32 13 1066.2 1692.0

26 14 35 503.4 1935.4 64 32 38 1078.4 1684.2

27 15 7 521.4 1930.6 65 33 2 1090.2 1676.6

28 15 39 539.4 1925.8 66 33 26 1101.8 1669.0

29 16 11 557.4 1920.6 67 33 50 1113.4 1661.2

30 16 42 574.6 1915.6 68 34 13 1124.6 1653.8

31 17 14 592.4 1910.2 69 34 37 1136.0 1645.8

32 17 45 609.6 1904.6 70 35 0 1147.0 1638.2

33 18 16 626.8 1899.2 71 35 23 1158.0 1630.4

34 18 47 643.8 1893.4 72 35 46 1168.8 1622.8

35 19 18 661.0 1887.6 73 36 8 1179.2 1615.2

36 19 48 677.4 1881.6 74 36 31 1190.0 1607.2

37 20 19 694.4 1875.4 75 36 53 1200.4 1599.6

38 20 49 710.6 1869.4 … … … … …

Q coefficient of friction× additional pull required.=
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Levers

The above formulas are valid using metric SI units, with forces expressed in newtons, and
lengths in meters. However, it should be noted that the weight of a mass W kilograms is equal to
a force of Wg newtons, where g is approximately 9.81 m/s2. Thus, supposing that in the first
example l = 0.4 m, L = 1.2 m, and W = 30 kg, then the weight of W is 30g newtons, so that the

force F required to balance the lever is 

This force could be produced by suspending a mass of 10 kg at F.

Types of Levers Examples

A pull of 80 pounds is exerted at the end of the 
lever, at W;
l = 12 inches and L = 32 inches.

Find the value of force F required to balance the 
lever.

If F = 20; W = 180; and l = 3; how long must L 
be made to secure equilibrium?

Total length L of a lever is 25 inches. A weight 
of 90 pounds is supported at W; l is 10 inches. 
Find the value of F.

If F = 100 pounds, W = 2200 pounds, and a = 5 
feet, what should L equal to secure equilibrium?

When three or more forces act on lever:

Let W = 20, P = 30, and Q = 15 pounds; a = 4, b 
= 7, and c = 10 inches.

If x = 6 inches, find F.

Assuming F = 20 in the example above, how 
long must lever arm x be made?

F:W l:L= F L× W l×=

F
W l×

L
------------= W

F L×
l

-------------=

L
W a×
W F+
---------------

W l×
F

------------= = l
F a×
W F+
---------------

F L×
W

-------------= =

F
80 12×

32
------------------

960
32
--------- 30 pounds= = =

L
180 3×

20
------------------ 27= =

F:W l:L= F L× W l×=

F
W l×

L
------------= W

F L×
l

-------------=

L
W a×
W F–
--------------

W l×
F

------------= = l
F a×
W F–
--------------

F L×
W

-------------= =

F
90 10×

25
------------------ 36 pounds= =

L
2200 5×

2200 100–
--------------------------- 5.24 feet= =

F x× W a× P+ b× Q+ c×=

x
W a× P+ b× Q+ c×

F
-----------------------------------------------------=

F
W a× P+ b× Q+ c×

x
-----------------------------------------------------=

F
20 4× 30+ 7× 15+ 10×

6
------------------------------------------------------------- 73

1
3
---  lbs= =

x
20 4× 30+ 7× 15+ 10×

20
------------------------------------------------------------- 22 ins= =

F 30g 0.4××××
1.2

----------------------- 10g 98.1 newtons.= = =
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Toggle-joint.—If arms ED and EH are of unequal length:

The relation between P and F changes con-
stantly as F moves downward.

If arms ED and EH are equal:

A double toggle-joint does not increase the
pressure exerted so long as the relative distances
moved by F and P remain the same.

Toggle-joints with Equal Arms

F = force applied
P = resistance
α =given angle

Equivalent expressions (see diagram):

To use the table, measure angle α, and find the 
coefficient in the table corresponding to the angle 
found. The coefficient is the ratio of the resis-
tance to the force applied, and multiplying the 
force applied by the coefficient gives the resis-
tance, neglecting friction.

Angle Coefficient Angle Coefficient Angle Coefficient Angle Coefficient

0° 2′ 862 0° 50′ 34.4 2° 45′ 10.4 8° 0′ 3.58

0 4 456 0 55 31.2 2 50 10.1 8 30 3.35

0 6 285 1 0 28.6 3 0 9.54 9 0 3.15

0 8 216 1 10 24.6 3 15 8.81 9 30 2.99

0 10 171 1 15 22.9 3 30 8.17 10 0 2.84

0 12 143 1 20 21.5 3 45 7.63 11 0 2.57

0 14 122 1 30 19.1 4 0 7.25 12 0 2.35

0 15 115 1 40 17.2 4 15 6.73 13 0 2.17

0 16 107 1 45 16.4 4 30 6.35 14 0 2.00

0 18 95.4 1 50 15.6 4 45 6.02 15 0 1.87

0 20 85.8 2 0 14.3 5 0 5.71 16 0 1.74

0 25 68.6 2 10 13.2 5 30 5.19 17 0 1.64

0 30 57.3 2 15 12.7 6 0 4.76 18 0 1.54

0 35 49.1 2 20 12.5 6 30 4.39 19 0 1.45

0 40 42.8 2 30 11.5 7 0 4.07 20 0 1.37

0 45 38.2 2 40 10.7 7 30 3.79 … …

P
Fa
b

-------=

P
Fa
2h
-------=

2P αsin F αcos=

P
F
---

αcos
2 αsin
--------------- coefficient= =

P F coefficient×=

P
FS
4h
-------= P

Fs
H
------=
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Wheels and Pulleys

Note: The above formulas are valid using metric SI units, with forces expressed in newtons, and
lengths in meters or millimeters. (See note on page132 concerning weight and mass.)

The radius of a drum on which is wound the 
lifting rope of a windlass is 2 inches. What force 
will be exerted at the periphery of a gear of 24 
inches diameter, mounted on the same shaft as 
the drum and transmitting power to it, if one ton 
(2000 pounds) is to be lifted? Here W = 2000; R 
= 12; r = 2.

The velocity with which 
weight W will be raised 
equals one-half the veloc-
ity of the force applied at 
F.

n = number of strands or 
parts of rope (n1, n2, etc.).

The velocity with which 

W will be raised equals  

of the velocity of the force 
applied at F.

In the illustration is shown a combination of a 
double and triple block. The pulleys each turn 
freely on a pin as axis, and are drawn with differ-
ent diameters, to show the parts of the rope more 
clearly. There are 5 parts of rope. Therefore, if 
200 pounds is to be lifted, the force F required at 
the end of the rope is:

A, B, C and D are the pitch circles of gears.

Let the pitch diameters of gears A, B, C and D be 
30, 28, 12 and 10 inches, respectively. Then R2 = 
15; R1 = 14; r1 = 6; and r = 5. Let R = 12, and r2 = 
4. Then the force F required to lift a weight W of 

2000 pounds, friction being neglected, is:

F:W r:R=

F R× W r×=

F
W r×

R
-------------=

W
F R×

r
-------------=

R
W r×

F
-------------=

r
F R×

W
-------------=

F
2000 2×

12
--------------------- 333 pounds= =

F 1⁄2W=
F:W αsec :2=

F
W αsec×

2
-----------------------=

W 2F αcos×=

F
1
n
--- W×=

1
n
---

F 1⁄5 200× 40 pounds= =

F
W r× r1× r2×

R R1× R2×-----------------------------------=

W
F R× R1× R2×

r r 1× r2×--------------------------------------=

F
2000 5× 6× 4×

12 14× 15×
--------------------------------------- 95 pounds= =
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Differential Pulley—Screw

Differential Pulley.—In the differential pulley a chain must 
be used, engaging sprockets, so as to prevent the chain from slip-
ping over the pulley faces.

Force Moving Body on Horizontal Plane.—F tends to move 
B along line CD; Q is the component which actually moves B; P 
is the pressure, due to F, of the body on CD.

Screw.—F = force at end of handle or wrench; R = lever-arm 
of F; r = pitch radius of screw; p = lead of thread; Q = load. 
Then, neglecting friction:

If µ is the coefficient of friction, then:
For motion in direction of load Q which assists it:

For motion opposite load Q which resists it:

P R× 1⁄2W R r–( )=

P
W R r–( )

2R
----------------------=

W
2PR
R r–
------------=

Q F αcos×= P F2 Q2–=

F Q
p

6.2832R
--------------------×= Q F

6.2832R
p

--------------------×=

F Q
6.2832µr p–
6.2832r µp+
--------------------------------× r

R
---×=

F Q
p 6.2832µr+
6.2832r µp–
--------------------------------× r

R
---×=



136 MECHANICS

MECHANICAL PROPERTIES OF BODIES

Properties of Bodies

Center of Gravity.—The center of gravity of a body, volume, area, or line is that point at
which if the body, volume, area, or line were suspended it would be perfectly balanced in
all positions. For symmetrical bodies of uniform material it is at the geometric center. The
center of gravity of a uniform round rod, for example, is at the center of its diameter half-
way along its length; the center of gravity of a sphere is at the center of the sphere. For sol-
ids, areas, and arcs that are not symmetrical, the determination of the center of gravity may
be made experimentally or may be calculated by the use of formulas.

The tables that follow give such formulas for some of the more important shapes. For
more complicated and unsymmetrical shapes the methods outlined on page142 may be
used.

Example:A piece of wire is bent into the form of a semi-circular arc of 10-inch radius.
How far from the center of the arc is the center of gravity located?

Accompanying the third diagram on page137 is a formula for the distance from the cen-
ter of gravity of an arc to the center of the arc: a = 2r ÷ π. Therefore,

Formulas for Center of Gravity

Triangle: 

Perimeter or Area of a Parallelogram : 

Perimeter
If A, B and C are the middle points of the sides of 

the triangle, then the center of gravity is at the cen-
ter of the circle that can be inscribed in triangle 
ABC. The distance d of the center of gravity from 
side a is:

where h is the height perpendicular to a.

Area
The center of gravity is at the intersection of 

lines AD and BE, which bisect the sides BC and 
AC. The perpendicular distance from the center of 
gravity to any one of the sides is equal to one-third 
the height perpendicular to that side. Hence, a = h 
÷ 3.

The center of gravity is at the intersection of the 
diagonals.

a 2 10× 3.1416÷ 6.366 inches= =

d
h b c+( )

2 a b c+ +( )
-----------------------------=
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Area of Trapezoid: 

Any Four-sided Figure : 

Circular Arc: 

Circle Segment : 

The center of gravity is on the line joining the 
middle points of parallel lines AB and DE.

The trapezoid can also be divided into two trian-
gles. The center of gravity is at the intersection of 
the line joining the centers of gravity of the trian-
gles, and the middle line FG.

Two cases are possible, as shown in the illustra-
tion. To find the center of gravity of the four-sided 
figure ABCD, each of the sides is divided into three 
equal parts. A line is then drawn through each pair 
of division points next to the points of intersection 
A, B, C, and D of the sides of the figure. These lines 
form a parallelogram EFGH; the intersection of 
the diagonals EG and FH locates center of gravity.

The center of gravity is on the line that bisects 

the arc, at a distance  

from the center of the circle.
For an arc equal to one-half the periphery:

For an arc equal to one-quarter of the periphery:

For an arc equal to one-sixth of the periphery:

An approximate formula is very nearly exact for 
all arcs less than one-quarter of the periphery is: 

The error is only about one per cent for a quarter 
circle, and decreases for smaller arcs.

The distance of the center of gravity from the 
center of the circle is:

in which A = area of segment.

c
h a 2b+( )
3 a b+( )

------------------------= d
h 2a b+( )
3 a b+( )

------------------------=

e
a2 ab b2+ +

3 a b+( )
------------------------------=

a
r c×

l
-----------

c c2 4h2+( )
8lh

----------------------------= =

a 2r π÷ 0.6366r= =

a 2r 2 π÷ 0.9003r= =

a 3r π÷ 0.9549r= =

a 2⁄3h=

b
c3

12A
---------- 2⁄3

r3 αsin3

A
-------------------×= =
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Circle Sector : 

Part of Circle Ring : 

Spandrel or Fillet : 

Segment of an Ellipse : 

Spherical Surface of Segments and Zones of Spheres : 

Distance b from center of gravity to center of cir-
cle is:

in which A = area of sector, and α is expressed in 
degrees.

For the area of a half-circle:

For the area of a quarter circle:

For the area of a sixth of a circle:

Distance b from center of gravity to center of cir-
cle is:

Angle α is expressed in degrees.

The center of gravity of an elliptic segment ABC, 
symmetrical about one of the axes, coincides with 
the center of gravity of the segment DBF of a cir-
cle, the diameter of which is equal to that axis of 
the ellipse about which the elliptic segment is sym-
metrical.

Distances a and b which determine the center of 
gravity, are:

b
2rc
3l

--------
r2c
3A
-------- 38.197

r αsin
α

--------------= = =

b 4r 3π÷ 0.4244r= =

b 4 2 r× 3π÷ 0.6002r= =

b 2r π÷ 0.6366r= =

b 38.197
R3 r3–( ) αsin

R2 r2–( )α
----------------------------------=

Area 0.2146R2=
x 0.2234R=

y 0.2234R=

a
h
2
---= b

H
2
----=
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Area of a Parabola : 

Cylinder : 

Portion of Cylinder : 

For the complete parabolic area, the center of 
gravity is on the center line or axis, and

For one-half of the parabola:

For the complement area ABC:

The center of gravity of a solid cylinder (or 
prism) with parallel end surfaces, is located at the 
middle of the line that joins the centers of gravity 
of the end surfaces.

The center of gravity of a cylindrical surface or 
shell, with the base or end surface in one end, is 
found from:

The center of gravity of a cylinder cut off by an 
inclined plane is located by:

where α is the angle between the obliquely cut off 
surface and the base surface.

For a solid portion of a cylinder, as shown, the 
center of gravity is determined by:

For the cylindrical surface only:

If the cylinder is hollow, the center of gravity of 
the solid shell is found by:

a
3h
5

------=

a
3h
5

------=  and b
3w
8

-------=

c 0.3h=  and d 0.75w=

a
2h2

4h d+
---------------=

a
h
2
---

r2 αtan2

8h
-------------------+= b

r2 αtan
4h

-----------------=

a 3⁄16 3.1416r×= b 3⁄32 3.1416h×=

a 1⁄4 3.1416r×= b 1⁄8 3.1416h×=

a 3⁄16 3.1416
R4 r4–
R3 r3–
-----------------×=

b 3⁄32 3.1416
H4 h4–
H3 h3–
------------------×=
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Pyramid : 

Frustum of Pyramid : 

Cone : 

Frustum of Cone : 

Wedge : 

In a solid pyramid the center of gravity is located 
on the line joining the apex with the center of grav-
ity of the base surface, at a distance from the base 
equal to one-quarter of the height; or a = 1⁄4 h.

The center of gravity of the triangular surfaces 
forming the pyramid is located on the line joining 
the apex with the center of gravity of the base sur-
face, at a distance from the base equal to one-third 
of the height; or a = 1⁄3 h.

The center of gravity is located on the line that 
joins the centers of gravity of the end surfaces. If 
A1 = area of base surface, and A2 area of top sur-
face,

The same rules apply as for the pyramid.
For the solid cone:

For the conical surface:

The same rules apply as for the frustum of a pyr-
amid. For a solid frustum of a circular cone the for-
mula below is also used:

The location of the center of gravity of the coni-
cal surface of a frustum of a cone is determined by:

The center of gravity is on the line joining the 
center of gravity of the base with the middle point 
of the edge, and is located at:

a
h A1 2 A1 A2× 3A2+ +( )

4 A1 A1 A2× A2+ +( )
---------------------------------------------------------------=

a 1⁄4h=

a 1⁄3h=

a
h R2 2Rr 3r2+ +( )

4 R2 Rr r2+ +( )
---------------------------------------------=

a
h R 2r+( )
3 R r+( )

------------------------=

a
h b c+( )

2 2b c+( )-----------------------=
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Half of a Hollow Sphere : 

Spherical Segment : 

Spherical Sector : 

Segment of Ellipsoid or Spheroid : 

Paraboloid : 

Center of Gravity of Two Bodies : 

The center of gravity is located at:

The center of gravity of a solid segment is deter-
mined by:

For a half-sphere, a = b = 3⁄8r

The center of gravity of a solid sector is at:

The center of gravity of a solid segment ABC, 
symmetrical about the axis of rotation, coincides 
with the center of gravity of the segment DBF of a 
sphere, the diameter of which is equal to the axis of 
rotation of the spheroid.

The center of gravity of a solid paraboloid of 
rotation is at:

If the weights of the bodies are P and Q, and the 
distance between their centers of gravity is a, then:

a
3 R4 r4–( )
8 R3 r3–( )
-------------------------=

a
3 2r h–( )2

4 3r h–( )
-------------------------=

b
h 4r h–( )
4 3r h–( )
-----------------------=

a 3⁄8 1 αcos+( )r 3⁄8 2r h–( )= =

a 1⁄3h=

b
Qa

P Q+
--------------= c

Pa
P Q+
--------------=
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Center of Gravity of Figures of any Outline.—If the figure is symmetrical about a cen-
ter line, as in Fig. 1, the center of gravity will be located on that line. To find the exact loca-
tion on that line, the simplest method is by taking moments with reference to any
convenient axis at right angles to this center line. Divide the area into geometrical figures,
the centers of gravity of which can be easily found. In the example shown, divide the figure
into three rectangles KLMN, EFGH and OPRS. Call the areas of these rectangles A, B and
C, respectively, and find the center of gravity of each. Then select any convenient axis, as
X–X, at right angles to the center line Y–Y, and determine distances a, b and c. The dis-
tance y of the center of gravity of the complete figure from the axis X–X is then found from
the equation:

As an example, assume that the area A is 24 square inches, B, 14 square inches, and C, 16
square inches, and that a = 3 inches, b = 7.5 inches, and c = 12 inches. Then:

If the figure, the center of gravity of which is to be found, is not symmetrical about any
axis, then moments must be taken with relation to two axes X–X and Y–Y, centers of grav-
ity of which can be easily found, the same as before. The center of gravity is determined by
the equations:

As an example, let A = 14 square inches, B = 18 square inches, and C = 20 square inches.
Let a = 3 inches, b = 7 inches, and c = 11.5 inches. Let a1 = 6.5 inches, b1 = 8.5 inches, and
c1 = 7 inches. Then:

In other words, the center of gravity is located at a distance of 7.65 inches from the axis
X–X and 7.38 inches from the axis Y–Y.

Fig. 1. Fig. 2. 

y
Aa Bb Cc+ +

A B C+ +
----------------------------------=

y
24 3× 14+ 7.5× 16+ 12×

24 14 16+ +
------------------------------------------------------------------

369
54
--------- 6.83 inches= = =

x
Aa1 Bb1 Cc1+ +

A B C+ +
-----------------------------------------= y

Aa Bb Cc+ +
A B C+ +

----------------------------------=

x
14 6.5× 18+ 8.5× 20+ 7×

14 18 20+ +
-------------------------------------------------------------------

384
52
--------- 7.38 inches= = =

y
14 3× 18+ 7× 20+ 11.5×

14 18 20+ +
------------------------------------------------------------------

398
52
--------- 7.65 inches= = =



MOMENTS OF INERTIA 143

Moments of Inertia.—An important property of areas and solid bodies is the moment of
inertia. Standard formulas are derived by multiplying elementary particles of area or mass
by the squares of their distances from reference axes. Moments of inertia, therefore,
depend on the location of reference axes. Values are minimum when these axes pass
through the centers of gravity.

Three kinds of moments of inertia occur in engineering formulas:

1) Moments of inertia of plane area, I, in which the axis is in the plane of the area, are
found in formulas for calculating deflections and stresses in beams. When dimensions are
given in inches, the units of I are inches4. A table of formulas for calculating the I of com-
mon areas can be found in the STRENGTH OF MATERIALS section beginning on
page218.

2) Polar moments of inertia of plane areas, J, in which the axis is at right angles to the
plane of the area, occur in formulas for the torsional strength of shafting. When dimensions
are given in inches, the units of J are inches4. If moments of inertia, I, are known for a plane
area with respect to both x and y axes, then the polar moment for the z axis may be calcu-
lated using the equation,

A table of formulas for calculating J for common areas can be found on page278 in the
SHAFTS section.

When metric SI units are used, the formulas referred to in (1) and (2) above, are
valid if the dimensions are given consistently in meters or millimeters. If meters are
used, the units of I  and J are in meters4; if millimeters are used, these units are in
millimeters4.

3) Polar moments of inertia of masses, JM
*, appear in dynamics equations involving rota-

tional motion. JM bears the same relationship to angular acceleration as mass does to linear
acceleration. If units are in the foot-pound-second system, the units of JM are ft-lbs-sec2 or
slug-ft2. (1 slug = 1 pound second2 per foot.) If units are in the inch-pound-second system,
the units of JM are inch-lbs-sec2.

If metric SI values are used, the units of JM are kilogram-meter squared. Formulas
for calculating JM for various bodies are given beginning on page144. If the polar moment
of inertia J is known for the area of a body of constant cross section, JM may be calculated
using the equation,

where ρ is the density of the material, L the length of the part, and g the gravitational con-
stant. If dimensions are in the foot-pound-second system, ρ is in lbs per ft3, L is in ft, g is
32.16 ft per sec2, and J is in ft4. If dimensions are in the inch-pound-second system, ρ is in
lbs per in3, L is in inches, g is 386 inches per sec2, and J is in inches4.

Using metric SI units, the above formula becomes JM = ρLJ, where ρ = the density in
kilograms/meter3, L = the length in meters, and J = the polar moment of inertia in
meters4. The units of JM are kg · m2.
* In some books the symbol I denotes the polar moment of inertia of masses; JM is used in this handbook
to avoid confusion with moments of inertia of plane areas. 

Jz Ix Iy+=

JM
ρL
g

-------J=
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Formulas for Polar Moment of Inertia of Masses, JM

Prism: With reference to axis A − A:

With reference to axis B − B:

Cylinder: With reference to axis A − A:

With reference to axis B − B:

Hollow Cylinder: With reference to axis A − A:

With reference to axis B − B:

Pyramid, rectangular base: With reference to 
axis A − A:

With reference to axis B − B (through the center of 
gravity):

Cone: With reference to axis A − A:

With reference to axis B − B (through the center of 
gravity):

Frustum of Cone:With reference to axis A − A:

JM
M
12
------ h2 b2+( )=

JM M
l2

3
----

h2

12
------+ 

 =

JM
1⁄2Mr2=

JM M
l2

3
----

r2

4
----+ 

 =

JM
1⁄2M R2 r2+( )=

JM M
l2

3
----

R2 r2+
4

-----------------+ 
 =

JM
M
20
------ a2 b2+( )=

JM M
3
80
------h2 b2

20
------+ 

 =

JM
3M
10
--------r2=

JM
3M
20
-------- r2 h2

4
-----+ 

 =

JM
3M R5 r5–( )
10 R3 r3–( )
-------------------------------=
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Formulas for Polar Moment of Inertia of Masses, JM

Sphere: With reference to any axis through the cen-
ter:

Spherical Sector: With reference to axis A − A:

Spherical Segment: With reference to axis A − A:

Ellipsoid: With reference to axis A − A:

With reference to axis B − B:

With reference to axis C − C:

Paraboloid: With reference to axis A − A:

With reference to axis B − B (through the center of 
gravity):

Torus: With reference to axis A − A:

With reference to axis B − B:

JM
2⁄5Mr2=

JM
M
5
----- 3rh h2–( )=

JM M r2 3rh
4

---------–
3h2

20
---------+ 

  2h
3r h–
--------------=

JM
M
5
----- b2 c2+( )=

JM
M
5
----- a2 c2+( )=

JM
M
5
----- a2 b2+( )=

JM
1⁄3Mr2=

JM M
r2

6
----

h2

18
------+ 

 =

JM M
R2

2
------

5r2

8
--------+ 

 =

JM M R2 3⁄4r2+( )=
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Moments of inertia of complex areas and masses may be evaluated by the addition and
subtraction of elementary areas and masses. For example, the accompanying figure shows
a complex mass at (1); its mass polar moment of inertia can be determined by adding
together the moments of inertia of the bodies shown at (2) and (3), and subtracting that at
(4). 

Thus, JM1 = JM2 + JM3 − JM4. All of these moments of inertia are with respect to the axis of
rotation z − z. Formulas for JM2 and JM3 can be obtained from the tables beginning on
page144. The moment of inertia for the body at (4) can be evaluated by using the following
transfer-axis equation: JM4 = JM4′ + d2M. The term JM4′ is the moment of inertia with
respect to axis z′ − z′; it may be evaluated using the same equation that applies to JM2 where
d is the distance between the z − z and the z′ − z′ axes, and M is the mass of the body (=
weight in lbs ÷ g).

Moments of Inertia of Complex Masses

Similar calculations can be made when calculating I and J for complex areas using the
appropriate transfer-axis equations are I = I′ + d2A and J = J′ + d2A. The primed term, I ′ or
J′, is with respect to the center of gravity of the corresponding area A; d is the distance
between the axis through the center of gravity and the axis to which I or J is referred.
Radius of Gyration.—The radius of gyration with reference to an axis is that distance
from the axis at which the entire mass of a body may be considered as concentrated, the
moment of inertia, meanwhile, remaining unchanged. If W is the weight of a body; JM, its
moment of inertia with respect to some axis; and ko, the radius of gyration with respect to
the same axis, then:

When using metric SI units, the formulas are:

�
�
�

d

��
��
��

��
��

z

zz

zz z

�
�z′z′

zz

(2)

(4)

(1)

(3)

��

ko

JMg

W
----------= and JM

Wko
2

g
----------=

ko

JM

M
-------= and JM Mko

2=
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where ko = the radius of gyration in meters, JM = kilogram-meter squared, and M =
mass in kilograms.

To find the radius of gyration of an area, such as for the cross-section of a beam, divide
the moment of inertia of the area by the area and extract the square root.

When the axis, the reference to which the radius of gyration is taken, passes through the
center of gravity, the radius of gyration is the least possible and is called the principal
radius of gyration. If k is the radius of gyration with respect to such an axis passing through
the center of gravity of a body, then the radius of gyration, ko, with respect to a parallel axis
at a distance d from the gravity axis is given by:

Tables of radii of gyration for various bodies and axes follows.

Formulas for Radius of Gyration

Bar of Small Diameter: 

Bar of Small Diameter bent to Circular Shape: 

Thin Circular Disk: 

k = 0.5773l
k2 = 1⁄3l2

Axis at end

k = 0.2886l
K2 = 1⁄12l

2

Axis at center

k = 0.7071r
k2 = 1⁄2r2

Axis, a diameter of the ring

k = r; k2 = r2

Axis through center of ring.

k = 0.7071r
k2 = 1⁄2r2

Axis through center.

k = 1⁄2r
k2 = 1⁄4r2

Axis its diameter.

ko k2 d2+=
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Cylinder: 

Parallelogram (Thin flat plate): 

Thin, Flat, Circular Ring: 

Thin Hollow Cylinder.: 

Axis through center. Axis, diameter at mid-length.

Axis, diameter at end. Axis at a distance.

k = 0.5773h; k2 = 1⁄3h2

Axis at base.

k = 0.2886h; k2 1⁄12h
2

Axis at mid-height.

Axis its diameter.

Axis, diameter at mid-length.

k 0.7071r ,= k
2 1

2
---r

2
=

k 0.289 l2 3r2+=

k2 l2

12
------

r2

4
----+=

k 0.289 4l2 3r2+=

k2 l2

3
----

r2

4
----+=

k a2 1⁄2r2+=

k2 a2 1⁄2r2+=

k 1⁄4 D2 d2+=

k2 D2 d2+
16

------------------=

k 0.289 l2 6r2+=

k2 l2

12
------

r2

2
----+=
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Hollow Cylinder.: 

Rectangular Prism: 

Parallelepiped: 

Cone: 

Axis, diameter at mid-length. Longitudinal Axis.

Axis through center.

Axis at one end, central. Axis at distance from end.

Axis at base.

Axis at apex.

Axis through its center line.

k = 0.5477r
k2 = 0.3r2

k 0.289 l2 3 R2 r2+( )+=

k2 l2

12
------

R2 r2+
4

-----------------+= k 0.7071 R2 r2+=

k2 1⁄2 R2 r2+( )=

k 0.577 b2 c2+=

k2 1⁄3 b2 c2+( )=

k 0.289 4l2 b2+=

k2 4l2 b2+
12

-------------------= k
4l2 b2+

12
------------------- a2 al+ +=

k
2h2 3r2+

20
-----------------------=

k1
12h2 3r2+

20
--------------------------=
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Frustum of Cone: 

Sphere: 

Hollow Sphere and Thin Spherical Shell: 

Ellipsoid. and Paraboloid: 

Axis at large end.

k = 0.6325r; k2 = 2⁄5r2

Axis its diameter. Axis at a distance.

Axis its diameter.

k = 0.8165r
k2 = 2⁄3r2

Thin Spherical Shell

Axis through center.

k = 0.5773r
k2 = 1⁄3r2

Axis through center.

k
h2

10
------

R2 3Rr 6r2+ +
R2 Rr r2+ +

------------------------------------- 
  3

20
------

R5 r5–
R3 r3–
----------------- 

 +=

k a2 2⁄5r2+=

k2 a2 2⁄5r2+=

k 0.6325
R5 r5–
R3 r3–
-----------------=

k2 2 R5 r5–( )
5 R3 r3–( )
-------------------------=

k 0.447 b2 c2+=

k2 1⁄5 b2 c2+( )=
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Center and Radius of Oscillation.—If a body oscillates about a horizontal axis which
does not pass through its center of gravity, there will be a point on the line drawn from the
center of gravity, perpendicular to the axis, the motion of which will be the same as if the
whole mass were concentrated at that point. This point is called the center of oscillation.
The radius of oscillation is the distance between the center of oscillation and the point of
suspension. In a straight line, or in a bar of small diameter, suspended at one end and oscil-
lating about it, the center of oscillation is at two-thirds the length of the rod from the end by
which it is suspended.

When the vibrations are perpendicular to the plane of the figure, and the figure is sus-
pended by the vertex of an angle or its uppermost point, the radius of oscillation of an isos-
celes triangle is equal to 3⁄4 of the height of the triangle; of a circle, 5⁄8 of the diameter; of a
parabola, 5⁄7 of the height.

If the vibrations are in the plane of the figure, then the radius of oscillation of a circle
equals 3⁄4 of the diameter; of a rectangle, suspended at the vertex of one angle, 2⁄3 of the diag-
onal.

Center of Percussion.—For a body that moves without rotation, the resultant of all the
forces acting on the body passes through the center of gravity. On the other hand, for a body
that rotates about some fixed axis, the resultant of all the forces acting on it does not pass
through the center of gravity of the body but through a point called the center of percus-
sion. The center of percussion is useful in determining the position of the resultant in
mechanics problems involving angular acceleration of bodies about a fixed axis.

Finding the Center of Percussion when the Radius of Gyration and the Location of the
Center of Gravity are Known: The center of percussion lies on a line drawn through the
center of rotation and the center of gravity. The distance from the axis of rotation to the cen-
ter of percussion may be calculated from the following formula

in which q = distance from the axis of rotation to the center of percussion; ko = the radius of
gyration of the body with respect to the axis of rotation; and r = the distance from the axis
of rotation to the center of gravity of the body.

Velocity and Acceleration

Motion is a progressive change of position of a body. Velocity is the rate of motion, that
is, the rate of change of position. When the velocity of a body is the same at every moment
during which the motion takes place, the latter is called uniform motion. When the velocity
is variable and constantly increasing, the rate at which it changes is called acceleration;
that is, acceleration is the rate at which the velocity of a body changes in a unit of time, as
the change in feet per second, in one second. When the motion is decreasing instead of
increasing, it is called retarded motion, and the rate at which the motion is retarded is fre-
quently called the deceleration. If the acceleration is uniform, the motion is called uni-
formly accelerated motion. An example of such motion is found in that of falling bodies.

Motion with Constant Velocity.—In the formulas that follow, S = distance moved; V =
velocity; t = time of motion, θ = angle of rotation, and ω = angular velocity; the usual units
for these quantities are, respectively, feet, feet per second, seconds, radians, and radians
per second. Any other consistent set of units may be employed.

Constant Linear Velocity: 

Constant Angular Velocity: 

q ko
2 r÷=

S V t×= V S t÷= t S V÷=

θ ωt= ω θ t÷= t θ ω÷=
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Relation between Angular Motion and Linear Motion: The relation between the angular
velocity of a rotating body and the linear velocity of a point at a distance r feet from the
center of rotation is:

Similarly, the distance moved by the point during rotation through angle θ is:

Linear Motion with Constant Acceleration.—The relations between distance, velocity,
and time for linear motion with constant or uniform acceleration are given by the formulas
in the accompanying table. In these formulas, the acceleration is assumed to be in the same
direction as the initial velocity; hence, if the acceleration in a particular problem should
happen to be in a direction opposite that of the initial velocity, then a should be replaced by
− a. Thus, for example, the formula Vf = Vo + at becomes Vf = Vo − at when a and Vo are
opposite in direction.

Linear Motion with Constant Acceleration

Example:A car is moving at 60 mph when the brakes are suddenly locked and the car
begins to skid. If it takes 2 seconds to slow the car to 30 mph, at what rate is it being decel-
erated, how long is it before the car comes to a halt, and how far will it have traveled?

The initial velocity Vo of the car is 60 mph or 88 ft/sec and the acceleration a due to brak-
ing is opposite in direction to Vo, since the car is slowed to 30 mph or 44 ft/sec.

To
Find Known Formula

To
Find Known Formula

Motion Uniformly Accelerated From Rest

S

a, t S = 1⁄2at2

t

S, Vf t = 2S ÷ Vf

Vf , t S = 1⁄2Vft S, a

Vf , a S = Vf
2 ÷ 2a a, Vf t = Vf ÷ a

Vf

a, t Vf = at

a

S, t a = 2S ÷ t2

S, t Vf = 2S ÷ t S, V a = Vf
2 ÷ 2S

a, S Vf , t a = Vf ÷ t

Motion Uniformly Accelerated From Initial Velocity Vo

S

a, t, Vo S = Vot + 1⁄2at2
t

Vo, Vf , a t = (Vf − Vo) ÷ a

Vo, Vf , t S = (Vf + Vo)t ÷ 2 Vo, Vf , S t = 2S ÷ (Vf + Vo)

Vo, Vf , a S = (Vf
2 − Vo

2) ÷ 2a

a

Vo, Vf , S a = (Vf
2 − Vo

2) ÷ 2S

Vf , a, t S = Vft − 1⁄2at2 Vo, Vf , t a = (Vf − Vo) ÷ t

Vf

Vo, a, t Vf = Vo + at Vo, S, t a = 2(S − Vot) ÷ t2

Vo, S, t Vf = (2S ÷ t) − Vo Vf , S, t a = 2(Vft − S) ÷ t2

Vo, a, S Meanings of Symbols

S, a, t Vf = (S ÷ t) + 1⁄2at
S =distance moved in feet

Vf = final velocity, feet per second
Vo = initial velocity, feet per second
a =acceleration, feet per second per second
t = time of acceleration in seconds

Vo

Vf , a, S

Vf , S, t Vo = (2S ÷ t) − Vf

Vf , a, t Vo = Vf − at

S, a, t Vo = (S ÷ t) − 1⁄2 at

V ft per sec( ) r ft( ) ω radians per sec( )×=

S ft( ) r ft( ) θ radians( )×=

t 2S a÷=

Vf 2aS=

Vf Vo
2 2+ aS=

Vo Vf
2 2– aS=
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Since Vo, Vf, and t are known, a can be determined from the formula

The time required to stop the car can be determined from the formula

The distance traveled by the car is obtained from the formula

Rotary Motion with Constant Acceleration.—The relations among angle of rotation,
angular velocity, and time for rotation with constant or uniform acceleration are given in
the accompanying table. 

Rotary Motion with Constant Acceleration

To
Find Known Formula

To
Find Known Formula

Motion Uniformly Accelerated From Rest

θ

α, t θ = 1⁄2αt2

t

θ, ωf t = 2θ ÷ ωf

ωf, t θ = 1⁄2ωft θ, α

ωf, α θ = ωf
2 ÷ 2α α, ωf t = ωf ÷ α

ωf

α, t ωf = αt

α

θ, t α = 2θ ÷ t2

θ, t ωf = 2θ ÷ t θ, ωf α = ωf
2 ÷ 2θ

α, θ ωf, t α = ωf ÷ t

Motion Uniformly Accelerated From Initial Velocity ωo

θ

α, t, ωo θ = ωot + 1⁄2αt2

α

ωo, ωf, θ α = (ωf − ωo
2) ÷ 2θ

ωo, ωf, t θ = (ωf + ωo)t ÷ 2 ωo, ωf, t α = (ωf − ωo) ÷ t

ωo, ωf, α θ = (ωf
2 − ωo

2) ÷ 2α ωo, θ t α = 2(θ − ωot) ÷ t2

ωf, α, t θ = ωft − 1⁄2αt2 ωf, θ t α = 2(ωft − θ) ÷ t2

ωf

ωo, α, t ωf = ωo + αt Meanings of Symbols

ωo, θ, t ωf = (2θ ÷ t) − ωo

θ =angle of rotation, radians
ωf = final angular velocity, radians per second
ωo = initial angular velocity, radians per second
α =angular acceleration, radians per second, 

per second
t = time in seconds

ωo, α, θ

θ, α, t ωf = (θ ÷ t) + 1⁄2αt

ωo

ωf, α, θ

ωf, θ, t ωo = (2θ ÷ t) − ωf

ωf, α, t ωo = ωf − αt

θ, α, t ωo = (θ ÷ t) − 1⁄2αt

t
ωo, ωf, α t = (ωf − ωo) ÷ α 1 degree = 0.01745 radians

(See conversion table on page90)ωo, ωf, θ t = 2θ ÷ (ωf + ωo)

a Vf Vo–( ) t÷ 44 88–( ) 2÷= =

a 22–  ft/sec2=

t Vf Vo–( ) a÷ 0 88–( ) 22–÷= =

t 4 seconds=

S Vf Vo+( )t 2÷ 0 88+( )4 2÷= =

176 feet=

t 2θ α÷=

ωf 2αθ=

ωf ωo
2 2+ αθ=

ωo ωf
2 2– αθ=
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In these formulas, the acceleration is assumed to be in the same direction as the initial
angular velocity; hence, if the acceleration in a particular problem should happen to be in a
direction opposite that of the initial angular velocity, then α should be replaced by −α.
Thus, for example, the formula ωf = ωo + αt becomes ωf = ωo − αt when α and ωo are oppo-
site in direction.

Linear Acceleration of a Point on a Rotating Body: A point on a body rotating about a
fixed axis has a linear acceleration a that is the resultant of two component accelerations.
The first component is the centripetal or normal acceleration which is directed from the
point P toward the axis of rotation; its magnitude is rω2 where r is the radius from the axis
to the point P and ω is the angular velocity of the body at the time acceleration a is to be
determined. The second component of a is the tangential acceleration which is equal to rα
where α is the angular acceleration of the body.

The acceleration of point P is the resultant of rω2 and rα and is given by the formula

When α = 0, this formula reduces to: a = rω2

Example:A flywheel on a press rotating at 120 rpm is slowed to 102 rpm during a punch-
ing operation that requires 3⁄4 second for the punching portion of the cycle. What angular
deceleration does the flywheel experience?

From the table on page187, the angular velocities corresponding to 120 rpm and 102
rpm, respectively, are 12.57 and 10.68 radians per second. Therefore, using the formula

which is, from the table on page187, − 24 rpm per second. The minus sign in the answer
indicates that the acceleration α acts to slow the flywheel, that is, the flywheel is being
decelerated.

Force, Work, Energy, and Momentum

Accelerations Resulting from Unbalanced Forces.—In the section describing the reso-
lution and composition of forces it was stated that when the resultant of a system of forces
is zero, the system is in equilibrium, that is, the body on which the force system acts
remains at rest or continues to move with uniform velocity. If, however, the resultant of a
system of forces is not zero, the body on which the forces act will be accelerated in the
direction of the unbalanced force. To determine the relation between the unbalanced force
and the resulting acceleration, Newton's laws of motion must be applied. These laws may
be stated as follows:

First Law: Every body continues in a state of rest or in uniform motion in a straight line,
until it is compelled by a force to change its state of rest or motion.

Second Law: Change of motion is proportional to the force applied, and takes place along
the straight line in which the force acts. The “force applied” represents the resultant of all
the forces acting on the body. This law is sometimes worded: An unbalanced force acting
on a body causes an acceleration of the body in the direction of the force and of magnitude
proportional to the force and inversely proportional to the mass of the body. Stated as a for-
mula, R = Ma where R is the resultant of all the forces acting on the body, M is the mass of
the body (mass = weight W divided by acceleration due to gravity g), and a is the accelera-
tion of the body resulting from application of force R.

a rω2( )2 rα( )2+=

α ωf ωo–( ) t÷=

α 10.68 12.57–( ) 3⁄4÷ 1.89– 3⁄4÷= =

α 2.52–  radians per second per second=
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Third Law: To every action there is always an equal reaction, or, in other words, if a force
acts to change the state of motion of a body, the body offers a resistance equal and directly
opposite to the force.

Newton's second law may be used to calculate linear and angular accelerations of a body
produced by unbalanced forces and torques acting on the body; however, it is necessary
first to use the methods described under “Composition and Resolution of Forces” to deter-
mine the magnitude and direction of the resultant of all forces acting on the body. Then, for
a body moving with pure translation,

where R is the resultant force in pounds acting on a body weighing W pounds; g is the grav-
itational constant, usually taken as 32.16 ft/sec2, approximately; and a is the resulting
acceleration in ft/sec2 of the body due to R and in the same direction as R.

Using metric SI units, the formula is R = Ma, where R = force in newtons (N), M =
mass in kilograms, and a = acceleration in meters/second squared. It should be noted
that the weight of a body of mass M kg is Mg newtons, where g is approximately 9.81
m/s2.

Free Body Diagram: In order to correctly determine the effect of forces on the motion of
a body it is necessary to resort to what is known as a free body diagram. Th is  d iagram
shows 1) the body removed or isolated from contact with all other bodies that exert force
on the body and;  and  2) all the forces acting on the body.

Thus, for example, in Fig. a the block being pulled up the plane is acted upon by certain
forces; the free body diagram of this block is shown at Fig. b. Note that all forces acting on
the block are indicated. These forces include: 1) the force of gravity (weight);  2) the pull
of the cable, P;  3) the normal component, W cos φ, of the force exerted on the block by the
plane;  and  4) the friction force, µW cos φ, of the plane on the block.

In preparing a free body diagram, it is important to realize that only those forces exerted
on the body being considered are shown; forces exerted by the body on other bodies are
disregarded. This feature makes the free body diagram an invaluable aid in the solution of
problems in mechanics.

Example:A 100-pound body is being hoisted by a winch, the tension in the hoisting cable
being kept constant at 110 pounds. At what rate is the body accelerated?

Two forces are acting on the body, its weight, 100 pounds downward, and the pull of the
cable, 110 pounds upward. The resultant force R, from a free body diagram, is therefore
110 − 100. Thus, applying Newton's second law,

Fig. a. Fig. b. 

R Ma
W
g
-----a= =

110 100–
100

32.16
-------------a=

a
32.16 10×

100
------------------------- 3.216 ft/sec2 upward= =
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It should be noted that since in this problem the resultant force R was positive (110 − 100
= + 10), the acceleration a is also positive, that is, a is in the same direction as R, which is in
accord with Newton's second law.

Example using SI metric units:A body of mass 50 kilograms is being hoistedby a
winch, and the tension in the cable is 600 newtons. What is the acceleration? The
weight of the 50 kg body is 50g newtons, where g = approximately 9.81 m/s2 (see Note
on page163). Applying the formula R = Ma, the calculation is: (600 − 50g) = 50a.
Thus,

Formulas Relating Torque and Angular Acceleration: For a body rotating about a fixed
axis the relation between the unbalanced torque acting to produce rotation and the resulting
angular acceleration may be determined from any one of the following formulas, each
based on Newton's second law:

where To is the unbalanced torque in pounds-feet; JM in ft-lbs-sec2 is the moment of inertia
of the body about the axis of rotation; ko in feet is the radius of gyration of the body with
respect to the axis of rotation, and α in radians per second, per second is the angular accel-
eration of the body.

Example:A flywheel has a diameter of 3 feet and weighs 1000 pounds. What torque must
be applied, neglecting bearing friction, to accelerate the flywheel at the rate of 100 revolu-
tions per minute, per second?

From page144 the moment of inertia of a solid cylinder with respect to a gravity axis at
right angles to the circular cross-section is given as 1⁄2 Mr2. From page187, 100 rpm =
10.47 radians per second, hence an acceleration of 100 rpm per second = 10.47 radians per
second, per second. Therefore, using the first of the preceding formulas,

Using metric SI units, the formulas are: To = JMα = Mko
2α, where To = torque in

newton-meters; JM = the moment of inertia in kg · m2, and α = the angular accelera-
tion in radians per second squared.

Example:A flywheel has a diameter of 1.5 m, and a mass of 800 kg. What torque is
needed to produce an angular acceleration of 100 revolutions per minute, per sec-
ond? As in the preceding example, α = 10.47 rad/s2. Thus:

Therefore: To = JMα = 225 × 10.47 = 2356 N · m.

Energy.—A body is said to possess energy when it is capable of doing work or overcom-
ing resistance. The energy may be either mechanical or non-mechanical, the latter includ-
ing chemical, electrical, thermal, and atomic energy.

a
600 50g–

50
------------------------

600 50 9.81×( )–
50

------------------------------------------ 2.19 m/s2= = =

To JMα=

To Mko
2α=

To

Wko
2α

g
---------------

Wko
2α

32.16
---------------= =

To JMα 1
2
--- 

  1000
32.16
-------------

3
2
--- 

  2
10.47×= =

366 ft-lbs=

JM
1⁄⁄⁄⁄2Mr 2 1⁄⁄⁄⁄2 800 0.752×××××××× 225 kg m2⋅⋅⋅⋅= = =
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Mechanical energy includes kinetic energy (energy possessed by a body because of its
motion) and potential energy (energy possessed by a body because of its position in a field
of force and/or its elastic deformation).

Kinetic Energy: The motion of a body may be one of pure translation, pure rotation, or a
combination of rotation and translation. By translation is meant motion in which every line
in the body remains parallel to its original position throughout the motion, that is, no rota-
tion is associated with the motion of the body.

The kinetic energy of a translating body is given by the formula

(a)

where M = mass of body (= W ÷ g); V = velocity of the center of gravity of the body in feet
per second; W = weight of body in pounds; and g = acceleration due to gravity = 32.16 feet
per second, per second.

The kinetic energy of a body rotating about a fixed axis O is expressed by the formula:

(b)

where JMO is the moment of inertia of the body about the fixed axis O in pounds-feet-
seconds2, and ω = angular velocity in radians per second.

For a body that is moving with both translation and rotation, the total kinetic energy is
given by the following formula as the sum of the kinetic energy due to translation of the
center of gravity and the kinetic energy due to rotation about the center of gravity:

(c)

where JMG is the moment of inertia of the body about its gravity axis in pounds-feet-
seconds2, k is the radius of gyration in feet with respect to an axis through the center of
gravity, and the other quantities are as previously defined.

In the metric SI system, energy is expressed as the joule (J). One joule = 1 newton-
meter. The kinetic energy of a translating body is given by the formula EKT = 1⁄⁄⁄⁄2MV2,
where M = mass in kilograms, and V = velocity in meters per second. Kinetic energy
due to rotation is expressed by the formula EKR = 1⁄⁄⁄⁄2JMOω2, where JMO = moment of
inertia in kg · m2, and ω = the angular velocity in radians per second. Total kinetic
energy ET = 1⁄⁄⁄⁄2MV2 + 1⁄⁄⁄⁄2JMOω2 joules = 1⁄⁄⁄⁄2M(V2 + k2ω2) joules, where k = radius of gyra-
tion in meters.

Potential Energy: The most common example of a body having potential energy because
of its position in a field of force is that of a body elevated to some height above the earth.
Here the field of force is the gravitational field of the earth and the potential energy EPF of
a body weighing W pounds elevated to some height S in feet above the surface of the earth
is WS foot-pounds. If the body is permitted to drop from this height its potential energy EPF

will be converted to kinetic energy. Thus, after falling through height S the kinetic energy
of the body will be WS ft-lbs.

Kinetic Energy in ft lbs due to translation EKT
1⁄2MV2 WV2

2g
-----------= = =

Kinetic Energy in ft lbs due to rotation EKR
1⁄2JMOω2= =

Total Kinetic Energy in ft lbs ET
1⁄2= MV2 1⁄2JMGω2+=

WV2

2g
----------- 1⁄2JMGω2+=

WV2

2g
----------- 1⁄2

Wk2ω2

g
-----------------+=

W
2g
------ V2 k2ω2+( )=
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In metric SI units, the potential energy EPF of a body of mass M kilograms elevated
to a height of S meters, is MgS joules. After it has fallen a distance S, the kinetic energy
gained will thus be MgS joules.

Another type of potential energy is elastic potential energy, such as possessed by a spring
that has been compressed or extended. The amount of work in ft lbs done in compressing
the spring S feet is equal to KS2/2, where K is the spring constant in pounds per foot. Thus,
when the spring is released to act against some resistance, it can perform KS2/2 ft-lbs of
work which is the amount of elastic potential energy EPE stored in the spring.

Using metric SI units, the amount of work done in compressing the spring a dis-
tance S meters is KS2/2 joules, where K is the spring constant in newtons per meter.
Work Performed by Forces and Couples.—The work U done by a force F in moving an
object along some path is the product of the distance S the body is moved and the compo-
nent F cos α of the force F in the direction of S.

where U = work in ft-lbs; S = distance moved in feet; F = force in lbs; and α = angle
between line of action of force and the path of S.

If the force is in the same direction as the motion, then cos α = cos 0 = 1 and this formula
reduces to:

Similarly, the work done by a couple T turning an object through an angle θ is:

where T = torque of couple in pounds-feet and θ = the angular rotation in radians.
The above formulas can be used with metric SI units: U is in joules; S is in meters; F

is in newtons, and T is in newton-meters.
Relation between Work and Energy.—Theoretically, when work is performed on a
body and there are no energy losses (such as due to friction, air resistance, etc.), the energy
acquired by the body is equal to the work performed on the body; this energy may be either
potential, kinetic, or a combination of both.

In actual situations, however, there may be energy losses that must be taken into account.
Thus, the relation between work done on a body, energy losses, and the energy acquired by
the body can be stated as:

Example 1:A 12-inch cube of steel weighing 490 pounds is being moved on a horizontal
conveyor belt at a speed of 6 miles per hour (8.8 feet per second). What is the kinetic energy
of the cube?

Since the block is not rotating, Formula (a) for the kinetic energy of a body moving with
pure translation applies:

A similar example using metric SI units is as follows: If a cube of mass 200 kg is
being moved on a conveyor belt at a speed of 3 meters per second, what is the kinetic
energy of the cube? It is:

U FS αcos=

U FS=

U Tθ=

Work Performed Losses– Energy Acquired=

U Losses– ET=

Kinetic Energy
WV2

2g
-----------=

490 8.8( )2×
2 32.16×

------------------------------ 590 ft-lbs==

Kinetic Energy 1⁄⁄⁄⁄2MV2 1⁄⁄⁄⁄2 200×××× 32×××× 900 joules= = =
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Example 2:If the conveyor in Example 1 is brought to an abrupt stop, how long would it
take for the steel block to come to a stop and how far along the belt would it slide before
stopping if the coefficient of friction µ between the block and the conveyor belt is 0.2 and
the block slides without tipping over?

The only force acting to slow the motion of the block is the friction force between the
block and the belt. This force F is equal to the weight of the block, W, multiplied by the
coefficient of friction; F = µW = 0.2 × 490 = 98 lbs.

The time required to bring the block to a stop can be determined from the impulse-
momentum Formula (c) on page160.

The distance the block slides before stopping can be determined by equating the kinetic
energy of the block and the work done by friction in stopping it:

If metric SI units are used, the calculation is as follows (for the cube of 200 kg mass):
The friction force = µ multiplied by the weight Mg where g = approximately 9.81 m/s2.
Thus, µMg = 0.2 × 200g = 392.4 newtons. The time t required to bring the block to a
stop is (− 392.4)t = 200(0 − 3). Therefore,

The kinetic energy of the block is equal to the work done by friction, that is 392.4 ×
S = 900 joules. Thus, the distance S which the block moves before stopping is

Force of a Blow.—A body that weighs W pounds and falls S feet from an initial position of
rest is capable of doing WS foot-pounds of work. The work performed during its fall may
be, for example, that necessary to drive a pile a distance d into the ground. Neglecting
losses in the form of dissipated heat and strain energy, the work done in driving the pile is
equal to the product of the impact force acting on the pile and the distance d which the pile
is driven. Since the impact force is not accurately known, an average value, called the
“average force of the blow,” may be assumed. Equating the work done on the pile and the
work done by the falling body, which in this case is a pile driver:

where, S =total height in feet through which the driver falls, including the distance d that
the pile is driven

W =weight of driver in pounds
d =distance in feet which pile is driven

or,

R t× W
g
----- Vf Vo–( )=

98–( )t 490
32.16
------------- 0 8.8–( )×=

t
490 8.8×
98 32.16×
------------------------- 1.37 seconds= =

 Kinetic energy of blockWV2 2g⁄( ) Work done by frictionF S×( )=

590 98 S×=

S
590
98
--------- 6.0 feet= =

t 200 3××××
392.4

------------------ 1.53 seconds= =

S 900
392.4
------------- 2.29 meters= =

Average force of blow d× WS=

Average force of blow
WS
d

--------=
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When using metric SI units, it should be noted that a body of mass M kilograms has
a weight of Mg newtons, where g = approximately 9.81 m/s2. If the body falls a dis-
tance S meters, it can do work equal to MgS joules. The average force of the blow is
MgS/d newtons, where d is the distance in meters that the pile is driven.

Example:A pile driver weighing 200 pounds strikes the top of the pile after having fallen
from a height of 20 feet. It forces the pile into the ground a distance of 1⁄2 foot. Before the
ram is brought to rest, it will  200 × (20 + 1⁄2) = 4100 foot-pounds of work, and as this energy
is expended in a distance of one-half foot, the average force of the blow equals 4100 ÷ 1⁄2 =
8200 pounds.

A similar example using metric SI units is as follows: A pile driver of mass 100 kilo-
grams falls 10 meters and moves the pile a distance of 0.3 meters. The work done =
100g(10 + 0.3) joules, and it is expended in 0.3 meters. Thus, the average force is

Impulse and Momentum.—The linear momentum of a body is defined as the product of
the mass M of the body and the velocity V of the center of gravity of the body:

(a)

It should be noted that linear momentum is a vector quantity, the momentum being in the
same direction as V.

Linear impulse: is defined as the product of the resultant R of all the forces acting on a
body and the time t that the resultant acts:

(b)
The change in the linear momentum of a body is numerically equal to the linear impulse

that causes the change in momentum:

(c)

where V f, the final velocity of the body after time t, and V o, the initial velocity of the body,
are both in the same direction as the applied force R. If Vo, and Vf are in opposite directions,
then the minus sign in the formula becomes a plus sign.

In metric SI units, the formulas are: Linear Momentum = MV kg · m/s, where M =
mass in kg, and V = velocity in meters per second; and Linear Impulse = Rt newton-
seconds, where R = force in newtons, and t = time in seconds. In Formula (c) above,
W/g is replaced by M when SI units are used.

Example:A 1000-pound block is pulled up a 2-degree incline by a cable exerting a con-
stant force F of 600 pounds. If the coefficient of friction µ between the block and the plane
is 0.5, how fast will the block be moving up the plane 10 seconds after the pull is applied?

The resultant force R causing the body to be accelerated up the plane is the difference
between F, the force acting up the plane, and P, the force acting to resist motion up the
plane. This latter force for a body on a plane is given by the formula at the top of page130
as P = W (µ cos α + sin α) where α is the angle of the incline.
 Thus, R = F − P = F − W(µ cos α + sin α)

= 600 − 1000(0.5 cos2° + sin 2°)

= 600 − 1000(0.5 × 0.99939 + 0.03490)

100g 10.3××××
0.3

----------------------------- 33680 newtons or 33.68 kN=

Linear momentum MV or since M W g÷==

Linear momentum
WV
g

---------=

Linear Impulse Rt=

Linear Impulse change in Linear Momentum=

Rt
W
g
-----Vf

W
g
-----Vo–

W
g
----- Vf Vo–( )= =
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Formula (c) can now be applied to determine the speed at which the body will be moving
up the plane after 10 seconds.

A similar example using metric SI units is as follows: A 500 kg block is pulled up a 2
degree incline by a constant force F of 4 kN. The coefficient of friction µ between the
block and the plane is 0.5. How fast will the block be moving 10 seconds after the pull
is applied?

The resultant force R is:

Formula (c) can now be applied to determine the speed at which the body will be
moving up the plane after 10 seconds. Replacing W/g by M in the formula, the calcu-
lation is:

Angular Impulse and Momentum: In a manner similar to that for linear impulse and
moment, the formulas for angular impulse and momentum for a body rotating about a fixed
axis are:

(a)

(b)

where JM is the moment of inertia of the body about the axis of rotation in pounds-feet-
seconds2, ω is the angular velocity in radians per second, To, is the torque in pounds-feet
about the axis of rotation, and t is the time in seconds that To, acts.

The change in angular momentum of a body is numerically equal to the angular impulse
that causes the change in angular momentum:

(c)

where ωf and ωo are the final and initial angular velocities, respectively.

Example:A flywheel having a moment of inertia of 25 lbs-ft-sec2 is revolving with an
angular velocity of 10 radians per second when a constant torque of 20 lbs-ft is applied to

= 600 − 535

R = 65 pounds.

Rt
W
g
-----Vf

W
g
-----Vo–=

65 10× 1000
32.2
------------Vf

1000
32.2
------------ 0×–=

Vf
65 10 32.2××

1000
----------------------------------- 20.9 ft per sec= =

14.3 miles per hour=

R F Mg µ αµ αµ αµ αcos ααααsin+( )–=

4000 500– 9.81 0.5 0.99939×××× 0.03490+( )××××=

1378N or 1.378 kN=

Rt MVf MVo–=

1378 10×××× 500 Vf 0–( )=

Vf
1378 10××××

500
------------------------ 27.6 m/s= =

Angular momentum JMω=

Angular impulse Tot=

Angular Impulse Change in Angular Momentum=

Tot JMωf JMωo– JM ωf ωo–( )= =
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reverse its direction of rotation. For what length of time must this constant torque act to
stop the flywheel and bring it up to a reverse speed of 5 radians per second?

Applying Formula (c),

A similar example using metric SI units is as follows: A flywheel with a moment of
inertia of 20 kilogram-meters2 is revolving with an angular velocity of 10 radians per
second when a constant torque of 30 newton-meters is applied to reverse its direction
of rotation. For what length of time must this constant torque act to stop the flywheel
and bring it up to a reverse speed of 5 radians per second? Applying Formula (c), the
calculation is:

Formulas for Work and Power.—The formulas in the accompanying table may be used
to determine work and power in terms of the applied force and the velocity at the point of
application of the force.

Formulas for Work and Power

Meanings of Symbols: S = distance in feet; V = constant or average velocity in feet per second; t =
time in seconds; F = constant or average force in pounds; P = power in foot-pounds per second; K =
work in foot-pounds; and hp = horsepower.

Note: The metric SI unit of work is the joule (one joule = 1 newton-meter), and the unit of
power is the watt (one watt = 1 joule per second = 1 N · m/s). The term horsepower is not used.
Thus, those formulas above that involve horsepower and the factor 550 are not applicable
when working in SI units. The remaining formulas can be used, and the units are: S = distance

To 
Find Known Formula

To 
Find Known Formula

S

P, t, F S = P × t ÷ F

P

F, V P = F × V

K, F S = K ÷ F F, S, t P = F × S ÷ t

t, F, hp S = 550 × t × hp ÷ F K, t P = K ÷ t

V

P, F V = P ÷ F hp P = 550 × hp

K, F, t V = K ÷ (F × t)

K

F, S K = F × S

F, hp V = 550 × hp ÷ F P, t K = P × t

t

F, S, P t = F × S ÷ P F, V, t K = F × V × t

K, F, V t = K ÷ (F × V) t, hp K = 550 × t × hp

F, S, hp t = F × S ÷ (550 × hp)

hp

F, S, t hp = F × S ÷ (550 × t)

F

P, V F = P ÷ V P hp = P ÷ 550

K, S F = K ÷ S F, V hp = F × V ÷ 550

K, V, t F = K ÷ (V × t) K, t hp = K ÷ (550 × t)

V, hp F = 550 × hp ÷ V

Tot JM ωf ωo–( )=

20t 25 10 5–[ ]–( ) 250 125+= =

t 375 20÷ 18.8 seconds= =

Tot JM ωωωωf ωωωωo–( ),=

30t 20 10 5–[ ]–( ).=

Thus, t 20 15××××
30

------------------ 10 seconds= =
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in meters; V = constant or average velocity in meters per second; t = time in seconds; F = force
in newtons; P = power in watts; K = work in joules.

Example:A casting weighing 300 pounds is to be lifted by means of an overhead crane.
The casting is lifted 10 feet in 12 seconds. What is the horsepower developed? Here F =
300; S = 10; t = 12.

A similar example using metric SI units is as follows: A casting of mass 150 kg is
lifted 4 meters in 15 seconds by means of a crane. What is the power? Here F = 150g
N, S = 4 m, and t = 15 s. Thus:

Centrifugal Force

Centrifugal Force.—When a body rotates about any axis other than one at its center of
mass, it exerts an outward radial force called centrifugal force upon the axis or any arm or
cord from the axis that restrains it from moving in a straight (tangential) line. In the follow-
ing formulas:

F = centrifugal force in pounds
W =weight of revolving body in pounds
v =velocity at radius R on body in feet per second
n =number of revolutions per minute
g =acceleration due to gravity = 32.16 feet per second per second
R =perpendicular distance in feet from axis of rotation to center of mass, or for

practical use, to center of gravity of revolving body

Note: If a body rotates about its own center of mass, R equals zero and v equals zero. This
means that the resultant of the centrifugal forces of all the elements of the body is equal to
zero or, in other words, no centrifugal force is exerted on the axis of rotation. The centrifu-
gal force of any part or element of such a body is found by the equations given below,
where R is the radius to the center of gravity of the part or element. In a flywheel rim, R is
the mean radius of the rim because it is the radius to the center of gravity of a thin radial
section.

(If n is the number of revolutions per second instead of per minute, then F = 1227WRn2.)
If metric SI units are used in the foregoing formulas, W/g is replaced by M, which is

the mass in kilograms; F = centrifugal force in newtons; v = velocity in meters per sec-
ond; n = number of revolutions per minute; and R = the radius in meters. Thus:

hp
F S×
550t
------------

300 10×
550 12×
--------------------- 0.45= = =

Power FS
t

------- 150g 4××××
15

--------------------- 150 9.81×××× 4××××
15

-----------------------------------= = =

392 watts or 0.392 kW=

F
Wv2

gR
----------

Wv2

32.16R
-----------------

4WRπ2n2

60 60g×
-------------------------

WRn2

2933
--------------- 0.000341WRn2= = = = =

W
FRg
v2

-----------
2933F
Rn2

----------------= = v
FRg
W

-----------=

R
Wv2

Fg
----------

2933F
Wn2

----------------= = n
2933F

WR
----------------=

F Mv2 R⁄⁄⁄⁄ Mn2 2ππππR2( )
602R

------------------------------ 0.01097 MRn2= = =
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If the rate of rotation is expressed as n1 = revolutions per second, then F = 39.48
MRn1

2; if it is expressed as ω radians per second, then F = MRω2.

Calculating Centrifugal Force.—In the ordinary formula for centrifugal force, F =
0.000341 WRn2; the mean radius R of the flywheel or pulley rim is given in feet. For small
dimensions, it is more convenient to have the formula in the form:

in which F = centrifugal force, in pounds; W = weight of rim, in pounds; r = mean radius of
rim, in inches; n = number of revolutions per minute.

In this formula let C = 0.000028416n2. This, then, is the centrifugal force of one pound,
one inch from the axis. The formula can now be written in the form,

C is calculated for various values of the revolutions per minute n, and the calculated val-
ues of C are given in Table 1. To find the centrifugal force in any given case, simply find
the value of C in the table and multiply it by the product of W and r, the four multiplications
in the original formula given thus having been reduced to two.

Example:A cast-iron flywheel with a mean rim radius of 9 inches, is rotated at a speed of
800 revolutions per minute. If the weight of the rim is 20 pounds, what is the centrifugal
force?

From Table 1, for n = 800 revolutions per minute, the value of C is 18.1862.

Thus,

Using metric SI units, 0.01097n2 is the centrifugal force acting on a body of 1 kilo-
gram mass rotating at n revolutions per minute at a distance of 1 meter from the axis.
If this value is designated C1, then the centrifugal force of mass M kilograms rotating
at this speed at a distance from the axis of R meters, is C1MR newtons. To simplify cal-
culations, values for C1 are given in Table 2. If it is required to work in terms of milli-
meters, the force is 0.001 C1MR1 newtons, where R1 is the radius in millimeters.

Example:A steel pulley with a mean rim radius of 120 millimeters is rotated at a
speed of 1100 revolutions per minute. If the mass of the rim is 5 kilograms, what is the
centrifugal force?

From Table 2, for n = 1100 revolutions per minute, the value of C1 is 13,269.1.

Thus,

F 0.2842
-4×10 Wrn2=

F WrC=

F WrC=

20 9× 18.1862×=

3273.52 pounds=

F 0.001 C1MR1=

0.001 13 269.1,×××× 5×××× 120××××=

7961.50 newtons=
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Table 1. Factors C for Calculating Centrifugal Force (English units)

n C n C n C n C

50 0.07104 100 0.28416 470 6.2770 5200 768.369
51 0.07391 101 0.28987 480 6.5470 5300 798.205
52 0.07684 102 0.29564 490 6.8227 5400 828.611
53 0.07982 103 0.30147 500 7.1040 5500 859.584
54 0.08286 104 0.30735 600 10.2298 5600 891.126
55 0.08596 105 0.31328 700 13.9238 5700 923.236
56 0.08911 106 0.31928 800 18.1862 5800 955.914
57 0.09232 107 0.32533 900 23.0170 5900 989.161
58 0.09559 108 0.33144 1000 28.4160 6000 1022.980
59 0.09892 109 0.33761 1100 34.3834 6100 1057.360
60 0.10230 110 0.34383 1200 40.9190 6200 1092.310
61 0.10573 115 0.37580 1300 48.0230 6300 1127.830
62 0.10923 120 0.40921 1400 55.6954 6400 1163.920
63 0.11278 125 0.44400 1500 63.9360 6500 1200.580
64 0.11639 130 0.48023 1600 72.7450 6600 1237.800
65 0.12006 135 0.51788 1700 82.1222 6700 1275.590
66 0.12378 140 0.55695 1800 92.0678 6800 1313.960
67 0.12756 145 0.59744 1900 102.5820 6900 1352.890
68 0.13140 150 0.63936 2000 113.6640 7000 1392.380
69 0.13529 160 0.72745 2100 125.3150 7100 1432.450
70 0.13924 170 0.82122 2200 137.5330 7200 1473.090
71 0.14325 180 0.92067 2300 150.3210 7300 1514.290
72 0.14731 190 1.02590 2400 163.6760 7400 1556.060
73 0.15143 200 1.1367 2500 177.6000 7500 1598.400
74 0.15561 210 1.2531 2600 192.0920 7600 1641.310
75 0.15984 220 1.3753 2700 207.1530 7700 1684.780
76 0.16413 230 1.5032 2800 222.7810 7800 1728.830
77 0.16848 240 1.6358 2900 238.9790 7900 1773.440
78 0.17288 250 1.7760 3000 255.7400 8000 1818.620
79 0.17734 260 1.9209 3100 273.0780 8100 1864.370
80 0.18186 270 2.0715 3200 290.9800 8200 1910.690
81 0.18644 280 2.2278 3300 309.4500 8300 1957.580
82 0.19107 290 2.3898 3400 328.4890 8400 2005.030
83 0.19576 300 2.5574 3500 348.0960 8500 2053.060
84 0.20050 310 2.7308 3600 368.2710 8600 2101.650
85 0.20530 320 2.9098 3700 389.0150 8700 2150.810
86 0.21016 330 3.0945 3800 410.3270 8800 2200.540
87 0.21508 340 3.2849 3900 432.2070 8900 2250.830
88 0.22005 350 3.4809 4000 454.6560 9000 2301.700
89 0.22508 360 3.6823 4100 477.6730 9100 2353.130
90 0.23017 370 3.8901 4200 501.2580 9200 2405.130
91 0.23531 380 4.1032 4300 525.4120 9300 2457.700
92 0.24051 390 4.3220 4400 550.1340 9400 2510.840
93 0.24577 400 4.5466 4500 575.4240 9500 2564.540
94 0.25108 410 4.7767 4600 601.2830 9600 2618.820
95 0.25645 420 5.0126 4700 627.7090 9700 2673.660
96 0.26188 430 5.2541 4800 654.7050 9800 2729.070
97 0.26737 440 5.5013 4900 682.2680 9900 2785.050
98 0.27291 450 5.7542 5000 710.4000 10000 2841.600
99 0.27851 460 6.0128 5100 739.1000 … …
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Table 2. Factors C1 for Calculating Centrifugal Force (Metric SI units)

n C1 n C1 n C1 n C1

50 27.4156 100 109.662 470 2,422.44 5200 296,527
51 28.5232 101 111.867 480 2,526.62 5300 308,041
52 29.6527 102 114.093 490 2,632.99 5400 319,775
53 30.8041 103 116.341 500 2,741.56 5500 331,728
54 31.9775 104 118.611 600 3,947.84 5600 343,901
55 33.1728 105 120.903 700 5,373.45 5700 356,293
56 34.3901 106 123.217 800 7,018.39 5800 368,904
57 35.6293 107 125.552 900 8,882.64 5900 381,734
58 36.8904 108 127.910 1000 10,966.2 6000 394,784
59 38.1734 109 130.290 1100 13,269.1 6100 408,053
60 39.4784 110 132.691 1200 15,791.4 6200 421,542
61 40.8053 115 145.028 1300 18,532.9 6300 435,250
62 42.1542 120 157.914 1400 21,493.8 6400 449,177
63 43.5250 125 171.347 1500 24,674.0 6500 463,323
64 44.9177 130 185.329 1600 28,073.5 6600 477,689
65 46.3323 135 199.860 1700 31,692.4 6700 492,274
66 47.7689 140 214.938 1800 35,530.6 6800 507,078
67 49.2274 145 230.565 1900 39,588.1 6900 522,102
68 50.7078 150 246.740 2000 43,864.9 7000 537,345
69 52.2102 160 280.735 2100 48,361.1 7100 552,808
70 53.7345 170 316.924 2200 53,076.5 7200 568,489
71 55.2808 180 355.306 2300 58,011.3 7300 584,390
72 56.8489 190 395.881 2400 63,165.5 7400 600,511
73 58.4390 200 438.649 2500 68,538.9 7500 616,850
74 60.0511 210 483.611 2600 74,131.7 7600 633,409
75 61.6850 220 530.765 2700 79,943.8 7700 650,188
76 63.3409 230 580.113 2800 85,975.2 7800 667,185
77 65.0188 240 631.655 2900 92,226.0 7900 684,402
78 66.7185 250 685.389 3000 98,696.0 8000 701,839
79 68.4402 260 741.317 3100 105,385 8100 719,494
80 70.1839 270 799.438 3200 112,294 8200 737,369
81 71.9494 280 859.752 3300 119,422 8300 755,463
82 73.7369 290 922.260 3400 126,770 8400 773,777
83 75.5463 300 986.960 3500 134,336 8500 792,310
84 77.3777 310 1,053.85 3600 142,122 8600 811,062
85 79.2310 320 1,122.94 3700 150,128 8700 830,034
86 81.1062 330 1,194.22 3800 158,352 8800 849,225
87 83.0034 340 1,267.70 3900 166,796 8900 868,635
88 84.9225 350 1,343.36 4000 175,460 9000 888,264
89 86.8635 360 1,421.22 4100 184,342 9100 908,113
90 88.8264 370 1,501.28 4200 193,444 9200 928,182
91 90.8113 380 1,583.52 4300 202,766 9300 948,469
92 92.8182 390 1,667.96 4400 212,306 9400 968,976
93 94.8469 400 1,754.60 4500 222,066 9500 989,702
94 96.8976 410 1,843.42 4600 232,045 9600 1,010,650
95 98.9702 420 1,934.44 4700 242,244 9700 1,031,810
96 101.065 430 2,027.66 4800 252,662 9800 1,053,200
97 103.181 440 2,123.06 4900 263,299 9900 1,074,800
98 105.320 450 2,220.66 5000 274,156 10000 1,096,620
99 107.480 460 2,320.45 5100 285,232 … …



BALANCING ROTATING PARTS 167

Balancing Rotating Parts

Static Balancing.—There are several methods of testing the standing or static balance of
a rotating part. A simple method that is sometimes used for flywheels, etc., is illustrated by
the diagram, Fig. 1. An accurate shaft is inserted through the bore of the finished wheel,
which is then mounted on carefully leveled “parallels” A. If the wheel is in an unbalanced
state, it will turn until the heavy side is downward. When it will stand in any position as the
result of counterbalancing and reducing the heavy portions, it is said to be in standing or
static balance. Another test which is used for disk-shaped parts is shown in Fig. 2. The disk
D is mounted on a vertical arbor attached to an adjustable cross-slide B. The latter is carried
by a table C, which is supported by a knife-edged bearing. A pendulum having an adjust-
able screw-weight W at the lower end is suspended from cross-slide B. To test the static
balance of disk D, slide B is adjusted until pointer E of the pendulum coincides with the
center of a stationary scale F. Disk D is then turned halfway around without moving the
slide, and if the indicator remains stationary, it shows that the disk is in balance for this par-
ticular position. The test is then repeated for ten or twelve other positions, and the heavy
sides are reduced, usually by drilling out the required amount of metal. Several other
devices for testing static balance are designed on this same principle.

Running or Dynamic Balance.—A cylindrical body may be in perfect static balance and
not be in a balanced state when rotating at high speed. If the part is in the form of a thin disk,
static balancing, if carefully done, may be accurate enough for high speeds, but if the rotat-
ing part is long in proportion to its diameter, and the unbalanced portions are at opposite
ends or in different planes, the balancing must be done so as to counteract the centrifugal
force of these heavy parts when they are rotating rapidly. This process is known as a run-
ning balance or dynamic balancing. To illustrate, if a heavy section is located at H (Fig. 3),
and another correspondingly heavy section at H1, one may exactly counterbalance the
other when the cylinder is stationary, and this static balance may be sufficient for a part rig-
idly mounted and rotating at a comparatively slow speed; but when the speed is very high,
as in turbine rotors, etc., the heavy masses H and H1, being in different planes, are in an
unbalanced state owing to the effect of centrifugal force, which results in excessive strains
and injurious vibrations. Theoretically, to obtain a perfect running balance, the exact posi-
tions of the heavy sections should be located and the balancing effected either by reducing
their weight or by adding counterweights opposite each section and in the same plane at the
proper radius; but if the rotating part is rigidly mounted on a stiff shaft, a running balance
that is sufficiently accurate for practical purposes can be obtained by means of compara-
tively few counterbalancing weights located with reference to the unbalanced parts.

Balancing Calculations.—As indicated previously, centrifugal forces caused by an
unbalanced mass or masses in a rotating machine member cause additional loads on the
bearings which are transmitted to the housing or frame and to other machine members.
Such dynamically unbalanced conditions can occur even though static balance (balance at

Fig. 1. Fig. 2. Fig. 3. 
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zero speed) exists. Dynamic balance can be achieved by the addition of one or two masses
rotating about the same axis and at the same speed as the unbalanced masses. A single
unbalanced mass can be balanced by one counterbalancing mass located 180 degrees
opposite and in the same plane of rotation as the unbalanced mass, if the product of their
respective radii and masses are equal; i.e., M1r1 = M2r2. Two or more unbalanced masses
rotating in the same plane can be balanced by a single mass rotating in the same plane, or
by two masses rotating about the same axis in two separate planes. Likewise, two or more
unbalanced masses rotating in different planes about a common axis can be balanced by
two masses rotating about the same axis in separate planes. When the unbalanced masses
are in separate planes they may be in static balance but not in dynamic balance; i.e., they
may be balanced when not rotating but unbalanced when rotating. If a system is in dynamic
balance, it will remain in balance at all speeds, although this is not strictly true at the critical
speed of the system. (See Critical Speeds.)

In all the equations that follow, the symbol M denotes either mass in kilograms or in
slugs, or weight in pounds. Either mass or weight units may be used and the equations may
be used with metric or with customary English units without change; however, in a given
problem the units must be all metric or all customary English.

Counterbalancing Several Masses Located in a Single Plane.—In all balancing prob-
lems, it is the product of counterbalancing mass (or weight) and its radius that is calculated;
it is thus necessary to select either the mass or the radius and then calculate the other value
from the product of the two quantities. Design considerations usually make this decision
self-evident. The angular position of the counterbalancing mass must also be calculated.
Referring to Fig. 1:

(1)

(2)

Fig. 1. 

MBrB ΣMr θcos( )2 ΣMr θsin( )2+=

θtan B
ΣMr θsin( )–
ΣMr θcos( )–

--------------------------------
y
x
--= =
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Table 1. Relationship of the Signs of the Functions of the Angle with Respect to the 
Quadrant in Which They Occur

where:
 M1, M2, M3, . . . Mn = any unbalanced mass or weight, kg or lb

MB = counterbalancing mass or weight, kg or lb

r = radius to center of gravity of any unbalanced mass or weight, mm or
inch

rB = radius to center of gravity of counterbalancing mass or weight, mm
or inch

θ =angular position of r of any unbalanced mass or weight, degrees

θB = angular position of rB of counterbalancing mass or weight, degrees

x and  y = see Table 1

Table 1 is helpful in finding the angular position of the counterbalancing mass or weight.
It indicates the range of the angles within which this angular position occurs by noting the
plus and minus signs of the numerator and the denominator of the terms in Equation (2). In
a like manner, Table 1 is helpful in determining the sign of the sine or cosine functions for
angles ranging from 0 to 360 degrees. Balancing problems are usually solved most conve-
niently by arranging the arithmetical calculations in a tabular form.

Example:Referring to Fig. 1, the particular values of the unbalanced weights have been
entered in the table below. Calculate the magnitude of the counterbalancing weight if its
radius is to be 10 inches.

Angle θ
0° to 90° 90° to 180° 180° to 270° 270° to 360°

Signs of the Functions

tan

sine

cosine

M r
in.

θ
deg. cos θ sin θ Mr cos θ Mr sin θ

No. lb.

1 10 10 30 0.8660 0.5000 86.6 50.0

2 5 20 120 −0.5000 0.8660 −50.0 86.6

3 15 15 200 −0.9397 −0.3420 −211.4 −77.0

−174.8 59.6 

= ∑Mr cos θ = ∑Mr sin θ

+y
+x
------

+y
x–

------
y–
x–

------
y–

+x
------

+y
+r
------

+y
+r
------

y–
+r
------

y–
+r
------

+x
+r
------

x–
+r
------

x–
+r
------

+x
+r
------

MB
ΣMr θcos( )2 ΣMr θsin( )2+

rB
-------------------------------------------------------------------------

174.8–( )2 59.6( )2+
10

----------------------------------------------------= =

MB 18.5 lb=

θBtan
ΣMr θsin( )–
ΣMr θcos( )–

--------------------------------
59.6( )–
174.8–( )–

------------------------
y–

+x
------;  θB 341°10′= = = =



170 BALANCING ROTATING PARTS

Fig. 2. 

Counterbalancing Masses Located in Two or More Planes.—Unbalanced masses or
weights rotating about a common axis in two separate planes of rotation form a couple,
which must be counterbalanced by masses or weights, also located in two separate planes,
call them planes A and B, and rotating about the same common axis (see Couples,
page120). In addition, they must be balanced in the direction perpendicular to the axis, as
before. Since two counterbalancing masses are required, two separate equations are
required to calculate the product of each mass or weight and its radius, and two additional
equations are required to calculate the angular positions. The planes A and B selected as
balancing planes may be any two planes separated by any convenient distance c, along the
axis of rotation. In Fig. 2:

For balancing plane A:

(3)

(4)

For balancing plane B:

(5)

(6)

Where: MA and MB are the mass or weight of the counterbalancing masses in the balanc-
ing planes A and B, respectively; rA and rB are the radii; and θA and θB are the angular posi-
tions of the balancing masses in these planes. M, r, and θ are the mass or weight, radius, and
angular positions of the unbalanced masses, with the subscripts defining the particular
mass to which the values are assigned. The length c, the distance between the balancing
planes, is always a positive value. The axial dimensions, a and b, may be either positive or
negative, depending upon their position relative to the balancing plane; for example, in
Fig. 2, the dimension b2 would be negative.

Example:Referring to Fig. 2, a set of values for the masses and dimensions has been
selected and put into convenient table form below. The separation of balancing planes, c, is
assumed as being 15 inches. If in balancing plane A, the radius of the counterbalancing

MArA
ΣMrb θcos( )2 ΣMrb θsin( )2+

c
--------------------------------------------------------------------------------=

θAtan
ΣMrb θsin( )–
ΣMrb θcos( )–

------------------------------------
y
x
--= =

MBrB
ΣMra θcos( )2 ΣMra θsin( )2+

c
--------------------------------------------------------------------------------=

θBtan
ΣMra θsin( )–
ΣMra θcos( )–

------------------------------------
y
x
--= =
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weight is selected to be 10 inches; calculate the magnitude of the counterbalancing mass
and its position. If in balancing plane B, the counterbalancing mass is selected to be 10 lb;
calculate its radius and position.

For balancing plane A:

For balancing plane B:

Balancing Lathe Fixtures.—Lathe fixtures rotating at a high speed require balancing.
Often it is assumed that the center of gravity of the workpiece and fixture, and of the coun-
terbalancing masses are in the same plane; however, this is not usually the case. Counter-
balancing masses are required in two separate planes to prevent excessive vibration or
bearing loads at high speeds.

Plane
M
lb

r
in.

θ
deg.

Balancing Plane A

b
in. Mrb Mrb cos θ Mrb sin θ

1 10 8 30 6 480 415.7 240.0

2 8 10 135 −6 −480 339.4 −339.4

3 12 9 270 12 1296 0.0 −1296.0

A ? 10 ? 15a

a 15 inches = distance c between planes A and B. 

… 755.1 −1395.4 

B 10 ? ? 0 … = ∑Mrb cos θ = ∑Mrb sin θ

Plane
M
lb

r
in.

θ
deg.

Balancing Plane B

a
in. Mra Mra cos θ Mra sin θ

1 10 8 30 9 720 623.5 360.0

2 8 10 135 21 1680 −1187.9 1187.9

3 12 9 270 3 324 0.0 −324.0

A ? 10 ? 0 … −564.4 1223.9

B 10 ? ? 15a

a 15 inches = distance c between planes A and B. 

…  =∑Mra cos θ  =∑Mra sin θ

MA
ΣMrb θcos( )2 ΣMrb θsin( )2+

rAc
--------------------------------------------------------------------------------

755.1( )2 1395.4–( )2+
10 15( )

----------------------------------------------------------= =

MA 10.6 lb=

θAtan
ΣMrb θsin( )–
ΣMrb θcos( )–

------------------------------------
1395.4–( )–
755.1( )–

---------------------------
+y

x–
------= = =

θA 118°25′=

rB
ΣMra θcos( )2 ΣMra θsin( )2+

MBc
--------------------------------------------------------------------------------

564.4–( )2 1223.9( )2+
10 15( )

----------------------------------------------------------= =

8.985 in.=

θBtan
ΣMra θsin( )–
ΣMra θcos( )–

------------------------------------
1223.9( )–
564.4–( )–

------------------------
y–

+x
------= = =

θB 294°45′=
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Fig. 3. 

Usually a single counterbalancing mass is placed in one plane selected to be 180 degrees
directly opposite the combined center of gravity of the workpiece and the fixture. Two
equal counterbalancing masses are then placed in the second counterbalancing plane,
equally spaced on each side of the fixture. Referring to Fig. 3, the two counterbalancing
masses MA and the two angles θ are equal. For the design in this illustration, the following
formulas can be used to calculate the magnitude of the counterbalancing masses. Since
their angular positions are fixed by the design, they are not calculated.

(7)

(8)

In these formulas Mw and rw denote the mass or weight and the radius of the combined
center of gravity of the workpiece and the fixture.

In Fig. 3 the combined weight of the workpiece and the fixture is 18.5 lb. The following
dimensions were determined from the layout of the fixture and by calculating the centers of
gravity: rw = 2 in.; rA = 6.25 in.; rB = 6 in.; l1 = 3 in.; l2 = 5 in.; and θ = 30°. Calculate the
weights of the counterbalancing masses.

l2l1

CG

MA

MB MB

rB

rW
rArA

MA MA
MA

MB

MWFixture

CG

WorkpieceCG

Schematic View

Lathe Fixture

θ θ
MW MW

MB

Mwrw l1 l2+( )
rBl1

----------------------------------=

MA

MBrB Mwrw–

2rA θsin
----------------------------------=

MB

Mwrw l1 l2+( )
rBl1

----------------------------------
18.5 2× 8×

6 3×
----------------------------- 16.44 lb= = =

MA

MBrB Mwrw–

2rA θsin
----------------------------------

16.44 6×( ) 18.5 2×( )–
2 6.25×( ) 30°sin

---------------------------------------------------------- 9.86 lb (each weight)= = =
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FLYWHEELS

Classification of Flywheels.—Flywheels may be classified as balance wheels or as fly-
wheel pulleys. The object of all flywheels is to equalize the energy exerted and the work
done and thereby prevent excessive or sudden changes of speed. The permissible speed
variation is an important factor in all flywheel designs. The allowable speed change varies
considerably for different classes of machinery; for instance, it is about 1 or 2 per cent in
steam engines, while in punching and shearing machinery a speed variation of 20 per cent
may be allowed.

The function of a balance wheel is to absorb and equalize energy in case the resistance to
motion, or driving power, varies throughout the cycle. Therefore, the rim section is gener-
ally quite heavy and is designed with reference to the energy that must be stored in it to pre-
vent excessive speed variations and, with reference to the strength necessary to withstand
safely the stresses resulting from the required speed. The rims of most balance wheels are
either square or nearly square in section, but flywheel pulleys are commonly made wide to
accommodate a belt and relatively thin in a radial direction, although this is not an invari-
able rule.

Flywheels, in general, may either be formed of a solid or one-piece section, or they may
be of sectional construction. Flywheels in diameters up to about eight feet are usually cast
solid, the hubs sometimes being divided to relieve cooling stresses. Flywheels ranging
from, say, eight feet to fifteen feet in diameter, are commonly cast in half sections, and the
larger sizes in several sections, the number of which may equal the number of arms in the
wheel. Sectional flywheels may be divided into two general classes. One class includes
cast wheels which are formed of sections principally because a solid casting would be too
large to transport readily. The second class includes wheels of sectional construction
which, by reason of the materials used and the special arrangement of the sections, enables
much higher peripheral speeds to be obtained safely than would be possible with ordinary
sectional wheels of the type not designed especially for high speeds. Various designs have
been built to withstand the extreme stresses encountered in some classes of service. The
rims in some designs are laminated, being partly or entirely formed of numerous segment-
shaped steel plates. Another type of flywheel, which is superior to an ordinary sectional
wheel, has a solid cast-iron rim connected to the hub by disk-shaped steel plates instead of
cast spokes. 

Steel wheels may be divided into three distinct types, including 1) those having the cen-
ter and rim built up entirely of steel plates;  2) those having a cast-iron center and steel
rim;  and  3) those having a cast-steel center and rim formed of steel plates.

Wheels having wire-wound rims have been used to a limited extent when extremely high
speeds have been necessary.

When the rim is formed of sections held together by joints it is very important to design
these joints properly. The ordinary bolted and flanged rim joints located between the arms
average about 20 per cent of the strength of a solid rim and about 25 per cent is the maxi-
mum strength obtainable for a joint of this kind. However, by placing the joints at the ends
of the arms instead of between them, an efficiency of 50 per cent of the strength of the rim
may be obtained, because the joint is not subjected to the outward bending stresses
between the arms but is directly supported by the arm, the end of which is secured to the rim
just beneath the joint. When the rim sections of heavy balance wheels are held together by
steel links shrunk into place, an efficiency of 60 per cent may be obtained; and by using a
rim of box or I-section, a link type of joint connection may have an efficiency of 100 per-
cent.

Flywheel Calculations

Energy Due to Changes of Velocity.—When a flywheel absorbs energy from a variable
driving force, as in a steam engine, the velocity increases; and when this stored energy is
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given out, the velocity diminishes. When the driven member of a machine encounters a
variable resistance in performing its work, as when the punch of a punching machine is
passing through a steel plate, the flywheel gives up energy while the punch is at work, and,
consequently, the speed of the flywheel is reduced. The total energy that a flywheel would
give out if brought to a standstill is given by the formula:

in which E = total energy of flywheel, in foot-pounds
W =weight of flywheel rim, in pounds
v =velocity at mean radius of flywheel rim, in feet per second
g =acceleration due to gravity = 32.16 ft/s2

If the velocity of a flywheel changes, the energy it will absorb or give up is proportional
to the difference between the squares of its initial and final speeds, and is equal to the dif-
ference between the energy that it would give out if brought to a full stop and the energy
that is still stored in it at the reduced velocity. Hence:

in which E1 = energy in foot-pounds that a flywheel will give out while the speed is
reduced from v1 to v2

W =weight of flywheel rim, in pounds
v1 = velocity at mean radius of flywheel rim before any energy has been given

out, in feet per second
v2 = velocity of flywheel rim at end of period during which the energy has been

given out, in feet per second
Ordinarily, the effects of the arms and hub do not enter into flywheel calculations, and

only the weight of the rim is considered. In computing the velocity, the mean radius of the
rim is commonly used.

Using metric SI units, the formulas are E = 1⁄⁄⁄⁄2Mv2, and E1 = 1⁄⁄⁄⁄2M(v1
2 – v2

2), where E
and E1 are in joules; M = the mass of the rim in kilograms; and v, v1, and v2 = velocities
in meters per second. Note: In the SI, the unit of mass is the kilogram. If the weight of
the flywheel rim is given in kilograms, the value referred to is the mass, M. Should the
weight be given in newtons, N, then

where g is approximately 9.81 meters per second squared.
General Procedure in Flywheel Design.—The general method of designing a flywheel
is to determine first the value of E1 or the energy the flywheel must either supply or absorb
for a given change in velocity, which, in turn, varies for different classes of service. The
mean diameter of the flywheel may be assumed, or it may be fixed within certain limits by
the general design of the machine. Ordinarily the speed of the flywheel shaft is known, at
least approximately; the values of v1 and v2 can then be determined, the latter depending
upon the allowable percentage of speed variation. When these values are known, the
weight of the rim and the cross-sectional area required to obtain this weight may be com-
puted. The general procedure will be illustrated more in detail by considering the design of
flywheels for punching and shearing machinery.
Flywheels for Presses, Punches, Shears, Etc.—In these classes of machinery, the work
that the machine performs is of an intermittent nature and is done during a small part of the
time required for the driving shaft of the machine to make a complete revolution. To dis-

E
Wv2

2g
----------

Wv2

64.32
-------------= =

E1

Wv1
2

2g
----------

Wv2
2

2g
----------–

W v1
2 v2

2–( )
64.32

---------------------------= =

M W newtons( )
g

-------------------------------=
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tribute the work of the machine over the entire period of revolution of the driving shaft, a
heavy-rimmed flywheel is placed on the shaft, giving the belt an opportunity to perform an
almost uniform amount of work during the whole revolution. During the greater part of the
revolution of the driving shaft, the belt power is used to accelerate the speed of the fly-
wheel. During the part of the revolution when the work is done, the energy thus stored up
in the flywheel is given out at the expense of its velocity. The problem is to determine the
weight and cross-sectional area of the rim when the conditions affecting the design of the
flywheel are known.

Example:A flywheel is required for a punching machine capable of punching 3⁄4-inch
holes through structural steel plates 3⁄4 inch thick. This machine (see accompanying dia-
gram) is of the general type having a belt-driven shaft at the rear which carries a flywheel
and a pinion that meshes with a large gear on the main shaft at the top of the machine. It is
assumed that the relative speeds of the pinion and large gear are 7 to 1, respectively, and
that the slide is to make 30 working strokes per minute. The preliminary layout shows that
the flywheel should have a mean diameter (see enlarged detail) of about 30 inches. Find the
weight of the flywheel and the remaining rim dimensions.

Punch Presss and Flywheel Detail

Energy Supplied by Flywheel: The energy that the flywheel must give up for a given
change in velocity, and the weight of rim necessary to supply that energy, must be deter-
mined. The maximum force for shearing a 3⁄4-inch hole through 3⁄4-inch structural steel
equals approximately the circumference of the hole multiplied by the thickness of the stock
multiplied by the tensile strength, which is nearly the same as the shearing resistance of the
steel. Thus, in this case, 3.1416 × 3⁄4 × 3⁄4 × 60,000 = 106,000 pounds. The average force will
be much less than the maximum. Some designers assume that the average force is about
one-half the maximum, although experiments show that the material is practically sheared
off when the punch has entered the sheet a distance equal to about one-third the sheet thick-
ness. On this latter basis, the average energy Ea is 2200 foot-pounds for the example given.
Thus:

If the efficiency of the machine is taken as 85 per cent, the energy required will equal
2200  0.85 = 2600 foot-pounds nearly. Assume that the energy supplied by the belt while
the punch is at work is determined by calculation to equal 175 foot-pounds. Then the fly-
wheel must supply 2600 - 175 = 2425 foot-pounds = E1.

Ea
106 000, 1⁄3× 3⁄4×

12
-----------------------------------------

106 000,
4 12×

--------------------- 2200 foot-pounds.= = =
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Dimensions of Flywheels for Punches and Shears

The maximum number of revolutions per minute given in this table should never be exceeded for
cast-iron flywheels.

Rim Velocity at Mean Radius: When the mean radius of the flywheel is known, the
velocity of the rim at the mean radius, in feet per second, is:

in which v =velocity at mean radius of flywheel, in feet per second
R =mean radius of flywheel rim, in feet
n =number of revolutions per minute

According to the preliminary layout the mean diameter in this example should be about
30 inches and the driving shaft is to make 210 rpm, hence,

A B C D E F G H J
Max.

R.P.M.

24 3 31⁄2 6 11⁄4 13⁄8 23⁄4 31⁄4 31⁄2 955

30 31⁄2 4 7 13⁄8 11⁄2 3 33⁄4 4 796

36 4 41⁄2 8 11⁄2 13⁄4 31⁄4 41⁄4 41⁄2 637

42 41⁄4 43⁄4 9 13⁄4 2 31⁄2 41⁄2 5 557

48 41⁄2 5 10 13⁄4 2 33⁄4 43⁄4 51⁄2 478

54 43⁄4 51⁄2 11 2 21⁄4 4 5 6 430

60 5 6 12 21⁄4 21⁄2 41⁄2 51⁄2 61⁄2 382

72 51⁄2 7 13 21⁄2 23⁄4 5 61⁄2 7 318

84 6 8 14 3 31⁄2 51⁄2 71⁄2 8 273

96 7 9 15 31⁄2 4 6 9 9 239

108 8 10 161⁄2 33⁄4 41⁄2 61⁄2 101⁄2 10 212

120 9 11 18 4 5 71⁄2 12 12 191

v
2 3.1416× R n××

60
---------------------------------------------=

v
2 3.1416× 1.25× 210×

60
--------------------------------------------------------- 27.5 feet per second= =
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Weight of Flywheel Rim: Assuming that the allowable variation in velocity when punch-
ing is about 15 per cent, and values of v1 and v2 are respectively 27.5 and 23.4 feet per sec-
ond (27.5 × 0.85 = 23.4), the weight of a flywheel rim necessary to supply a given amount
of energy in foot-pounds while the speed is reduced from v1 to v2 would be:

Size of Rim for Given Weight: Since 1 cubic inch of cast iron weighs 0.26 pound, a fly-
wheel rim weighing 750 pounds contains 750  0.26 = 2884 cubic inches. The cross-sec-
tional area of the rim in square inches equals the total number of cubic inches divided by
the mean circumference, or 2884  94.25 = 31 square inches nearly, which is approximately
the area of a rim 51⁄8 inches wide and 6 inches deep.

Simplified Flywheel Calculations.—Calculations for designing the flywheels of
punches and shears are simplified by the following formulas and the accompanying table
of constants applying to different percentages of speed reduction. In these formulas let:

HP = horsepower required
N =number of strokes per minute
E = total energy required per stroke, in foot-pounds

E1 = energy given up by flywheel, in foot-pounds
T = time in seconds per stroke

T1 = time in seconds of actual cut
W =weight of flywheel rim, in pounds
D = mean diameter of flywheel rim, in feet
R =maximum allowable speed of flywheel in revolutions per minute

C and C1 = speed reduction values as given in table
a =width of flywheel rim
b =depth of flywheel rim
y = ratio of depth to width of rim

For cast-iron flywheels, with a maximum stress of 1000 pounds per square inch:

Values of C and C1 in the Previous Formulas

Example 1:A hot slab shear is required to cut a slab 4 × 15 inches which, at a shearing
stress of 6000 pounds per square inch, gives a force between the knives of 360,000 pounds.
The total energy required for the cut will then be 360,000 × 4⁄12 = 120,000 foot-pounds. The
shear is to make 20 strokes per minute; the actual cutting time is 0.75 second, and the bal-
ance of the stroke is 2.25 seconds.

Per Cent
Reduction C C1

Per Cent
Reduction C C1

21⁄2 0.00000213 0.1250 10 0.00000810 0.0328

5 0.00000426 0.0625 15 0.00001180 0.0225

71⁄2 0.00000617 0.0432 20 0.00001535 0.0173

W
E1 64.32×

v1
2 v2

2–
--------------------------

2425 64.32×
27.5

2
23.4

2
–

-------------------------------- 750 pounds= = =

HP
EN

33 000,
------------------

E
T 550×
------------------= = E1 E 1

T1

T
-----– 

 =

W
E1

CD
2
R

2
------------------= a

1.22W
12Dy
---------------= b ay=

W C1E1= R 1940 D÷=
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The flywheel is to have a mean diameter of 6 feet 6 inches and is to run at a speed of 200
rpm; the reduction in speed to be 10 per cent per stroke when cutting.

Assuming a ratio of 1.22 between depth and width of rim,

or size of rim, say, 9 × 111⁄2 inches.

Example 2:Suppose that the flywheel in Example 1 is to be made with a stress due to cen-
trifugal force of 1000 pounds per square inch of rim section.

Assuming a ratio of 1.22 between depth and width of rim, as before:

or size of rim, say, 61⁄4 × 8 inches.

Centrifugal Stresses in Flywheel Rims.—In general, high speed is desirable for fly-
wheels in order to avoid using wheels that are unnecessarily large and heavy. The centrifu-
gal tension or hoop tension stress, that tends to rupture a flywheel rim of given area,
depends solely upon the rim velocity and is independent of the rim radius. The bursting
velocity of a flywheel, based on hoop stress alone (not considering bending stresses), is
related to the tensile stress in the flywheel rim by the following formula which is based on
the centrifugal force formula from mechanics.

where V = velocity of outside circumference of rim in feet per second, and s is the tensile
strength of the rim material in pounds per square inch.

For cast iron having a tensile strength of 19,000 pounds per square inch the bursting
speed would be:

Built-up Flywheels:  Flywheels built up of solid disks of rolled steel plate stacked and
bolted together on a through shaft have greater speed capacity than other types. The maxi-
mum hoop stress is at the bore and is given by the formula,

HP
120 000, 20×

33 000,
--------------------------------- 72.7 horsepower= =

E1 120 000, 1
0.75

3
----------– 

 × 90 000 foot-pounds,= =

W
90 000,

0.0000081 6.5
2× 200

2×
----------------------------------------------------------- 6570 pounds= =

a
6570

12 6.5×
------------------- 9.18 inches= =

b 1.22 9.18× 11.2 inches= =

C1 for 10 per cent 0.0328=

W 0.0328 90 000,× 2950 pounds= =

R
1940

D
------------= If D 6 feet,= R

1940
6

------------ 323 rpm= =

a
2950
12 6×
--------------- 6.4 inches= =

b 1.22 6.4× 7.8 inches= =

V 10 s×           or,= s V
2

10÷=

V 10 19 000,× 436 feet per second= =

s 0.0194V
2

4.333 d D⁄( )2
+[ ]=
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In this formula, s and V are the stress and velocity as previously defined and d and D are
the bore and outside diameters, respectively.

Assuming the plates to be of steel having a tensile strength of 60,000 pounds per square
inch and a safe working stress of 24,000 pounds per square inch (using a factor of safety of

2.5 on stress or  on speed) and taking the worst condition (when d approaches D), the
safe rim speed for this type of flywheel is 500 feet per second or 30,000 feet per minute.

Combined Stresses in Flywheels.—The bending stresses in the rim of a flywheel may
exceed the centrifugal (hoop tension) stress predicted by the simple formula s = V2  10 by a
considerable amount. By taking into account certain characteristics of flywheels, rela-
tively simple formulas have been developed to determine the stress due to the combined
effect of hoop tension and bending stress. Some of the factors that influence the magnitude
of the maximum combined stress acting at the rim of a flywheel are:

1) The number of spokes. Increasing the number of spokes decreases the rim span
between spokes and hence decreases the bending moment. Thus an eight-spoke wheel can
be driven to a considerably higher speed before bursting than a six-spoke wheel having the
same rim.

2) The relative thickness of the spokes. If the spokes were extremely thin, like wires, they
could offer little constraint to the rim in expanding to its natural diameter under centrifugal
force, and hence would cause little bending stress. Conversely, if the spokes were
extremely heavy in proportion to the rim, they would restrain the rim thereby setting up
heavy bending stresses at the junctions of the rim and spokes.

3) The relative thickness of the rim to the diameter. If the rim is quite thick (i.e., has a
large section modulus in proportion to span), its resistance to bending will be great and
bending stress small. Conversely, thin rims with a section modulus small in comparison
with diameter or span have little resistance to bending, thus are subject to high bending
stresses.

4) Residual stresses. These include shrinkage stresses, impact stresses, and stresses
caused by operating torques and imperfections in the material. Residual stresses are taken
into account by the use of a suitable factor of safety. (See Factors of Safety for Flywheels.)

The formulas that follow give the maximum combined stress at the rim of fly-wheels
having 6, 8, and 10 spokes. These formulas are for flywheels with rectangular rim sections
and take into account the first three of the four factors listed as influencing the magnitude
of the combined stress in flywheels.

Thickness of Cast Iron Flywheel Rims.—The mathematical analysis of the stresses in
flywheel rims is not conclusive owing to the uncertainty of shrinkage stresses in castings or
the strength of the joint in sectional wheels. When a flywheel of ordinary design is revolv-
ing at high speed, the tendency of the rim is to bend or bow outward between the arms, and
the bending stresses may be serious, especially if the rim is wide and thin and the spokes
are rather widely spaced. When the rims are thick, this tendency does not need to be con-
sidered, but in a thin rim running at high speed, the stress in the middle might become suf-

For 6 spokes: In these formulas, s = maximum 
combined stress in pounds per 
square inch; Q = ratio of mean 
spoke cross-section area to rim 
cross-section area; B = ratio of out-
side diameter of rim to rim thick-
ness; and V = velocity of flywheel 
rim in feet per second.

For 8 spokes:

For 10 spokes:
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ficiently great to cause the wheel to fail. The proper thickness of a cast-iron rim to resist
this tendency is given for solid rims by Formula (1) and for a jointed rim by Formula (2).

In these formulas, t = thickness of rim, in inches; d = diameter of flywheel, in inches; n =
number of arms; v = peripheral speed, in feet per second.

Factors of Safety for Flywheels.—Cast-iron flywheels are commonly designed with a
factor of safety of 10 to 13. A factor of safety of 10 applied to the tensile strength of a fly-

wheel material is equivalent to a factor of safety of  or 3.16 on the speed of the fly-
wheel because the stress on the rim of a flywheel increases as thdesigned would undergo
rim stresses four times as great as at the design speed.

Tables of Safe Speeds for Flywheels.—The accompanying Table 1, prepared by T. C.
Rathbone of The Fidelity and Casualty Company of New York, gives general recommen-
dations for safe rim speeds for flywheels of various constructions. Table 2 shows the num-
ber of revolutions per minute corresponding to the rim speeds in Table 1.

Table 1. Safe Rim Speeds for Flywheels

To find the safe speed in revolutions per minute, divide the safe rim speed in feet per minute by 3.14
times the outside diameter of the flywheel rim in feet. For flywheels up to 15 feet in diameter, see
Table 2.

(1) (2)

Solid Wheel Solid Rim: (a) Solid hub
(b) Split hub

Rim In Halves
Shrink Links

Or Keyed Links

Segment Type
Shrink Links

Rim With Bolted
Flange Joints Midway 

Between Spokes

Rim With Bolted
Flange Joints

Next To Spokes

Wheel In
Halves With

Split Spoke Joint

Segment Type
With Pad

Joints

Type of Wheel

Safe Rim Speed

Feet per Sec. Feet per Min.

Solid cast iron (balance wheels—heavy rims) 110 6,600

Solid cast iron (pulley wheels—thin rims) 85 5,100

Wheels with shrink link joints 77.5 4,650

Wheels with pad type joints 70.7 4,240

Wheels with bolted flange joints 50 3,000

Solid cast steel wheels 200 12,000

Wheels built up of stacked steel plates 500 30,000

t
0.475d

n
2 6000

v
2

------------
1
10
------– 

 
-----------------------------------= t

0.95d

n
2 6000

v
2

------------
1
10
------– 

 
-----------------------------------=

10
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Table 2.  Safe Speeds of Rotation for Flywheels

Safe speeds of rotation are based on safe rim speeds shown in Table 1.

Safe Speed Formulas for Flywheels and Pulleys.—No simple formula can accommo-
date all the various types and proportions of flywheels and pulleys and at the same time
provide a uniform factor of safety for each. Because of considerations of safety, such a for-
mula would penalize the better constructions to accommodate the weaker designs.

One formula that has been used to check the maximum rated operating speed of fly-
wheels and pulleys and which takes into account material properties, construction, rim
thickness, and joint efficiencies is the following:

In this formula,
 N =maximum rated operating speed in revolutions per minute

C =1.0 for wheels driven by a constant speed electric motor (i.e., a-c squirrel-cage
induction motor or a-c synchronous motor, etc.)
0.90 for wheels driven by variable speed motors, engines or turbines where
overspeed is not over 110 per cent of rated operating speed

A =0.90 for 4 arms or spokes
1.00 for 6 arms or spokes
1.08 for 8 arms or spokes
1.50 for disc type

M = 1.00 for cast iron of 20,000 psi tensile strength, or unknown
1.12 for cast iron of 25,000 psi tensile strength
1.22 for cast iron of 30,000 psi tensile strength
1.32 for cast iron of 35,000 psi tensile strength
2.20 for nodular iron of 60,000 psi tensile strength
2.45 for cast steel of 60,000 psi tensile strength
2.75 for plate or forged steel of 60,000 psi tensile strength

E = joint efficiency
1.0 for solid rim
0.85 for link or prison joints
0.75 for split rim — bolted joint at arms

Outside
Diameter
of Rim
(feet)

Safe Rim Speed in Feet per Minute (from Table 1)

6,600 5,100 4,650 4,240 3,000 12,000 30,000

Safe Speed of Rotation in Revolutions per Minute

1 2100 1623 1480 1350 955 3820 9549
2 1050 812 740 676 478 1910 4775
3 700 541 493 450 318 1273 3183
4 525 406 370 338 239 955 2387
5 420 325 296 270 191 764 1910
6 350 271 247 225 159 637 1592
7 300 232 211 193 136 546 1364
8 263 203 185 169 119 478 1194
9 233 180 164 150 106 424 1061

10 210 162 148 135 96 382 955
11 191 148 135 123 87 347 868
12 175 135 123 113 80 318 796
13 162 125 114 104 73 294 735
14 150 116 106 97 68 273 682
15 140 108 99 90 64 255 637

N
CAMEK

D
----------------------=
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0.70 for split rim — bolted joint between arms
K = 1355 for rim thickness equal to 1 per cent of outside diameter

1650 for rim thickness equal to 2 per cent of outside diameter
1840 for rim thickness equal to 3 per cent of outside diameter
1960 for rim thickness equal to 4 per cent of outside diameter
2040 for rim thickness equal to 5 per cent of outside diameter
2140 for rim thickness equal to 7 per cent of outside diameter
2225 for rim thickness equal to 10 per cent of outside diameter
2310 for rim thickness equal to 15 per cent of outside diameter
2340 for rim thickness equal to 20 per cent of outside diameter

D = outside diameter of rim in feet
A six-spoke solid cast iron balance wheel 8 feet in diameter has a rectangular rim 10

inches thick. What is the safe speed, in revolutions per minute, if driven by a constant speed
motor?

In this instance, C = 1; A = 1; M = 1, since tensile strength is unknown; E = 1; K = 2225
since the rim thickness is approximately 10 per cent of the wheel diameter; and D = 8 feet.
Thus,

(Note: This safe speed is slightly greater than the value of 263 rpm obtainable directly
from Tables 1 and 2.)
Tests to Determine Flywheel Bursting Speeds.—Tests made by Prof. C. H. Benjamin,
to determine the bursting speeds of flywheels, showed the following results:

Cast-iron Wheels with Solid Rims: Cast-iron wheels having solid rims burst at a rim
speed of 395 feet per second, corresponding to a centrifugal tension of about 15,600
pounds per square inch.

Wheels with Jointed Rims: Four wheels were tested with joints and bolts inside the rim,
using the familiar design ordinarily employed for band wheels, but with the joints located
at points one-fourth of the distance from one arm to the next. These locations represent the
points of least bending moment, and, consequently, the points at which the deflection due
to centrifugal force would be expected to have the least effect. The tests, however, did not
bear out this conclusion. The wheels burst at a rim speed of 194 feet per second, corre-
sponding to a centrifugal tension of about 3750 pounds per square inch. These wheels,
therefore, were only about one-quarter as strong as the wheels with solid rims, and burst at
practically the same speed as wheels in a previous series of tests in which the rim joints
were midway between the arms.

Bursting Speed for Link Joints: Another type of wheel with deep rim, fastened together
at the joints midway between the arms by links shrunk into recesses, after the manner of
flywheels for massive engines, gave much superior results. This wheel burst at a speed of
256 feet per second, indicating a centrifugal tension of about 6600 pounds per square inch.

Wheel having Tie-rods: Tests were made on a band wheel having joints inside the rim,
midway between the arms, and in all respects like others of this design previously tested,
except that tie-rods were used to connect the joints with the hub. This wheel burst at a speed
of 225 feet per second, showing an increase of strength of from 30 to 40 per cent over sim-
ilar wheels without the tie-rods.

Wheel Rim of I-section: Several wheels of special design, not in common use, were also
tested, the one giving the greatest strength being an English wheel, with solid rim of I-sec-
tion, made of high-grade cast iron and with the rim tied to the hub by steel wire spokes.
These spokes were adjusted to have a uniform tension. The wheel gave way at a rim speed
of 424 feet per second, which is slightly higher than the speed of rupture of the solid rim
wheels with ordinary style of spokes.

N
1 1× 1× 2225×

8
--------------------------------------- 278 rpm= =
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Tests on Flywheel of Special Construction: A test was made on a flywheel 49 inches in
diameter and weighing about 900 pounds. The rim was 63⁄4 inches wide and 11⁄8 inches
thick, and was built of ten segments, the material being cast steel. Each joint was secured
by three “prisoners” of an I-section on the outside face, by link prisoners on each edge, and
by a dovetailed bronze clamp on the inside, fitting over lugs on the rim. The arms were of
phosphor-bronze, twenty in number, ten on each side, and were cros-shaped in section.
These arms came midway between the rim joints and were bolted to plane faces on the
polygonal hub. The rim was further reinforced by a system of diagonal bracing, each sec-
tion of the rim being supported at five points on each side, in such a way as to relieve it
almost entirely from bending. The braces, like the arms, were of phosphor-bronze, and all
bolts and connecting links were of steel. This wheel was designed as a model of a proposed
30-foot flywheel. On account of the excessive air resistance the wheel was enclosed at the
sides between sheet-metal disks. This wheel burst at 1775 revolutions per minute or at a
linear speed of 372 feet per second. The hub and main spokes of the wheel remained nearly
in place, but parts of the rim were found 200 feet away. This sudden failure of the rim cast-
ing was unexpected, as it was thought the flange bolts would be the parts to give way first.
The tensile strength of the casting at the point of fracture was about four times the strength
of the wheel rim at a solid section.
Stresses in Rotating Disks.—When a disk of uniform width is rotated, the maximum
stress St is tangential and at the bore of the hub, and the tangential stress is always greater
than the radial stress at the same point on the disk. If St = maximum tangential stress in
pounds per sq. in.; w = weight of material, lb. per cu. in.; N = rev. per min.; m = Poisson's
ratio = 0.3 for steel; R = outer radius of disk, inches; r = inner radius of disk or radius of
bore, inches.

Steam Engine Flywheels.—The variable amount of energy during each stroke and the
allowable percentage of speed variation are of special importance in designing steam
engine flywheels. The earlier the point of cut-off, the greater the variation in energy and the
larger the flywheel that will be required. The weight of the reciprocating parts and the
length of the connecting-rod also affect the variation. The following formula is used for
computing the weight of the flywheel rim:
Let W =weight of rim in pounds

D = mean diameter of rim in feet
N =number of revolutions per minute
1⁄n = allowable variation in speed (from 1⁄50 to 1⁄100)
E =excess and deficiency of energy in foot-pounds
c = factor of energy excess, from the accompanying table

HP = indicated horsepower
Then, if the indicated horsepower is given:

(1)

If the work in foot-pounds is given, then:

(2)

In the second formula, E equals the average work in foot-pounds done by the engine in
one revolution, multiplied by the decimal given in the accompanying table, “Factors for
Engine Flywheel Calculations,” which covers both condensing and non-condensing
engines:

St 0.000071wN
2

3 m+( )R2
1 m–( )r2

+[ ]=

W
387 587 500,, cn× HP×

D
2
N

3
---------------------------------------------------------=

W
11 745nE,

D
2
N

2
-------------------------=
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Factors for Engine Flywheel Calculations

Example 1:A non-condensing engine of 150 indicated horsepower is to make 200 revo-
lutions per minute, with a speed variation of 2 per cent. The average cut-off is to be at one-
quarter stroke, and the flywheel is to have a mean diameter of 6 feet. Find the necessary
weight of the rim in pounds.

From the table c = 0.209, and from the data given HP = 150; N = 200; 1/n = 1⁄50 or n = 50;
and, D = 6.

Substituting these values in Equation (1):

Example 2:A condensing engine, 24 × 42 inches, cuts off at one-third stroke and has a
mean effective pressure of 50 pounds per square inch. The flywheel is to be 18 feet in mean
diameter and make 75 revolutions per minute with a variation of 1 per cent. Find the
required weight of the rim.

The work done on the piston in one revolution is equal to the pressure on the piston mul-
tiplied by the distance traveled or twice the stroke in feet. The area of the piston is 452.4
square inches, and twice the stroke is 7 feet. The work done on the piston in one revolution
is, therefore, 452.4 × 50 × 7 = 158,340 foot-pounds. From the table c = 0. 163, and there-
fore:

From the data given: n = 100; D = 18; N = 75. Substituting these values in Equation (2):

Spokes or Arms of Flywheels.—Flywheel arms are usually of elliptical cross-section.
The major axis of the ellipse is in the plane of rotation to give the arms greater resistance to
bending stresses and reduce the air resistance which may be considerable at high velocity.
The stresses in the arms may be severe, due to the inertia of a heavy rim when sudden load
changes occur. The strength of the arms should equal three-fourths the strength of the shaft
in torsion.

If W equals the width of the arm at the hub (length of major axis) and D equals the shaft
diameter, then W equals 1.3 D for a wheel having 6 arms; and for an 8-arm wheel W equals
1.2 D. The thickness of the arm at the hub (length of minor axis) equals one-half the width.
The arms usually taper toward the rim. The cross-sectional area at the rim should not be
less than two-thirds the area at the hub.

Condensing Engines

Fraction of stroke at which
steam is cut off 1§3 1§4 1§5 1§6 1§7 1§8

Factor of energy excess 0.163 0.173 0.178 0.184 0.189 0.191

Non-condensing Engines

Steam cut off at 1§2 1§3 1§4 1§5
Factor of energy excess 0.160 0.186 0.209 0.232

W
387 587 500, , 0.209× 50× 150×

6
2

200
3×

-------------------------------------------------------------------------------- 2110 pounds, nearly= =

E 158 340, 0.163× 25 810 foot-pounds,= =

W
11 745, 100× 25 810,×

18
2

75
2×

--------------------------------------------------------- 16 650 pounds, nearly,= =
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Critical Speeds

Critical Speeds of Rotating Bodies and Shafts.—If a body or disk mounted upon a shaft
rotates about it, the center of gravity of the body or disk must be at the center of the shaft, if
a perfect running balance is to be obtained. In most cases, however, the center of gravity of
the disk will be slightly removed from the center of the shaft, owing to the difficulty of per-
fect balancing. Now, if the shaft and disk be rotated, the centrifugal force generated by the
heavier side will be greater than that generated by the lighter side geometrically opposite to
it, and the shaft will deflect toward the heavier side, causing the center of the disk to rotate
in a small circle. A rotating shaft without a body or disk mounted on it can also become
dynamically unstable, and the resulting vibrations and deflections can result in damage not
only to the shaft but to the machine of which it is a part. These conditions hold true up to a
comparatively high speed; but a point is eventually reached (at several thousand revolu-
tions per minute) when momentarily there will be excessive vibration, and then the parts
will run quietly again. The speed at which this occurs is called the critical speed of the
wheel or shaft, and the phenomenon itself for the shaft-mounted disk or body is called the
settling of the wheel. The explanation of the settling is that at this speed the axis of rotation
changes, and the wheel and shaft, instead of rotating about their geometrical center, begin
to rotate about an axis through their center of gravity. The shaft itself is then deflected so
that for every revolution its geometrical center traces a circle around the center of gravity
of the rotating mass.

Critical speeds depend upon the magnitude or location of the load or loads carried by the
shaft, the length of the shaft, its diameter and the kind of supporting bearings. The normal
operating speed of a machine may or may not be higher than the critical speed. For
instance, some steam turbines exceed the critical speed, although they do not run long
enough at the critical speed for the vibrations to build up to an excessive amplitude. The
practice of the General Electric Co. at Schenectady is to keep below the critical speeds. It is
assumed that the maximum speed of a machine may be within 20 per cent high or low of the
critical speed without vibration troubles. Thus, in a design of steam turbine sets, critical
speed is a factor that determines the size of the shafts for both the generators and turbines.
Although a machine may run very close to the critical speed, the alignment and play of the
bearings, the balance and construction generally, will require extra care, resulting in a
more expensive machine; moreover, while such a machine may run smoothly for a consid-
erable time, any looseness or play that may develop later, causing a slight imbalance, will
immediately set up excessive vibrations.

The formulas commonly used to determine critical speeds are sufficiently accurate for
general purposes. There are cases, however, where the torque applied to a shaft has an
important effect on its critical speed. Investigations have shown that the critical speeds of
a uniform shaft are decreased as the applied torque is increased, and that there exist critical
torques which will reduce the corresponding critical speed of the shaft to zero. A detailed
analysis of the effects of applied torques on critical speeds may be found in a paper, “Crit-
ical Speeds of Uniform Shafts under Axial Torque,” by Golumb and Rosenberg, presented
at the First U.S. National Congress of Applied Mechanics in 1951.
Formulas for Critical Speeds.—The critical speed formulas given in the accompanying
table (from the paper on Critical Speed Calculation presented before the ASME by S. H.
Weaver) apply to (1) shafts with single concentrated loads and (2) shafts carrying uni-
formly distributed loads. These formulas also cover different conditions as regards bear-
ings. If the bearings are self-aligning or very short, the shaft is considered supported at the
ends; whereas, if the bearings are long and rigid, the shaft is considered fixed. These for-
mulas, for both concentrated and distributed loads, apply to vertical shafts as well as hori-
zontal shafts, the critical speeds having the same value in both cases. The data required for
the solution of critical speed problems are the same as for shaft deflection. As the shaft is
usually of variable diameter and its stiffness is increased by a long hub, an ideal shaft of
uniform diameter and equal stiffness must be assumed.
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Critical Speed Formulas

N =critical speed, RPM

N1 = critical speed of shaft alone

d =diameter of shaft, in inches

W =load applied to shaft, in pounds

l = distance between centers of bearings, in inches

a and  b = distances from bearings to load

In calculating critical speeds, the weight of the shaft is either neglected or, say, one-half
to two-thirds of the weight is added to the concentrated load. The formulas apply to steel
shafts having a modulus of elasticity E = 29,000,000. Although a shaft carrying a number
of loads or a distributed load may have an infinite number of critical speeds, ordinarily it is
the first critical speed that is of importance in engineering work. The first critical speed is
obtained by the formulas given in the distributed loads portion of the table Critical Speed
Formulas.

Formulas for Single Concentrated Load

Bearings supported Bearings supported Bearings fixed

 Bearings fixed One-fixed — One supported One fixed — One free end

Formulas for Distributed Loads—First Critical Speed

Bearings supported Bearings fixed One fixed—One free end

N 387 000
d

2

ab
------ l

W
-----,= N 1 550 500

d
2

l Wl
-------------, ,= N 387 000

d
2
l
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N 3 100 850
d

2
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d
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l
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l
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2
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N1 1 695 500
d

l
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Angular Velocity

Angular Velocity of Rotating Bodies.—The angular velocity of a rotating body is the
angle through which the body turns in a unit of time. Angular velocity is commonly
expressed in terms of revolutions per minute, but in certain engineering applications it is
necessary to express it as radians per second. By definition there are 2π radians in 360
degrees, or one revolution, so that one radian = 360  2π = 57.3 degrees. To convert angular
velocity in revolutions per minute, n, to angular velocity in radians per second, ω, multiply
by π and divide by 30:

(1)

The following table may be used to obtain angular velocity in radians per second for all
numbers of revolutions per minute from 1 to 239.

Example:To find the angular velocity in radians per second of a flywheel making 97 rev-
olutions per minute, locate 90 in the left-hand column and 7 at the top of the columns; at the
intersection of the two lines, the angular velocity is read off as equal to 10.16 radians per
second.

Linear Velocity of Points on a Rotating Body.—The linear velocity, ν, of any point on a
rotating body expressed in feet per second may be found by multiplying the angular veloc-
ity of the body in radians per second, ω, by the radius, r, in feet from the center of rotation
to the point:

(2)

The metric SI units are ν = meters per second; ω = radians per second, r = meters.

Angular Velocity in Revolutions per Minute Converted to Radians per Second

R.P.M.

Angular Velocity in Radians per Second

0 1 2 3 4 5 6 7 8 9

0 0.00 0.10 0.21 0.31 0.42 0.52 0.63 0.73 0.84 0.94
10 1.05 1.15 1.26 1.36 1.47 1.57 1.67 1.78 1.88 1.99
20 2.09 2.20 2.30 2.41 2.51 2.62 2.72 2.83 2.93 3.04
30 3.14 3.25 3.35 3.46 3.56 3.66 3.77 3.87 3.98 4.08
40 4.19 4.29 4.40 4.50 4.61 4.71 4.82 4.92 5.03 5.13
50 5.24 5.34 5.44 5.55 5.65 5.76 5.86 5.97 6.07 6.18
60 6.28 6.39 6.49 6.60 6.70 6.81 6.91 7.02 7.12 7.23
70 7.33 7.43 7.54 7.64 7.75 7.85 7.96 8.06 8.17 8.27
80 8.38 8.48 8.59 8.69 8.80 8.90 9.01 9.11 9.21 9.32
90 9.42 9.53 9.63 9.74 9.84 9.95 10.05 10.16 10.26 10.37

100 10.47 10.58 10.68 10.79 10.89 11.00 11.10 11.20 11.31 11.41
110 11.52 11.62 11.73 11.83 11.94 12.04 12.15 12.25 12.36 12.46
120 12.57 12.67 12.78 12.88 12.98 13.09 13.19 13.30 13.40 13.51
130 13.61 13.72 13.82 13.93 14.03 14.14 14.24 14.35 14.45 14.56
140 14.66 14.76 14.87 14.97 15.08 15.18 15.29 15.39 15.50 15.60
150 15.71 15.81 15.92 16.02 16.13 16.23 16.34 16.44 16.55 16.65
160 16.75 16.86 16.96 17.07 17.17 17.28 17.38 17.49 17.59 17.70
170 17.80 17.91 18.01 18.12 18.22 18.33 18.43 18.53 18.64 18.74
180 18.85 18.95 19.06 19.16 19.27 19.37 19.48 19.58 19.69 19.79
190 19.90 20.00 20.11 20.21 20.32 20.42 20.52 20.63 20.73 20.84
200 20.94 21.05 21.15 21.26 21.36 21.47 21.57 21.68 21.78 21.89
210 21.99 22.10 22.20 22.30 22.41 22.51 22.62 22.72 22.83 22.93
220 23.04 23.14 23.25 23.35 23.46 23.56 23.67 23.77 23.88 23.98
230 24.09 24.19 24.29 24.40 24.50 24.61 24.71 24.82 24.92 25.03

ω πn
30
------=

v ωr=
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Types of Pendulums

Types of Pendulums.—A compound or physical pendulum consists of any rigid body
suspended from a fixed horizontal axis about which the body may oscillate in a vertical
plane due to the action of gravity.

A simple or mathematical pendulum is similar to a compound pendulum except that the
mass of the body is concentrated at a single point which is suspended from a fixed horizon-
tal axis by a weightless cord. Actually, a simple pendulum cannot be constructed since it is
impossible to have either a weightless cord or a body whose mass is entirely concentrated
at one point. A good approximation, however, consists of a small, heavy bob suspended by
a light, fine wire. If these conditions are not met by the pendulum, it should be considered
as a compound pendulum.

A conical pendulum is similar to a simple pendulum except that the weight suspended by
the cord moves at a uniform speed around the circumference of a circle in a horizontal
plane instead of oscillating back and forth in a vertical plane. The principle of the conical
pendulum is employed in the Watt fly-ball governor.

A torsional pendulum in its simplest form consists of a disk fixed to a slender rod, the
other end of which is fastened to a fixed frame. When the disc is twisted through some
angle and released, it will then oscillate back and forth about the axis of the rod because of
the torque exerted by the rod.

Four Types of Pendulum

W = Weight of Disk

Physical Pendulum Simple Pendulum

Conical Pendulum Torsional Pendulum
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Pendulum Calculations

Pendulum Formulas.—From the formulas that follow, the period of vibration or time
required for one complete cycle back and forth may be determined for the types of pendu-
lums shown in the accompanying diagram.

For a simple pendulum,

(1)

where T = period in seconds for one complete cycle; g = acceleration due to gravity = 32.17
feet per second per second (approximately); and l is the length of the pendulum in feet as
shown on the accompanying diagram.

For a physical or compound pendulum,

(2)

where k0 = radius of gyration of the pendulum about the axis of rotation, in feet, and r is the
distance from the axis of rotation to the center of gravity, in feet.

The metric SI units that can be used in the two above formulas are T = seconds; g =
approximately 9.81 meters per second squared, which is the value for acceleration
due to gravity; l = the length of the pendulum in meters; k0 = the radius of gyration in
meters, and r = the distance from the axis of rotation to the center of gravity, in
meters.

Formulas (1) and (2) are accurate when the angle of oscillation θ shown in the diagram is
very small. For θ equal to 22 degrees, these formulas give results that are too small by 1 per
cent; for θ equal to 32 degrees, by 2 per cent.

For a conical pendulum, the time in seconds for one revolution is:

For a torsional pendulum consisting of a thin rod and a disk as shown in the figure

(4)

where W = weight of disk in pounds; r = radius of disk in feet; l = length of rod in feet; d =
diameter of rod in feet; and G = modulus of elasticity in shear of the rod material in pounds
per square inch.

The formula using metric SI units is:

where T = time in seconds for one complete oscillation; M = mass in kilograms; r =
radius in meters; l = length of rod in meters; d = diameter of rod in meters; G = mod-
ulus of elasticity in shear of the rod material in pascals (newtons per meter squared).
The same formula can be applied using millimeters, providing dimensions are
expressed in millimeters throughout, and the modulus of elasticity in megapascals
(newtons per millimeter squared).

(3a) or (3b)
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Properties of Friction

Friction is the resistance to motion that takes place when one body is moved upon
another, and is generally defined as “that force which acts between two bodies at their sur-
face of contact, so as to resist their sliding on each other.” According to the conditions
under which sliding occurs, the force of friction, F, bears a certain relation to the force
between the two bodies called the normal force N. The relation between force of friction
and normal force is given by the coefficient of friction, generally denoted by the Greek let-
ter µ. Thus:

A body weighing 28 pounds rests on a horizontal surface. The force required to keep it in
motion along the surface is 7 pounds. Find the coefficient of friction.

If a body is placed on an inclined plane, the friction between the body and the plane will
prevent it from sliding down the inclined surface, provided the angle of the plane with the
horizontal is not too great. There will be a certain angle, however, at which the body will
just barely be able to remain stationary, the frictional resistance being very nearly over-
come by the tendency of the body to slide down. This angle is termed the angle of repose,
and the tangent of this angle equals the coefficient of friction. The angle of repose is fre-
quently denoted by the Greek letter θ. Thus, µ = tan θ.

A greater force is required to start a body moving from a state of rest than to merely keep
it in motion, because the friction of rest is greater than the friction of motion.

Laws of Friction.—The laws of friction for unlubricated or dry surfaces are summarized
in the following statements.

1) For low pressures (normal force per unit area) the friction is directly proportional to
the normal force between the two surfaces. As the pressure increases, the friction does not
rise proportionally; but when the pressure becomes abnormally high, the friction increases
at a rapid rate until seizing takes place.

2) The friction both in its total amount and its coefficient is independent of the areas in
contact, so long as the normal force remains the same. This is true for moderate pressures
only. For high pressures, this law is modified in the same way as in the first case.

3) At very low velocities the friction is independent of the velocity of rubbing. As the
velocities increase, the friction decreases.

Lubricated Surfaces:  For well lubricated surfaces, the laws of friction are considerably
different from those governing dry or poorly lubricated surfaces.

1) The frictional resistance is almost independent of the pressure (normal force per unit
area) if the surfaces are flooded with oil.

2) The friction varies directly as the speed, at low pressures; but for high pressures the
friction is very great at low velocities, approaching a minimum at about two feet per second
linear velocity, and afterwards increasing approximately as the square root of the speed.

3) For well lubricated surfaces the frictional resistance depends, to a very great extent, on
the temperature, partly because of the change in the viscosity of the oil and partly because,
for a journal bearing, the diameter of the bearing increases with the rise of temperature
more rapidly than the diameter of the shaft, thus relieving the bearing of side pressure.

4) If the bearing surfaces are flooded with oil, the friction is almost independent of the
nature of the material of the surfaces in contact. As the lubrication becomes less ample, the
coefficient of friction becomes more dependent upon the material of the surfaces.

F µ N×= and µ F
N
----=

µ F
N
----

7
28
------ 0.25= = =
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Influence of Friction on the Efficiency of Small Machine Elements.—Fr ic t ion
between machine parts lowers the efficiency of a machine. Average values of the effi-
ciency, in per cent, of the most common machine elements when carefully made are ordi-
nary bearings, 95 to 98; roller bearings, 98; ball bearings, 99; spur gears with cut teeth,
including bearings, 99; bevel gears with cut teeth, including bearings, 98; belting, from 96
to 98; high-class silent power transmission chain, 97 to 99; roller chains, 95 to 97.

Coefficients of Friction.—Tables 1 and 2 provide representative values of static friction
for various combinations of materials with dry (clean, unlubricated) and lubricated sur-
faces. The values for static or breakaway friction shown in these tables will generally be
higher than the subsequent or sliding friction. Typically, the steel-on-steel static coeffi-
cient of 0.8 unlubricated will drop to 0.4 when sliding has been initiated; with oil lubrica-
tion, the value will drop from 0.16 to 0.03.

Many factors affect friction, and even slight deviations from normal or test conditions
can produce wide variations. Accordingly, when using friction coefficients in design cal-
culations, due allowance or factors of safety should be considered, and in critical applica-
tions, specific tests conducted to provide specific coefficients for material, geometry,
and/or lubricant combinations.

Rolling Friction.— When a body rolls on a surface, the force resisting the motion is
termed rolling friction or rolling resistance. Let W = total weight of rolling body or load on
wheel, in pounds; r = radius of wheel, in inches; f = coefficient of rolling resistance, in
inches. Then: resistance to rolling, in pounds = (W × f) ÷ r.

The coefficient of rolling resistance varies with the conditions. For wood on  wood it may
be assumed as 0.06 inch; for iron on iron, 0.02 inch; iron on granite, 0.085 inch; iron on
asphalt, 0.15 inch; and iron on wood, 0.22 inch.

The coefficient of rolling resistance, f, is in inches and is not the same as the sliding or
static coefficient of friction given in Tables 1 and 2, which is a dimensionless ratio between
frictional resistance and normal load. Various investigators are not in close agreement on
the true values for these coefficients and the foregoing values should only be used for the
approximate calculation of rolling resistance.

Table 1. Coefficients of Static Friction for Steel on Various Materials

Material

Coefficient of Friction, µ
Clean Lubricated

Steel 0.8 0.16

Copper-lead alloy 0.22 …

Phosphor-bronze 0.35 …

Aluminum-bronze 0.45 …

Brass 0.35 0.19

Cast iron 0.4 0.21

Bronze … 0.16

Sintered bronze … 0.13

Hard carbon 0.14 0.11–0.14

Graphite 0.1 0.1

Tungsten carbide 0.4–0.6 0.1–0.2

Plexiglas 0.4–0.5 0.4–0.5

Polystyrene 0.3–0.35 0.3–0.35

Polythene 0.2 0.2

Teflon 0.04 0.04
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Tables 1 and 2 used with permission from The Friction and Lubrication of Solids, Vol. 1, by
Bowden and Tabor, Clarendon Press, Oxford, 1950.

Table 2. Coefficients of Static Friction for Various Materials Combinations

Material Combination

Coefficient of Friction, µ

Clean Lubricated

Aluminum-aluminum 1.35 0.30

Cadmium-cadmium 0.5 0.05

Chromium-chromium 0.41 0.34

Copper-copper 1.0 0.08

Iron-iron 1.0 0.15 –0.20

Magnesium-magnesium 0.6 0.08

Nickel-nickel 0.7 0.28

Platinum-platinum 1.2 0.25

Silver-silver 1.4 0.55

Zinc-zinc 0.6 0.04

Glass-glass 0.9–1.0 0.1–0.6

Glass-metal 0.5–0.7 0.2–0.3

Diamond-diamond 0.1 0.05–0.1

Diamond-metal 0.1–0.15 0.1

Sapphire-sapphire 0.2 0.2

Hard carbon on carbon 0.16 0.12–0.14

Graphite-graphite (in vacuum) 0.5–0.8 …

Graphite-graphite 0.1 0.1

Tungsten carbide-tungsten carbide 0.2–0.25 0.12

Plexiglas-plexiglas 0.8 0.8

Polystyrene-polystyrene 0.5 0.5

Teflon-Teflon 0.04 0.04

Nylon-nylon 0.15–0.25 …

Solids on rubber 1–4 …

Wood on wood (clean) 0.25–0.5 …

Wood on wood (wet) 0.2 …

Wood on metals (clean) 0.2–0.6 …

Wood on metals (wet) 0.2 …

Brick on wood 0.6 …

Leather on wood 0.3–0.4 …

Leather on metal (clean) 0.6 …

Leather on metal (wet) 0.4 …

Leather on metal (greasy) 0.2 …

Brake material on cast iron 0.4 …

Brake material on cast iron (wet) 0.2 …
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STRENGTH OF MATERIALS

Strength of Materials

Strength of materials deals with the relations between the external forces applied to elas-
tic bodies and the resulting deformations and stresses. In the design of structures and
machines, the application of the principles of strength of materials is necessary if satisfac-
tory materials are to be utilized and adequate proportions obtained to resist functional
forces.

Forces are produced by the action of gravity, by accelerations and impacts of moving
parts, by gasses and fluids under pressure, by the transmission of mechanical power, etc. In
order to analyze the stresses and deflections of a body, the magnitudes, directions and
points of application of forces acting on the body must be known. Information given in the
Mechanics section provides the basis for evaluating force systems.

The time element in the application of a force on a body is an important consideration.
Thus a force may be static or change so slowly that its maximum value can be treated as if
it were static; it may be suddenly applied, as with an impact; or it may have a repetitive or
cyclic behavior.

The environment in which forces act on a machine or part is also important. Such factors
as high and low temperatures; the presence of corrosive gases, vapors and liquids; radia-
tion, etc. may have a marked effect on how well parts are able to resist stresses.

Throughout the Strength of Materials section in this Handbook, both English and
metric SI data and formulas are given to cover the requirements of working in either
system of measurement. Formulas and text relating exclusively to SI units are given
in bold-face type.

Mechanical Properties of Materials.—Many mechanical properties of materials are
determined from tests, some of which give relationships between stresses and strains as
shown by the curves in the accompanying figures.

Stress is force per unit area and is usually expressed in pounds per square inch. If the
stress tends to stretch or lengthen the material, it is called tensile stress; if to compress or
shorten the material, a compressive stress; and if to shear the material, a shearing stress.
Tensile and compressive stresses always act at right-angles to (normal to) the area being
considered; shearing stresses are always in the plane of the area (at right-angles to com-
pressive or tensile stresses).

Fig. 1. Stress-strain curves

In the SI, the unit of stress is the pascal (Pa), the newton per meter squared (N/m2).
The megapascal (newtons per millimeter squared) is often an appropriate sub-multi-
ple for use in practice.

Unit strain is the amount by which a dimension of a body changes when the body is sub-
jected to a load, divided by the original value of the dimension. The simpler term strain is
often used instead of unit strain.

Proportional limit is the point on a stress-strain curve at which it begins to deviate from
the straight-line relationship between stress and strain.



196 STRENGTH OF MATERIALS

Elastic limit is the maximum stress to which a test specimen may be subjected and still
return to its original length upon release of the load. A material is said to be stressed within
the elastic region when the working stress does not exceed the elastic limit, and to be
stressed in the plastic region when the working stress does exceed the elastic limit. The
elastic limit for steel is for all practical purposes the same as its proportional limit.

Yield point is a point on the stress-strain curve at which there is a sudden increase in strain
without a corresponding increase in stress. Not all materials have a yield point. Some rep-
resentative values of the yield point (in ksi) are as follows:

Yield strength, Sy, is the maximum stress that can be applied without permanent deforma-
tion of the test specimen. This is the value of the stress at the elastic limit for materials for
which there is an elastic limit. Because of the difficulty in determining the elastic limit, and
because many materials do not have an elastic region, yield strength is often determined by
the offset method as illustrated by the accompanying figure at (3). Yield strength in such a
case is the stress value on the stress-strain curve corresponding to a definite amount of per-
manent set or strain, usually 0.1 or 0.2 per cent of the original dimension.

Ultimate strength, Su, (also called tensile strength) is the maximum stress value obtained
on a stress-strain curve.

Modulus of elasticity, E, (also called Young's modulus) is the ratio of unit stress to unit
strain within the proportional limit of a material in tension or compression. Some represen-
tative values of Young's modulus (in 106 psi) are as follows:

Modulus of elasticity in shear, G, is the ratio of unit stress to unit strain within the propor-
tional limit of a material in shear.

Poisson's ratio, µ, is the ratio of lateral strain to longitudinal strain for a given material
subjected to uniform longitudinal stresses within the proportional limit. The term is found
in certain equations associated with strength of materials. Values of Poisson's ratio for
common materials are as follows:

Compressive Properties.—From compression tests, compressive yield strength, Scy, and
compressive ultimate strength, Scu, are determined. Ductile materials under compression

Aluminum, wrought, 2014-T6 60 Titanium, pure 55–70
Aluminum, wrought, 6061-T6 35 Titanium, alloy, 5Al, 2.5Sn 110
Beryllium copper 140 Steel for bridges and buildings, 

ASTM A7-61T, all shapes
33

Brass, naval 25–50
Cast iron, malleable 32–45 Steel, castings, high strength, for structural 

purposes, ASTM A148.60 (seven grades)
40–145

Cast iron, nodular 45–65
Magnesium, AZ80A-T5 38 Steel, stainless (0.08–0.2C, 17Cr, 7Ni) 1⁄4 78

Aluminum, cast, pure 9 Magnesium, AZ80A-T5 6.5
Aluminum, wrought, 2014-T6 10.6 Titanium, pure 15.5
Beryllium copper 19 Titanium, alloy, 5 Al, 2.5 Sn 17
Brass, naval 15 Steel for bridges and buildings, 

ASTM A7-61T, all shapes
29

Bronze, phosphor, ASTM B159 15
Cast iron, malleable 26 Steel, castings, high strength, for structural 

purposes, ASTM A148-60 (seven grades)
29

Cast iron, nodular 23.5

Aluminum 0.334 Nickel silver 0.322
Beryllium copper 0.285 Phosphor bronze 0.349
Brass 0.340 Rubber 0.500
Cast iron, gray 0.211 Steel, cast 0.265
Copper 0.340 high carbon 0.295
Inconel 0.290 mild 0.303
Lead 0.431 nickel 0.291
Magnesium 0.350 Wrought iron 0.278
Monel metal 0.320 Zinc 0.331
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loading merely swell or buckle without fracture, hence do not have a compressive ultimate
strength.

Shear Properties.—The properties of shear yield strength, Ssy, shear ultimate strength,
Ssu, and the modulus of rigidity, G, are determined by direct shear and torsional tests. The
modulus of rigidity is also known as the modulus of elasticity in shear. It is the ratio of the
shear stress, τ, to the shear strain, γ, in radians, within the proportional limit: G = τ/γ.
Fatigue Properties.—When a material is subjected to many cycles of stress reversal or
fluctuation (variation in magnitude without reversal), failure may occur, even though the
maximum stress at any cycle is considerably less than the value at which failure would
occur if the stress were constant. Fatigue properties are determined by subjecting test spec-
imens to stress cycles and counting the number of cycles to failure. From a series of such
tests in which maximum stress values are progressively reduced, S-N diagrams can be
plotted as illustrated by the accompanying figures. The S-N diagram Fig. 2a shows the
behavior of a material for which there is an endurance limit, Sen. Endurance limit is the
stress value at which the number of cycles to failure is infinite. Steels have endurance lim-
its that vary according to hardness, composition, and quality; but many non-ferrous metals
do not. The S-N diagram Fig. 2b does not have an endurance limit. For a metal that does not
have an endurance limit, it is standard practice to specify fatigue strength as the stress value
corresponding to a specific number of stress reversals, usually 100,000,000 or
500,000,000.

The Influence of Mean Stress on Fatigue.—Most published data on the fatigue proper-
ties of metals are for completely reversed alternating stresses, that is, the mean stress of the
cycle is equal to zero. However, if a structure is subjected to stresses that fluctuate between
different values of tension and compression, then the mean stress is not zero.

When fatigue data for a specified mean stress and design life are not available for a mate-
rial, the influence of nonzero mean stress can be estimated from empirical relationships
that relate failure at a given life, under zero mean stress, to failure at the same life under
zero mean cyclic stress. One widely used formula is Goodman's linear relationship, which
is

where Sa is the alternating stress associated with some nonzero mean stress, Sm. S is the
alternating fatigue strength at zero mean stress. Su is the ultimate tensile strength.

Goodman's linear relationship is usually represented graphically on a so-called Good-
man Diagram, as shown below. The alternating fatigue strength or the alternating stress for
a given number of endurance cycles is plotted on the ordinate (y-axis) and the static tensile
strength is plotted on the abscissa (x-axis). The straight line joining the alternating fatigue
strength, S, and the tensile strength, Su, is the Goodman line.

The value of an alternating stress Sax at a known value of mean stress Smx is determined as
shown by the dashed lines on the diagram.

Fig. 2a. S-N endurance limit Fig. 2b. S-N no endurance limit

Sa S 1 Sm Su⁄–( )=
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Goodman Diagram

For ductile materials, the Goodman law is usually conservative, since approximately 90
per cent of actual test data for most ferrous and nonferrous alloys fall above the Goodman
line, even at low endurance values where the yield strength is exceeded. For many brittle
materials, however, actual test values can fall below the Goodman line, as illustrated
below:

Mean Tensile Stress

As a rule of thumb, materials having an elongation of less than 5 per cent in a tensile test
may be regarded as brittle. Those having an elongation of 5 per cent or more may be
regarded as ductile.
Cumulative Fatigue Damage.—Most data are determined from tests at a constant stress
amplitude. This is easy to do experimentally, and the data can be presented in a straightfor-
ward manner. In actual engineering applications, however, the alternating stress amplitude
usually changes in some way during service operation. Such changes, referred to as “spec-
trum loading,” make the direct use of standard S-N fatigue curves inappropriate. A prob-
lem exists, therefore, in predicting the fatigue life under varying stress amplitude from
conventional, constant-amplitude S-N fatigue data.

The assumption in predicting spectrum loading effects is that operation at a given stress
amplitude and number of cycles will produce a certain amount of permanent fatigue dam-
age and that subsequent operation at different stress amplitude and number of cycles will
produce additional fatigue damage and a sequential accumulation of total damage, which
at a critical value will cause fatigue failure. Although the assumption appears simple, the
amount of damage incurred at any stress amplitude and number of cycles has proven diffi-
cult to determine, and several “cumulative damage” theories have been advanced.

One of the first and simplest methods for evaluating cumulative damage is known as
Miner's law or the linear damage rule, where it is assumed that n1 cycles at a stress of S1, for
which the average number of cycles to failure is N1, cause an amount of damage n1/N1.
Failure is predicted to occur when

Σn N⁄ 1=
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The term n/N is known as the “cycle ratio” or the damage fraction.
The greatest advantages of the Miner rule are its simplicity and prediction reliability,

which approximates that of more complex theories. For these reasons the rule is widely
used. It should be noted, however, that it does not account for all influences, and errors are
to be expected in failure prediction ability.
Modes of Fatigue Failure.—Several modes of fatigue failure are:

Low/High-Cycle Fatigue: This fatigue process covers cyclic loading in two significantly
different domains, with different physical mechanisms of failure. One domain is charac-
terized by relatively low cyclic loads, strain cycles confined largely to the elastic range,
and long lives or a high number of cycles to failure; traditionally, this has been called
“high-cycle fatigue.” The other domain has cyclic loads that are relatively high, significant
amounts of plastic strain induced during each cycle, and short lives or a low number of
cycles to failure. This domain has commonly been called “low-cycle fatigue” or cyclic
strain-controlled fatigue.

The transition from low- to high-cycle fatigue behavior occurs in the range from approx-
imately 10,000 to 100,000 cycles. Many define low-cycle fatigue as failure that occurs in
50,000 cycles or less.

Thermal Fatigue: Cyclic temperature changes in a machine part will produce cyclic
stresses and strains if natural thermal expansions and contractions are either wholly or par-
tially constrained. These cyclic strains produce fatigue failure just as though they were
produced by external mechanical loading. When strain cycling is produced by a fluctuat-
ing temperature field, the failure process is termed “thermal fatigue.”

While thermal fatigue and mechanical fatigue phenomena are very similar, and can be
mathematically expressed by the same types of equations, the use of mechanical fatigue
results to predict thermal fatigue performance must be done with care. For equal values of
plastic strain range, the number of cycles to failure is usually up to 2.5 times lower for ther-
mally cycled than for mechanically cycled samples.

Corrosion Fatigue: Corrosion fatigue is a failure mode where cyclic stresses and a corro-
sion-producing environment combine to initiate and propagate cracks in fewer stress
cycles and at lower stress amplitudes than would be required in a more inert environment.
The corrosion process forms pits and surface discontinuities that act as stress raisers to
accelerate fatigue cracking. The cyclic loads may also cause cracking and flaking of the
corrosion layer, baring fresh metal to the corrosive environment. Each process accelerates
the other, making the cumulative result more serious.

Surface or Contact Fatigue: Surface fatigue failure is usually associated with rolling
surfaces in contact, and results in pitting, cracking, and spalling of the contacting surfaces
from cyclic Hertz contact stresses that cause the maximum values of cyclic shear stresses
to be slightly below the surface. The cyclic subsurface shear stresses generate cracks that
propagate to the contacting surface, dislodging particles in the process.

Combined Creep and Fatigue: In this failure mode, all of the conditions for both creep
failure and fatigue failure exist simultaneously. Each process influences the other in pro-
ducing failure, but this interaction is not well understood.
Factors of Safety.—There is always a risk that the working stress to which a member is
subjected will exceed the strength of its material. The purpose of a factor of safety is to
minimize this risk.

Factors of safety can be incorporated into design calculations in many ways. For most
calculations the following equation is used:

(1)

where fs is the factor of safety, Sm is the strength of the material in pounds per square inch,
and Sw is the allowable working stress, also in pounds per square inch. Since the factor of

sw Sm fs⁄=
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safety is greater than 1, the allowable working stress will be less than the strength of the
material.

In general, Sm is based on yield strength for ductile materials, ultimate strength for brittle
materials, and fatigue strength for parts subjected to cyclic stressing. Most strength values
are obtained by testing standard specimens at 68°F. in normal atmospheres. If, however,
the character of the stress or environment differs significantly from that used in obtaining
standard strength data, then special data must be obtained. If special data are not available,
standard data must be suitably modified.

General recommendations for values of factors of safety are given in the following list.

Working Stress.—Calculated working stresses are the products of calculated nominal
stress values and stress concentration factors. Calculated nominal stress values are based
on the assumption of idealized stress distributions. Such nominal stresses may be simple
stresses, combined stresses, or cyclic stresses. Depending on the nature of the nominal
stress, one of the following equations applies:

where K is a stress concentration factor; σ and τ are, respectively, simple normal (tensile or
compressive) and shear stresses; σ′ and τ′  are combined normal and shear stresses; σcy and
τcy are cyclic normal and shear stresses.

Where there is uneven stress distribution, as illustrated in the table (on page204) of sim-
ple stresses for Cases 3, 4 and 6, the maximum stress is the one to which the stress concen-
tration factor is applied in computing working stresses. The location of the maximum
stress in each case is discussed under the section Simple Stresses and the formulas for these
maximum stresses are given in the Table of Simple Stresses on page204.

Stress Concentration Factors.—Stress concentration is related to type of material, the
nature of the stress, environmental conditions, and the geometry of parts. When stress con-
centration factors that specifically match all of the foregoing conditions are not available,
the following equation may be used:

(8)

Kt is a theoretical stress concentration factor that is a function only of the geometry of a
part and the nature of the stress; q is the index of sensitivity of the material. If the geometry
is such as to provide no theoretical stress concentration, Kt = 1.

Curves for evaluating Kt are on pages 201 through 204. For constant stresses in cast iron
and in ductile materials, q = 0 (hence K = 1). For constant stresses in brittle materials such
as hardened steel, q may be taken as 0.15; for very brittle materials such as steels that have
been quenched but not drawn, q may be taken as 0.25. When stresses are suddenly applied
(impact stresses) q ranges from 0.4 to 0.6 for ductile materials; for cast iron it is taken as
0.5; and, for brittle materials, 1.

fs Application
1.3–1.5 For use with highly reliable materials where loading and environmental conditions are not 

severe, and where weight is an important consideration.
1.5–2 For applications using reliable materials where loading and environmental conditions are not 

severe.
2–2.5 For use with ordinary materials where loading and environmental conditions are not severe.
2.5–3 For less tried and for brittle materials where loading and environmental conditions are not 

severe.
3–4 For applications in which material properties are not reliable and where loading and environ-

mental conditions are not severe, or where reliable materials are to be used under difficult 
loading and environmental conditions.

sw =Kσ (2) 
sw =Kτ (3) 

sw =Kσ′ (4) 
sw =Kτ′ (5) 

sw =Kσcy (6) 
sw =Kτcy (7) 

K 1 q Kt 1–( )+=
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Fig. 3. Stress-concentration factor, Kt , for a filleted shaft in tension

Fig. 4. Stress-concentration factor, Kt, for a filleted shaft in torsiona
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Fig. 5. Stress-concentration factor, Kt , for a shaft with shoulder fillet in bendinga

Fig. 6. Stress-concentration factor, Kt , for a shaft, with a transverse hole, in torsiona
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Fig. 7. Stress-concentration factor, Kt , for a grooved shaft in bendinga

Fig. 8. Stress-concentration factor, Kt , for a grooved shaft in torsiona

2.5

2.0

1.5

1.0

S
tr

es
s-

co
nc

en
tr

at
io

n 
F

ac
to

r,
 K

t

0 0.05 0.10

∞

0.15

r/d

5

1.05

1.01

0.20 0.25 0.30

D/d

1.10

M Md

r

D

2.5

2.0

1.5

1.0

S
tr

es
s-

co
nc

en
tr

at
io

n 
F

ac
to

r,
 K

t

0 0.05 0.10

∞

0.15

r/d

2
1.2

1.05

0.20 0.25 0.30

D/d

d

r

D

T T

1.01



204 STRENGTH OF MATERIALS

Simple Stresses.—Simple stresses are produced by constant conditions of loading on ele-
ments that can be represented as beams, rods, or bars. The table on page204 summarizes
information pertaining to the calculation of simple stresses. Following is an explanation of
the symbols used in simple stress formulae: σ = simple normal (tensile or compressive)
stress in pounds per square inch; τ = simple shear stress in pounds per square inch; F =
external force in pounds; V = shearing force in pounds; M = bending moment in inch-
pounds; T = torsional moment in inch-pounds; A = cross-sectional area in square inches; Z
= section modulus in inches3; Zp = polar section modulus in inches3; I = moment of inertia
in inches4; J = polar moment of inertia in inches4; a = area of the web of wide flange and I
beams in square inches; y = perpendicular distance from axis through center of gravity of
cross-sectional area to stressed fiber in inches; c = radial distance from center of gravity to
stressed fiber in inches.

Fig. 9. Stress-concentration factor, Kt , for a shaft, with a transverse hole, in bendinga

a Source: R. E. Peterson, Design Factors for Stress Concentration, Machine Design, vol. 23, 1951.
For other stress concentration charts, see Lipson and Juvinall, The Handbook of Stress and Strength,
The Macmillan Co., 1963. 

Table of Simple Stresses 

Case Type of
Loading Illustration Stress

Distribution
Stress

Equations

1 Direct
tension Uniform (9)

2 Direct
compression Uniform (10)

3 Bending

Bending moment diagram Neutral plane

(11)
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SI metric units can be applied in the calculations in place of the English units of
measurement without changes to the formulas. The SI units are the newton (N),
which is the unit of force; the meter; the meter squared; the pascal (Pa) which is the
newton per meter squared (N/M2); and the newton-meter (N · m) for moment of
force. Often in design work using the metric system, the millimeter is employed
rather than the meter. In such instances, the dimensions can be converted to meters
before the stress calculations are begun. Alternatively, the same formulas can be
applied using millimeters in place of the meter, providing the treatment is consistent
throughout. In such instances, stress and strength properties must be expressed in
megapascals (MPa), which is the same as newtons per millimeter squared (N/mm2),
and moments in newton-millimeters (N · mm2).  Note: 1 N/mm2 = 1 N/10−6m2 = 106

N/m2 = 1 meganewton/m2 = 1 megapascal.

For direct tension and direct compression loading, Cases 1 and 2 in the table on page204,
the force F must act along a line through the center of gravity of the section at which the
stress is calculated. The equation for direct compression loading applies only to members
for which the ratio of length to least radius of gyration is relatively small, approximately
20, otherwise the member must be treated as a column.

The table Stresses and Deflections in Beams starting on page 237 give equations for cal-
culating stresses due to bending for common types of beams and conditions of loading.
Where these tables are not applicable, stress may be calculated using Equation (11) in the
table on page204. In using this equation it is necessary to determine the value of the bend-
ing moment at the point where the stress is to be calculated. For beams of constant cross-
section, stress is ordinarily calculated at the point coinciding with the maximum value of
bending moment. Bending loading results in the characteristic stress distribution shown in
the table for Case 3. It will be noted that the maximum stress values are at the surfaces far-
thest from the neutral plane. One of the surfaces is stressed in tension and the other in com-
pression. It is for this reason that the ± sign is used in Equation (11). Numerous tables for
evaluating section moduli are given in the section starting on page217.

4 Bending

Shearing force diagram
Neutral plane

For beams of rectangular 
cross-section:

(12)

For beams of solid circular 
cross-section:

(13)

For wide flange and I beams 
(approximately):

(14)

5 Direct
shear Uniform (15)

6 Torsion (16)

Table of Simple Stresses (Continued) 

Case Type of
Loading Illustration Stress

Distribution
Stress

Equations

τ 3V
2A
-------=

τ 4V
3A
-------=

τ V
a
---=

τ F
A
---=

τ T
Zp
------

Tc
J

------= =
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Shear stresses caused by bending have maximum values at neutral planes and zero values
at the surfaces farthest from the neutral axis, as indicated by the stress distribution diagram
shown for Case 4 in the . Values for V in Equations (12),  (13) and  (14) can be determined
from shearing force diagrams. The shearing force diagram shown in Case 4 corresponds to
the bending moment diagram for Case 3. As shown in this diagram, the value taken for V is
represented by the greatest vertical distance from the x axis. The shear stress caused by
direct shear loading, Case 5, has a uniform distribution. However, the shear stress caused
by torsion loading, Case 6, has a zero value at the axis and a maximum value at the surface
farthest from the axis.

Deflections.—For direct tension and direct compression loading on members with uni-
form cross sections, deflection can be calculated using Equation (17). For direct tension
loading, e is an elongation; for direct compression loading, e is a contraction. Deflection is
in inches when the load F is in pounds, the length L over which deflection occurs is in
inches, the cross-sectional area A is in square inches, and the modulus of elasticity E is in
pounds per square inch. The angular deflection of members with uniform circular cross
sections subject to torsion loading can be calculated with Equation (18).

The angular deflection θ is in radians when the torsional moment T is in inch-pounds, the
length L over which the member is twisted is in inches, the modulus of rigidity G is in
pounds per square inch, and the polar moment of inertia J is in inches4.

Metric SI units can be used in Equations (17) and  (18), where F = force in newtons
(N); L = length over which deflection or twisting occurs in meters; A = cross-sectional
area in meters squared; E = the modulus of elasticity in (newtons per meter squared);
θ = radians; T = the torsional moment in newton-meters (N·m); G = modulus of rigid-
ity, in pascals; and J = the polar moment of inertia in meters4. If the load (F) is applied
as a weight, it should be noted that the weight of a mass M kilograms is Mg newtons,
where g = 9.81 m/s2. Millimeters can be used in the calculations in place of meters,
providing the treatment is consistent throughout.

Combined Stresses.—A member may be loaded in such a way that a combination of sim-
ple stresses acts at a point. Three general cases occur, examples of which are shown in the
accompanying illustration Fig. 10.

Superposition of stresses: Fig. 10 at (1) illustrates a common situation that results in sim-
ple stresses combining by superposition at points a and b. The equal and opposite forces F1
will cause a compressive stress σ1 = − F1/A. Force F2 will cause a bending moment M to
exist in the plane of points a and b. The resulting stress σ2 = ± M/Z. The combined stress at
point a,

where the minus sign indicates a compressive stress and the plus sign a tensile stress. Thus,
the stress at a will be compressive and at b either tensile or compressive depending on
which term in the equation for σb′ has the greatest value.

Normal stresses at right angles: This is shown in Fig. 10 at (2). This combination of
stresses occurs, for example, in tanks subjected to internal or external pressure. The princi-
ple normal stresses are σx = F1/A1, σy = F2/A2, and σz = 0 in this plane stress problem. Deter-
mine the values of these three stresses with their signs, order them algebraically, and then
calculate the maximum shear stress:

(21)

(17) (18)

(19) and at b, (20)

e FL AE⁄= θ TL GJ⁄=

σa
′

F1

A
------–

M
Z
-----–= σb

′
F1

A
------–

M
Z
-----+=

τ σ largest σsmallest–( ) 2⁄=
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Normal and shear stresses: The example in Fig. 10 at (3) shows a member subjected to a
torsional shear stress, τ = T/Zp, and a direct compressive stress, σ = − F/A. At some point a
on the member the principal normal stresses are calculated using the equation,

(22)

The maximum shear stress is calculated by using the equation,

(23)

The point a should ordinarily be selected where stress is a maximum value. For the exam-
ple shown in the figure at (3), the point a can be anywhere on the cylindrical surface
because the combined stress has the same value anywhere on that surface.

Fig. 10. Types of Combined Loading

Tables of Combined Stresses.—Beginning on page208, these tables list equations for
maximum nominal tensile or compressive (normal) stresses, and maximum nominal shear
stresses for common machine elements. These equations were derived using general Equa-
tions (19),  (20),  (22), and  (23). The equations apply to the critical points indicated on the
figures. Cases 1 through 4 are cantilever beams. These may be loaded with a combination
of a vertical and horizontal force, or by a single oblique force. If the single oblique force F
and the angle θ are given, then horizontal and vertical forces can be calculated using the
equations Fx = F cos θ and Fy = F sin θ. In cases 9 and 10 of the table, the equations for σa′
can give a tensile and a compressive stress because of the ± sign in front of the radical.
Equations involving direct compression are valid only if machine elements have relatively
short lengths with respect to their sections, otherwise column equations apply.

Calculation of worst stress condition: Stress failure can occur at any critical point if
either the tensile, compressive, or shear stress properties of the material are exceeded by
the corresponding working stress. It is necessary to evaluate the factor of safety for each
possible failure condition.

The following rules apply to calculations using equations in the , and to calculations
based on Equations (19) and  (20). Rule 1: For every calculated normal stress there is a cor-
responding induced shear stress; the value of the shear stress is equal to half that of the nor-
mal stress. Rule 2: For every calculated shear stress there is a corresponding induced
normal stress; the value of the normal stress is equal to that of the shear stress. The tables of
combined stresses includes equations for calculating both maximum nominal tensile or
compressive stresses, and maximum nominal shear stresses.

σ′ σ
2
---

σ
2
--- 

  2
τ2

+±=

τ′ σ
2
--- 

  2
τ2

+=
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Formulas for Combined Stresses
(1) Circular cantilever beam in direct compression and bending: 

(2) Circular cantilever beam in direct tension and bending: 

(3) Rectangular cantilever beam in direct compression and bending: 

(4) Rectangular cantilever beam in direct tension and bending: 

(5) Circular beam or shaft in direct compression and bending: 

(6) Circular beam or shaft in direct tension and bending: 

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

σa
′ 1.273

d
2

-------------
8LFy

d
------------- Fx– 

 = τa
′ 0.5σa

′=

σb
′ 1.273

d
2

-------------
8LFy

d
------------- Fx+ 

 –= τb
′ 0.5σb

′=

σa
′ 1.273

d
2

------------- Fx

8LFy

d
-------------+ 

   = τa
′ 0.5σa

′=

σb
′ 1.273

d
2

------------- Fx

8LFy

d
-------------– 

 = τb
′ 0.5σb

′=

σa
′ 1

bh
------

6LFy

h
------------- Fx– 

 = τa
′ 0.5σa

′=

σb
′ 1

bh
------

6LFy

h
------------- Fx+ 

 –= τb
′ 0.5σb

′=

σa
′ 1

bh
------ Fx

6LFy

h
-------------+ 

 = τa
′ 0.5σa

′=

σb
′ 1

bh
------ Fx

6LFy

h
-------------– 

 = τb
′ 0.5σb

′=

σa
′ 1.273

d2
-------------–

2LFy

d
------------- Fx+ 

 = τa
′ 0.5σa

′=

σb
′ 1.273

d2
-------------

2LFy

d
------------- Fx– 

 = τb
′ 0.5σb

′=

σa
′ 1.273

d2
------------- Fx

2LFy

d
-------------– 

 = τa
′ 0.5σa

′=

σb
′ 1.273

d2
------------- Fx

2LFy

d
-------------+ 

 = τb
′ 0.5σb

′=
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(7) Rectangular beam or shaft in direct compression and bending: 

(8) Rectangular beam or shaft in direct tension and bending: 

(9) Circular shaft in direct compression and torsion: 

(10) Circular shaft in direct tension and torsion: 

(11) Offset link, circular cross section, in direct tension: 

(12) Offset link, circular cross section, in direct compression: 

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

a anywhere on surface

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

a anywhere on surface

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

σa
′ 1

bh
------–

3LFy

2h
------------- Fx+ 

 = τa
′ 0.5σa

′=

σb
′ 1

bh
------

3LFy

2h
------------- F– x– 

 = τb
′ 0.5σb

′=

σa
′ 1

bh
------ Fx

3LFy

2h
-------------– 

 = τa
′ 0.5σa

′=

σb
′ 1

bh
------ Fx

3LFy

2h
-------------+ 

 = τb
′ 0.5σb

′=

σa
′

0.637
d2

-------------– F F2 8T
d

------ 
  2

+±

= τa
′

0.637
d2

-------------– F2 8T
d

------ 
  2

+

=

σa
′

0.637
d2

-------------– F F2 8T
d

------ 
  2

+±

= τa
′

0.637
d2

-------------– F2 8T
d

------ 
  2

+

=

σa
′ 1.273F

d2
----------------- 1

8e
d
------– 

 = τa
′ 0.5σa

′=

σb
′ 1.273F

d2
----------------- 1

8e
d
------+ 

 = τb
′ 0.5σb

′=

σa′ 1.273F
d2

----------------- 8e
d
------ 1– 

 = τa
′ 0.5σa

′=

σb′ 1.273F
d2

-----------------–
8e
d
------ 1+ 

 = τb
′ 0.5σb

′=
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(13) Offset link, rectangular section, in direct tension: 

(14) Offset link, rectangular section, in direct compression: 

Formulas from the simple and combined stress tables, as well as tension and shear
factors, can be applied without change in calculations using metric SI units. Stresses
are given in newtons per meter squared (N/m2) or in N/mm2.

Three-Dimensional Stress.—Three-dimensional or triaxial stress occurs in assemblies
such as a shaft press-fitted into a gear bore or in pipes and cylinders subjected to internal or
external fluid pressure. Triaxial stress also occurs in two-dimensional stress problems if
the loads produce normal stresses that are either both tensile or both compressive. In either
case the calculated maximum shear stress, based on the corresponding two-dimensional
theory, will be less than the true maximum value because of three-dimensional effects.
Therefore, if the stress analysis is to be based on the maximum-shear-stress theory of fail-
ure, the triaxial stress cubic equation should first be used to calculate the three principal
stresses and from these the true maximum shear stress. The following procedure provides
the principal maximum normal tensile and compressive stresses and the true maximum
shear stress at any point on a body subjected to any combination of loads.

The basis for the procedure is the stress cubic equation

and Sx, Sy, etc., are as shown in Fig. 1.

The coordinate system XYZ in Fig. 1 shows the positive directions of the normal and
shear stress components on an elementary cube of material. Only six of the nine compo-
nents shown are needed for the calculations: the normal stresses Sx, Sy, and Sz on three of
the faces of the cube; and the three shear stresses Sxy, Syz, and Szx. The remaining three shear
stresses are known because Syx = Sxy, Szy = Syz, and Sxz = Szx. The normal stresses Sx, Sy, and
Sz are shown as positive (tensile) stresses; the opposite direction is negative (compressive).
The first subscript of each shear stress identifies the coordinate axis perpendicular to the
plane of the shear stress; the second subscript identifies the axis to which the stress is par-

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

Type of Beam
and Loading

Maximum Nominal
Tens. or Comp. Stress

Maximum Nominal
Shear Stress

S3 − AS2 + BS − C = 0
in which:

A = Sx + Sy + Sz

B = SxSy + SySz + SzSx − Sxy
2 − Syz

2 − Szx
2

C = SxSySz + 2SxySyzSzx − SxSyz
2 − SySzx

2 − SzSxy
2

σa′ F
bh
------ 1

6e
h
------– 

 = τa
′ 0.5σa

′=

σb′ F
bh
------ 1

6e
h
------+ 

 = τb
′ 0.5σb

′=

σa′ F
bh
------ 1

6e
h
------– 

 = τa
′ 0.5σa

′=

σb′ F
bh
------ 1

6e
h
------+ 

 = τb
′ 0.5σb

′=
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allel. Thus, Sxy, is the shear stress in the YZ plane to which the X axis is perpendicular, and
the stress is parallel to the Y axis.

Fig. 1. XYZ Coordinate System Showing Positive Directions of Stresses

Step 1. Draw a diagram of the hardware to be analyzed, such as the shaft shown in Fig. 2,
and show the applied loads P, T, and any others.

Step 2. For any point at which the stresses are to be analyzed, draw a coordinate diagram
similar to Fig. 1 and show the magnitudes of the stresses resulting from the applied loads
(these stresses may be calculated by using standard basic equations from strength of mate-
rials, and should include any stress concentration factors).

Step 3. Substitute the values of the six stresses Sx, Sy, Sz, Sxy, Syz, and Szx, including zero
values, into the formulas for the quantities A through K. The quantities I, J, and K represent
the principal normal stresses at the point analyzed. As a check, if the algebraic sum I + J +
K equals A, within rounding errors, then the calculations up to this point should be correct.

D =A2/3 − B
E =A × B/3 − C − 2 × A3/27

F =

G =arccos(− E/(2 × F))

H =

I = 2 × H × cos(G/3) + A/3
J =2 × H × [cos(G/3 + 120°)] + A/3
K = 2 × H × [cos(G/3 + 240°)] + A/3

Step 4. Calculate the true maximum shear stress, Ss(max) using the formula

in which Slarge is equal to the algebraically largest of the calculated principal stresses I, J, or
K and Ssmall is algebraically the smallest.

The maximum principal normal stresses and the maximum true shear stress calculated
above may be used with any of the various theories of failure.

D
3

27⁄( )

D 3⁄( )

Ss max( ) 0.5 Slarge Ssmall–( )×=
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Fig. 2. Example of Triaxial Stress on an Element a of Shaft Surface Caused by Load P, Torque T, and 
5000 psi Hydraulic Pressure

Example:A torque T on the shaft in Fig. 2 causes a shearing stress Sxy of 8000 psi in the
outer fibers of the shaft; and the loads P at the ends of the shaft produce a tensile stress Sx of
4000 psi. The shaft passes through a hydraulic cylinder so that the shaft circumference is
subjected to the hydraulic pressure of 5000 psi in the cylinder, causing compressive
stresses Sy and Sz of − 5000 psi on the surface of the shaft. Find the maximum shear stress
at any point A on the surface of the shaft.

From the statement of the problem Sx = + 4000 psi, Sy = − 5000 psi, Sz = − 5000 psi, Sxy =
+ 8000 psi, Syz = 0 psi, and Szx = 0 psi.

A =4000 − 5000 − 5000 = − 6000
B = (4000 × − 5000) + (− 5000 × − 5000) + (− 5000 × 4000) − 80002 − 02 − 02 = −

7.9 × 107

C = (4000 × − 5000 × − 5000) + 2 × 8000 × 0 × 0 − (4000 × 02) − (− 5000 × 02) − (−
5000 × 80002) = 4.2 × 1011

D =A2/3 − B = 9.1 × 107

E =A × B/3 − C − 2 × A3/27 = − 2.46 × 1011

F =  = 1.6706 × 1011

G =arccos(− E/(2 × F)) = 42.586 degrees, H =  = 5507.57
I = 2 × H × cos(G/3 + A/3 = 8678.8, say, 8680 psi
J =2 × H × [cos(G/3 + 120°)] + A/3 = − 9678.78, say, − 9680 psi
K = 2 × H [cos(G/3 + 240°)] + A/3 = − 5000 psi

Check: 8680 + (− 9680) + (− 5000) = − 6000 within rounding error.
Ss(max) = 0.5 × (8680 − (− 9680)) = 9180 psi

Sample Calculations.—The following examples illustrate some typical strength of
materials calculations, using both English and metric SI units of measurement.

Example 1(a):A round bar made from SAE 1025 low carbon steel is to support a direct
tension load of 50,000 pounds. Using a factor of safety of 4, and assuming that the stress
concentration factor K = 1, a suitable standard diameter is to be determined. Calculations
are to be based on a yield strength of 40,000 psi.

Because the factor of safety and strength of the material are known, the allowable work-
ing stress sw may be calculated using Equation (1): 40,000⁄4 = 10,000 psi. The relationship
between working stress sw and nominal stress σ is given by Equation (2). Since K = 1, σ =
10,000 psi. Applying Equation (9) in the , the area of the bar can be solved for: A =
50,000⁄10,000 or 5 square inches. The next largest standard diameter corresponding to this
area is 29⁄16 inches.

D
3

27⁄( )
D 3⁄( )
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Example 1(b):A similar example to that given in  1(a), using metric SI units is as fol-
lows. A round steel bar of 300 meganewtons/meter 2 yield strength, is to withstand a
direct tension of 200 kilonewtons. Using a safety factor of 4, and assuming that the
stress concentration factor K = 1, a suitable diameter is to be determined.

Because the factor of safety and the strength of the material are known,  the allow-
able working stress sw may be calculated using Equation (1): 300⁄4 = 75 mega-new-
tons/meter2. The relationship between working stress and nominal stress σ is given
by Equation (2). Since K = 1, σ = 75 MN/m2. Applying Equation (9) in the , the area of
the bar can be determined from:

 The diameter corresponding to this area is 0.058 meters, or approximately 0.06 m.
Millimeters can be employed in the calculations in place of meters, providing the

treatment is consistent throughout. In this instance the diameter would be 60 mm.
Note: If the tension in the bar is produced by hanging a mass of M kilograms from

its end, the value is Mg newtons, where g = approximately 9.81 meters per second2.
Example 2(a):What would the total elongation of the bar in Example 1(a) be if its length

were 60 inches? Applying Equation (17),

Example 2(b):What would be the total elongation of the bar in Example 1(b) if its
length were 1.5 meters? The problem is solved by applying  Equation (17) in which F
= 200 kilonewtons; L = 1.5 meters; A = π0.062/4 = 0.00283 m2. Assuming a modulus of
elasticity E of 200 giganewtons/meter2, then the calculation is: 

 The calculation is less unwieldy if carried out using millimeters in place of meters;
then F = 200 kN; L = 1500 mm; A = 2830 mm2, and E = 200,000 N/mm2. Thus: 

Example 3(a):Determine the size for the section of a square bar which is to be held firmly
at one end and is to support a load of 3000 pounds at the outer end. The bar is to be 30 inches
long and is to be made from SAE 1045 medium carbon steel with a yield point of 60,000
psi. A factor of safety of 3 and a stress concentration factor of 1.3 are to be used.

From Equation (1) the allowable working stress sw = 60,000⁄3 = 20,000 psi. The applica-
ble equation relating working stress and nominal stress is Equation (2); hence, σ =
20,000⁄1.3 = 15,400 psi. The member must be treated as a cantilever beam subject to a
bending moment of 30 × 3000 or 90,000 inch-pounds. Solving Equation (11) in the  for sec-
tion modulus: Z = 90,000⁄15,400 = 5.85 inch3. The section modulus for a square section
with neutral axis equidistant from either side is a3/6, where a is the dimension of the

square, so  inches. The size of the bar can therefore be 35⁄16 inches.

Example 3(b):A similar example to that given in Example 3(a), using metric SI units
is as follows. Determine the size for the section of a square bar which is to be held
firmly at one end and is to support a load of 1600 kilograms at the outer end. The bar
is to be 1 meter long, and is to be made from steel with a yield strength of 500  new-
tons/mm2. A factor of safety of 3, and a stress concentration factor of 1.3 are to be
used. The calculation can be performed using millimeters throughout.

A 200 kN

75 MN m2⁄⁄⁄⁄
----------------------------- 200 000 N,

75 000 000 N m2⁄⁄⁄⁄,,  
----------------------------------------------- 0.00267m2= = =

e
50 000, 60×

5.157 30 000 000,,×
----------------------------------------------- 0.019 inch= =

e 200 000, 1.5××××
0.00283 200 000 000 000,,,××××
------------------------------------------------------------------- 0.000530 m= =

e 200 000, 1500××××
2830 200 000,××××
-------------------------------------- 0.530 mm= =

a 35.13 3.27= =
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From  Equation (1) the allowable working stress sw = 500 N/mm2/3 = 167 N/mm2.
The formula relating working stress and nominal stress is  Equation (2); hence σ =
167⁄1.3 = 128 N/mm2. Since a mass of 1600 kg equals a weight of 1600 g newtons,
where g = 9.81 meters/second2, the force acting on the bar is 15,700 newtons. The
bending moment on the bar, which must be treated as a cantilever beam, is thus 1000
mm × 15,700 N = 15,700,000 N · mm. Solving Equation (11) in the  for section modu-
lus: Z = M/σ = 15,700,000⁄128 = 123,000 mm3. Since the section modulus for a square
section with neutral axis equidistant from either side is a3/6, where a is the dimension
of the square,  

Example 4(a):Find the working stress in a 2-inch diameter shaft through which a trans-
verse hole 1⁄4 inch in diameter has been drilled. The shaft is subject to a torsional moment of
80,000 inch-pounds and is made from hardened steel so that the index of sensitivity q = 0.2.

The polar section modulus is calculated using the equation shown in the stress concentra-
tion curve for a Round Shaft in Torsion with Transverse Hole, page202.

The nominal shear stress due to the torsion loading is computed using Equation (16) in
the :

Referring to the previously mentioned stress concentration curve on page202, Kt is 2.82
since d/D is 0.125. The stress concentration factor may now be calculated by means of
Equation (8): K = 1 + 0.2(2.82 − 1) = 1.36. Working stress calculated with Equation (3) is
sw = 1.36 × 57,200 = 77,800 psi.

Example 4(b):A similar example to that given in  4(a), using metric SI units is as fol-
lows. Find the working stress in a 50 mm diameter shaft through which a transverse
hole 6 mm in diameter has been drilled. The shaft is subject to a torsional moment of
8000 newton-meters, and has an index of sensitivity of q = 0.2. If the calculation is
made in millimeters, the torsional moment is 8,000,000 N · mm.

The polar section modulus is calculated using the equation shown in the stress con-
centration curve for a Round Shaft with Transverse Hole, page202: 

The nominal shear stress due to torsion loading is computed using Equation (16) in
the : 

 Referring to the previously mentioned stress concentration curve on page202, Kt is
2.85, since a/d = 6⁄50 = 0.12. The stress concentration factor may now be calculated by
means of Equation (8): K = 1 + 0.2(2.85 − 1) = 1.37. From Equation (3), working stress
sw = 1.37 × 363 = 497 N/mm2 = 497 megapascals.

Example 5(a):For Case 3 in the Tables of Combined Stresses, calculate the least factor of
safety for a 5052-H32 aluminum beam is 10 inches long, one inch wide, and 2 inches high.
Yield strengths are 23,000 psi tension; 21,000 psi compression; 13,000 psi shear. The
stress concentration factor is 1.5; Fy is 600 lbs; Fx 500 lbs.

From Tables of Combined Stresses, Case 3:

a 6 123 000,××××3 90.4 mm= =

J
c
-- Zp

π 23×
16

---------------
22

4 6×
------------– 1.4 inches3= = =

τ 80 000, 1.4⁄ 57 200 psi,= =

J
c
--- Zp

ππππ 503××××
16

------------------ 6 502××××
6

-----------------–= =

24 544, 2500– 22 044,=  mm3=

ττττ 8 000 000,, 22 000,⁄⁄⁄⁄ 363 N mm2⁄⁄⁄⁄ 363 megapascals= = =
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The other formulas for Case 3 give σa′ = 8750 psi (in tension); τa′ + 4375 psi, and τb′ +
4625 psi. Using equation (4) for the nominal compressive stress of 9250 psi: Sw = 1.5 ×
9250 = 13,900 psi. From Equation (1)  fs = 21,000⁄13,900 = 1.51. Applying Equations (1),
(4) and  (5) in appropriate fashion to the other calculated nominal stress values for tension
and shear will show that the factor of safety of 1.51, governed by the compressive stress at
b on the beam, is minimum.

Example 5(b):What maximum F can be applied in Case 3 if the aluminum beam is
200 mm long; 20 mm wide; 40 mm high; θ = 30°; fs = 2, governing for compression, K
= 1.5, and Sm = 144N/mm2 for compression.

From Equation (1) Sw = − 144N/mm2. Therefore, from Equation (4), σb′ = −72/1.5=
− 48N/mm2. Since Fx = F cos 30° = 0.866F, and Fy = F sin 30° = 0.5 F:

Stresses and Deflections in a Loaded Ring.—For thin rings, that is, rings in which the
dimension d shown in the accompanying diagram is small compared with D, the maximum
stress in the ring is due primarily to bending moments produced by the forces P. The max-
imum stress due to bending is:

(1)

For a ring of circular cross section where d is the diame-
ter of the bar from which the ring is made,

(2)

The increase in the vertical diameter of the ring due to
load P is:

(3)

The decrease in the horizontal diameter will be about 92% of the increase in the vertical
diameter given by Formula (3). In the above formulas, P = load on ring in pounds; D =
mean diameter of ring in inches; S = tensile stress in pounds per square inch, I = moment of
inertia of section in inches4; and E = modulus of elasticity of material in pounds per square
inch.
Strength of Taper Pins.—The mean diameter of taper pin required to safely transmit a
known torque, may be found from the formulas:

in which formulas T = torque in inch-pounds; S = safe unit stress in pounds per square inch;
HP = horsepower transmitted; N = number of revolutions per minute; and d and D denote
dimensions shown in the figure.

(1)  and (2)

σb′ 1
1 2×
------------ 6 10× 600×

2
------------------------------ 500+ 

 – 9250 psi (in compression)–= =

48–
1

20 40××××
------------------ 0.866F 6 200×××× 0.5F××××

40
------------------------------------+ 

 –=

F 2420 N=

S
PDd
4πI
-----------=

S
1.621PD

d3
---------------------- or= P

0.617Sd3

D
-----------------------=

Increase in vertical diameter
0.0186PD3

EI
----------------------------  inches=

d 1.13
T

DS
-------= d 283

HP
NDS
------------=
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Formula (1) can be used with metric SI units where d and D denote dimensions
shown in the figure in millimeters; T = torque in newton-millimeters (N · mm); and S
= safe unit stress in newtons per millimeter2 (N/mm2). Formula (2) is replaced by: 

where d and D denote dimensions shown in the figure in millimeters; S = safe unit
stress in N/mm2; N = number of revolutions per minute, and Power = power transmit-
ted in watts.

Examples:A lever secured to a 2-inch round shaft by a steel tapered pin (dimension d = 3⁄8
inch) has a pull of 50 pounds at a 30-inch radius from shaft center. Find S, the unit working
stress on the pin. By rearranging Formula (1):

pounds per square inch (nearly), which is a safe unit working
stress for machine steel in shear.
Let P = 50 pounds, R = 30 inches, D = 2 inches, and S = 6000
pounds unit working stress. Using Formula (1) to find d:

A similar example using SI units is as follows: A lever secured to a 50 mm round
shaft by a steel tapered pin (d = 10 mm) has a pull of 200 newtons at a radius of 800
mm. Find S, the working stress on the pin. By rearranging  Formula (1):  

If a shaft of 50 mm diameter is to transmit power of 12 kilowatts at a speed of 500
rpm, find the mean diameter of the pin for a material having a safe unit stress of 40
N/mm2. Using the formula:  

d 110.3 Power
NDS

----------------=

S
1.27T
Dd2

--------------
1.27 50× 30×

2
3
8
--- 

  2
×

----------------------------------- 6770= = =

d 1.13
T

DS
------- 1.13

50 30×
2 6000×
--------------------- 1.13

1
8
--- 0.4 inch= = = =

S 1.27T

Dd2
-------------- 1.27 200×××× 800××××

50 102××××
----------------------------------------- 40.6 N mm2⁄⁄⁄⁄ 40.6 megapascals= = = =

d 110.3 Power
NDS

----------------= then d 110.3 12 000,
500 50×××× 40××××
---------------------------------=

110.3 0.1096××××= 12.09 mm=
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 MOMENT OF INERTIA

Calculating Moment of Inertia

Moment of Inertia of Built-up Sections.—The usual method of calculating the moment
of inertia of a built-up section involves the calculations of the moment of inertia for each
element of the section about its own neutral axis, and the transferring of this moment of
inertia to the previously found neutral axis of the whole built-up section. A much simpler
method that can be used in the case of any section which can be divided into rectangular
elements bounded by lines parallel and perpendicular to the neutral axis is the so-called
tabular method based upon the formula: I = b(h1

3 - h3)/3 in which I = the moment of inertia
about axis DE, Fig. 1, and b, h and h1 are dimensions as given in the same illustration.

The method may be illustrated by applying it to the section shown in Fig. 2, and for sim-
plicity of calculation shown “massed” in Fig. 3. The calculation may then be tabulated as
shown in the accompanying table. The distance from the axis DE to the neutral axis xx
(which will be designated as d) is found by dividing the sum of the geometrical moments
by the area. The moment of inertia about the neutral axis is then found in the usual way by
subtracting the area multiplied by d2 from the moment of inertia about the axis DE.

Tabulated Calculation of Moment of Inertia

The distance d from DE, the axis through the base of the configuration, to the neutral axis
xx is:

The moment of inertia of the entire section with reference to the neutral axis xx is:

Formulas for Moments of Inertia, Section Moduli, etc.—On the following pages are
given formulas for the moments of inertia and other properties of forty-two different cross-
sections. The formulas give the area of the section A, and the distance y from the neutral

Fig. 1. Fig. 2. Fig. 3. 

Section
Breadth

b
Height

h1

Area
b(h1 - h) h1

2

Moment

h1
3

I about axis
DE

A 1.500 0.125 0.187 0.016 0.012 0.002 0.001

B 0.531 0.625 0.266 0.391 0.100 0.244 0.043

C 0.219 1.500 0.191 2.250 0.203 3.375 0.228

A = 0.644 M = 0.315 IDE = 0.272

b h1
2 h

2
–( )

2
-------------------------

b h1
3 h

3
–( )

3
-------------------------

d
M
A
-----

0.315
0.644
------------- 0.49= = =

IN IDE Ad
2

–=

0.272 0.644 0.49
2×–=

0.117=
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axis to the extreme fiber, for each example. Where the formulas for the section modulus
and radius of gyration are very lengthy, the formula for the section modulus, for example,

has been simply given as . The radius of gyration is sometimes given as  to
save space.

Moments of Inertia, Section Moduli, and Radii of Gyration 

Section
A = area

y = distance from axis to 
extreme fiber

Moment of
Inertia

I

Section Modulus Radius of Gyration

Square and Rectangular Sections 

A = a2 y = a⁄2

A = a2 y = a

A = a2

A = a2 - b2 y = a⁄2

A = a2 - b2

I y÷ I A÷

Z
I
y
--= k

I
A
---=

a
4

12
------

a
3

6
-----

a

12
---------- 0.289a=

a
4

3
-----

a
3

3
-----

a

3
------- 0.577a=

y
a

2
------- 0.707a= =

a
4

12
------

a
3

6 2
---------- 0.118a

3
=

a

12
---------- 0.289a=

a
4

b
4

–
12

----------------- a
4

b
4

–
6a

-----------------

a
2

b
2

+
12

-----------------

0.289 a
2

b
2

+=

y
a

2
------- 0.707a= =

a
4

b
4

–
12

-----------------

2 a
4

b
4

–( )
12a

-----------------------------

0.118
a

4
b

4
–
a

-----------------=

a
2

b
2

+
12

-----------------

0.289 a
2

b
2

+=
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A = bd  y = d⁄2

A = bd y = d

A = bd
y = 1⁄2 (d cos α + b sin α)

A = bd - hk
y = d⁄2

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
A = area

y = distance from axis to 
extreme fiber

Moment of
Inertia

I

Section Modulus Radius of Gyration

Square and Rectangular Sections (Continued) 

Z
I
y
--= k

I
A
---=

bd
3

12
---------

bd
2

6
---------

d

12
---------- 0.289d=

bd3

3
---------

bd2

3
---------

d

3
------- 0.577d=

A bd=

y
bd

b2 d2+
---------------------=

b3d3

6 b2 d2+( )
-------------------------

b2d2

6 b2 d2+
-------------------------

bd

6 b2 d2+( )
------------------------------

0.408
bd

b2 d2+
---------------------=

bd
12
------ d( 2 αcos2

+b2 αsin2 )

bd
6

------

d2 αcos2 b2 αsin2+
d αcos b αsin+

----------------------------------------------- 
 

×

bd3 hk3–
12

-----------------------
bd3 hk3–

6d
-----------------------

bd3 hk3–
12 bd hk–( )
-----------------------------

0.289
bd3 hk3–
bd hk–

-----------------------=

d2 αcos2 b2 αsin2+
12

-----------------------------------------------

0.289  ×=

d2 αcos2 b2 αsin2+
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Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Triangular Sections

1⁄2 bd 2⁄3d

1⁄2 bd d

Polygon Sections

Z I y⁄= k I A⁄=

bd3

36
---------

bd2

24
---------

d

18
---------- 0.236d=

bd3

12
---------

bd2

12
---------

d

6
------- 0.408d=

d a b+( )
2

--------------------
d a 2b+( )
3 a b+( )

------------------------ d
3

a
2

4ab b
2

+ +( )
36 a b+( )

--------------------------------------------
d

2
a

2
4ab b

2
+ +( )

12 a 2b+( )
-------------------------------------------- d

2
a

2
4ab b

2
+ +( )

18 a b+( )2
--------------------------------------------

3d
2

30tan °
2

--------------------------

0.866d
2

=

d
2
---

A
12
------

d
2

1 2 30cos2 °+( )
4 30cos2 °

-------------------------------------------

0.06d
4

=

A
6
---

d 1 2 30cos2 °+( )
4 30cos2 °

-----------------------------------------

0.12d
3

=

d
2

1 2cos
2
30°+( )

48cos
2
30°

-------------------------------------------

0.264d=
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2d2tan 221⁄2 = 0.828d2

Circular, Elliptical, and Circular Arc Sections

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

3d
2

30tan °
2

--------------------------

0.866d
2

=

d
2 30cos °
--------------------- 0.577d=

A
12
------

d
2

1 2 30cos2 °+( )
4 30cos2 °

-------------------------------------------

0.06d
4

=

A
6.9
-------

d 1 2 30cos2 °+( )
4 30cos2 °

-----------------------------------------

0.104d
3

=

d
2

1 2cos
2
30°+( )

48cos
2
30°

-------------------------------------------

0.264d=

d
2
---

A
12
------

d
2

1 2 221⁄2°cos2+( )
4 221⁄2°cos2

-----------------------------------------------

0.055d
4

=

A
6
---

d 1 2cos
2
221⁄2°+( )

4cos
2
221⁄2°

---------------------------------------------

0.109d
3

=

d
2

1 2cos
2
221⁄2°+( )

48cos
2
221⁄2°

------------------------------------------------

0.257d=

πd
2

4
--------- 0.7854d

2
=

d
2
--- πd

4

64
--------- 0.049d

4
=

πd
3

32
--------- 0.098d

3
=

d
4
---

πd
2

8
--------- 0.393d

2
=

3π 4–( )d
6π------------------------

0.288d=

9π2
64–( )d

4

1152π--------------------------------

0.007d
4

=

9π2
64–( )d

3

192 3π 4–( )--------------------------------

0.024d
3

=

9π2
64–( )d

2

12π------------------------------------

0.132d=

π D
2

d
2

–( )
4

--------------------------

0.7854 D
2

d
2

–( )=

D
2
----

π D
4

d
4

–( )
64

--------------------------

0.049 D
4

d
4

–( )=

π D
4

d
4

–( )
32D

--------------------------

0.098
D

4
d

4
–
D

------------------=

D
2

d
2

+
4

----------------------
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πab = 3.1416ab a

π(ab − cd)
 = 3.1416(ab − cd) a

I-Sections

bd - h(b - t)

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

π R
2

r
2

–( )
2

-------------------------

1.5708 R
2

r
2

–( )=

4 R
3

r
3

–( )
3π R

2
r

2
–( )

-----------------------------

0.424
R

3
r

3
–

R
2

r
2
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π a3b c3d–( )
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-------------------------
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------------------------- 2sb3 ht3+
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dt + 2a(s + n) in which g = slope of
flange = (h - l)/(b - t) = 1⁄6

for standard I-beams.

bd - h(b - t)

dt + 2a(s + n)

in which g = slope of
flange = (h - l)/(b - t) = 1⁄6

for standard I-beams.

bs + ht + as
d - [td2 + s2 (b - t)

 + s (a - t) (2d - s)]  2A

1⁄3[b(d - y)3 + ay3 
 - (b - t)(d - y - s)3 

 - (a - t)(y - s)3]

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

d
2
---

1⁄12 bd3 1
4g
------ h4 l4–( )–

1
6d
------ bd3 1

4g
------ h4 l4–( )–

1⁄12 bd3 1
4g
------ h4 l4–( )–

dt 2a s n+( )+
-------------------------------------------------------

d
2
--- bd3 h3 b t–( )–

12
------------------------------------

bd3 h3 b t–( )–
6d

------------------------------------ bd3 h3 b t–( )–
12 bd h b t–( )–[ ]
------------------------------------------

b
2
---

1⁄12 b3 d h–( ) lt3

g
4
--- b4 t4–( )

+

+
1

6b
------ b3 d h–( ) lt3

g
4
--- b4 t4–( )

+

+

I
A
---

I
y
-- I

A
---
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C-Sections

dt + a(s + n) g = slope of flange 

for standard channels.

dt + 2a(s + n)

g = slope of flange

g = slope of flange 

for standard channels.

bd - h(b - t)

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

d
2
---

1⁄12 bd3 1
8g
------ h4 l4–( )–

h l–
2 b t–( )
------------------= 1⁄6=

1
6d
------ bd3 1

8g
------ h4 l4–( )–

1⁄12 bd3 1
8g
------ h4 l4–( )–

dt a s n+( )+
-------------------------------------------------------

b b
2
s

ht
2

2
-------

g
3
--- b t–( )2

b 2t+( )×

+

+

A÷

–

h l–
2 b t–( )
------------------=

1⁄3 2sb3 lt3 g
2
--- b4 t4–( )+ +

A b y–( )2–

h l–
2 b t–( )
------------------= 1⁄6=

I
y
-- I

A
---

d
2
--- bd3 h3 b t–( )–

12
------------------------------------

bd3 h3 b t–( )–
6d

------------------------------------ bd3 h3 b t–( )–
12 bd h b t–( )–[ ]------------------------------------------
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bd - h(b - t)

T-Sections

bs + ht
1⁄3[ty3 + b(d - y)3 

 - (b - t)(d - y - s)3]

1⁄12[l3(T + 3t) + 4bn3 - 
2am3] - A (d - y - n)2

d - [3bs2 + 3ht (d + s)
 + h (T - t)(h + 3s)]  6A

1⁄12[4bs3 + h3(3t + T)] 
 - A (d - y - s)2

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

b
2b2s ht2+

2bd 2h b t–( )–
--------------------------------------–

2sb3 ht3+
3

------------------------- A b y–( )2–
I
y
-- I

A
---

d
d2t s2 b t–( )+

2 bs ht+( )
----------------------------------–

I
y
--

1
3 bs ht+( )------------------------- t[ y3 b d y–( )3+

b t–( ) d y– s–( )3 ]–

l T t+( )
2

------------------ Tn a s n+( )+ +
d 3s

2
b T–( )

2am m 3s+( ) 3Td
2

l T t–( ) 3d l–( )–
+ +

[

] 6A÷

– I
y
-- I

A
---

bs
h T t+( )

2
-------------------+

I
y
-- I

A
---
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L-, Z-, and X-Sections

t(2a - t)
1⁄3[ty3 + a(a - y)3

 - (a - t)(a - y - t)3]

t(a + b - t)
1⁄3[ty3 + a(b - y)3 

 - (a - t)(b - y - t)3]

t(a + b - t)
1⁄3[ty3 + b(a - y)3 

 - (b - t)(a - y - t)3]

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

l T t+( )
2

------------------ Tn

a s n+( )

+

+

b
2
---

sb3 mT3 lt3+ +
12

--------------------------------------

am 2a2 2a 3T+( )2+[ ]
36

-------------------------------------------------------

l T t–( ) T t–( )2 2 T 2t+( )2+[ ]
144

-------------------------------------------------------------------------

+

+

I
y
-- I

A
---

a
a2 at t2–+
2 2a t–( )

---------------------------–
I
y
-- I

A
---

b
t 2d a+( ) d2+

2 d a+( )
----------------------------------–

I
y
--

1
3t a b t–+( )
------------------------------ t[ y3 a b y–( )3+

a t–( ) b y– t–( )3 ]–

a
t 2c b+( ) c2+

2 c b+( )----------------------------------–
I
y
--

1
3t a b t–+( )
------------------------------ t[ y3 b a y–( )3+

b t–( ) a y– t–( )3 ]–
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t(2a - t)

in which b = (a - t)

t[b + 2(a - t)]

t[b + 2(a - t)]

dt + s(b - t)

Moments of Inertia, Section Moduli, and Radii of Gyration (Continued) 

Section
Area of Section,

A
Distance from Neutral

 Axis to Extreme Fiber, y
Moment of Inertia,

I

Section Modulus, Radius of Gyration,

Z I y⁄= k I A⁄=

a2 at t2–+
2 2a t–( ) 45°cos
----------------------------------------

A
12
------ 7 a2 b2+( ) 12y2–[ ]

2ab2 a b–( )–

I
y
-- I

A
---

b
2
--- ab3 c b 2t–( )3–

12
---------------------------------------

ab3 c b 2t–( )3–
6b

--------------------------------------- ab3 c b 2t–( )3–
12t b 2 a t–( )+[ ]
-----------------------------------------

2a t–
2

-------------- b a c+( )3 2c3d– 6a2cd–
12

--------------------------------------------------------------
b a c+( )3 2c3d– 6a2cd–

6 2a t–( )
-------------------------------------------------------------- b a c+( )3 2c3d– 6a2cd–

12t b 2 a t–( )+[ ]--------------------------------------------------------------

d
2
--- td3 s3 b t–( )+

12
----------------------------------

td3 s3 b t–( )–
6d

---------------------------------- td3 s3 b t–( )+
12 td s b t–( )+[ ]-----------------------------------------
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Tabulated Moments of Inertia and Section Moduli for Rectangles and Round Shafts

Moments of Inertia and Section Moduli for Rectangles (Metric Units)
Moments of inertia and section modulus values shown here are for rectangles 1 millimeter wide. To obtain moment of 
inertia or section modulus for rectangle of given side length, multiply appropriate table value by given width. (See the 
text starting on page217 for basic formulas.)

Length
of Side
(mm)

Moment
of

Inertia
Section

Modulus

Length
of Side
(mm)

Moment
of

Inertia
Section
Modulus

Length
of Side
(mm)

Moment
of

Inertia
Section
Modulus

5 10.4167 4.16667 56 14634.7 522.667 107 102087 1908.17
6 18.0000 6.00000 57 15432.8 541.500 108 104976 1944.00
7 28.5833 8.16667 58 16259.3 560.667 109 107919 1980.17
8 42.6667 10.6667 59 17114.9 580.167 110 110917 2016.67
9 60.7500 13.5000 60 18000.0 600.000 111 113969 2053.50

10 83.3333 16.6667 61 18915.1 620.167 112 117077 2090.67
11 110.917 20.1667 62 19860.7 640.667 113 120241 2128.17
12 144.000 24.0000 63 20837.3 661.500 114 123462 2166.00
13 183.083 28.1667 64 21845.3 682.667 115 126740 2204.17
14 228.667 32.6667 65 22885.4 704.167 116 130075 2242.67
15 281.250 37.5000 66 23958.0 726.000 117 133468 2281.50
16 341.333 42.6667 67 25063.6 748.167 118 136919 2320.67
17 409.417 48.1667 68 26202.7 770.667 119 140430 2360.17
18 486.000 54.0000 69 27375.8 793.500 120 144000 2400.00
19 571.583 60.1667 70 28583.3 816.667 121 147630 2440.17
20 666.667 66.6667 71 29825.9 840.167 122 151321 2480.67
21 771.750 73.5000 72 31104.0 864.000 123 155072 2521.50
22 887.333 80.6667 73 32418.1 888.167 124 158885 2562.67
23 1013.92 88.1667 74 33768.7 912.667 125 162760 2604.17
24 1152.00 96.0000 75 35156.3 937.500 126 166698 2646.00
25 1302.08 104.1667 76 36581.3 962.667 127 170699 2688.17
26 1464.67 112.6667 77 38044.4 988.167 128 174763 2730.67
27 1640.25 121.5000 78 39546.0 1014.00 130 183083 2816.67
28 1829.33 130.6667 79 41086.6 1040.17 132 191664 2904.00
29 2032.42 140.167 80 42666.7 1066.67 135 205031 3037.50
30 2250.00 150.000 81 44286.8 1093.50 138 219006 3174.00
31 2482.58 160.167 82 45947.3 1120.67 140 228667 3266.67
32 2730.67 170.667 83 47648.9 1148.17 143 243684 3408.17
33 2994.75 181.500 84 49392.0 1176.00 147 264710 3601.50
34 3275.33 192.667 85 51177.1 1204.17 150 281250 3750.00
35 3572.92 204.167 86 53004.7 1232.67 155 310323 4004.17
36 3888.00 216.000 87 54875.3 1261.50 160 341333 4266.67
37 4221.08 228.167 88 56789.3 1290.67 165 374344 4537.50
38 4572.67 240.667 89 58747.4 1320.17 170 409417 4816.67
39 4943.25 253.500 90 60750.0 1350.00 175 446615 5104.17
40 5333.33 266.667 91 62797.6 1380.17 180 486000 5400.00
41 5743.42 280.167 92 64890.7 1410.67 185 527635 5704.17
42 6174.00 294.000 93 67029.8 1441.50 190 571583 6016.67
43 6625.58 308.167 94 69215.3 1472.67 195 617906 6337.50
44 7098.67 322.667 95 71447.9 1504.17 200 666667 6666.67
45 7593.75 337.500 96 73728.0 1536.00 210 771750 7350.00
46 8111.33 352.667 97 76056.1 1568.17 220 887333 8066.67
47 8651.92 368.167 98 78432.7 1600.67 230 1013917 8816.67
48 9216.00 384.000 99 80858.3 1633.50 240 1152000 9600.00
49 9804.08 400.167 100 83333.3 1666.67 250 1302083 10416.7
50 10416.7 416.667 101 85858.4 1700.17 260 1464667 11266.7
51 11054.3 433.500 102 88434.0 1734.00 270 1640250 12150.0
52 11717.3 450.667 103 91060.6 1768.17 280 1829333 13066.7
53 12406.4 468.167 104 93738.7 1802.67 290 2032417 14016.7
54 13122.0 486.000 105 96468.8 1837.50 300 2250000 15000.0
55 13864.6 504.167 106 99251.3 1872.67 … … …
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Section Moduli for Rectangles

Section modulus values are shown for rectangles 1 inch wide. To obtain section modulus for rect-
angle of given side length, multiply value in table by given width.

Section Moduli and Moments of Inertia for Round Shafts

In this and succeeding tables, the Polar Section Modulus for a shaft of given diameter can be
obtained by multiplying its section modulus by 2. Similarly, its Polar Moment of Inertia can be
obtained by multiplying its moment of inertia by 2.

Length of
Side

Section
Modulus

Length of
Side

Section
Modulus

Length of
Side

Section
Modulus

Length of
Side

Section
Modulus

1⁄8 0.0026 23⁄4 1.26 12 24.00 25 104.2
3⁄16 0.0059 3 1.50 121⁄2 26.04 26 112.7
1⁄4 0.0104 31⁄4 1.76 13 28.17 27 121.5

5⁄16 0.0163 31⁄2 2.04 131⁄2 30.38 28 130.7
3⁄8 0.0234 33⁄4 2.34 14 32.67 29 140.2

7⁄16 0.032 4 2.67 141⁄2 35.04 30 150.0
1⁄2 0.042 41⁄2 3.38 15 37.5 32 170.7
5⁄8 0.065 5 4.17 151⁄2 40.0 34 192.7
3⁄4 0.094 51⁄2 5.04 16 42.7 36 216.0
7⁄8 0.128 6 6.00 161⁄2 45.4 38 240.7

1 0.167 61⁄2 7.04 17 48.2 40 266.7

11⁄8 0.211 7 8.17 171⁄2 51.0 42 294.0

11⁄4 0.260 71⁄2 9.38 18 54.0 44 322.7

13⁄8 0.315 8 10.67 181⁄2 57.0 46 352.7

11⁄2 0.375 81⁄2 12.04 19 60.2 48 384.0

15⁄8 0.440 9 13.50 191⁄2 63.4 50 416.7

13⁄4 0.510 91⁄2 15.04 20 66.7 52 450.7

17⁄8 0.586 10 16.67 21 73.5 54 486.0

2 0.67 101⁄2 18.38 22 80.7 56 522.7

21⁄4 0.84 11 20.17 23 88.2 58 560.7

21⁄2 1.04 111⁄2 22.04 24 96.0 60 600.0

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

1⁄8 0.00019 0.00001 27⁄64 0.00737 0.00155 23⁄32 0.03645 0.01310
9⁄64 0.00027 0.00002 7⁄16 0.00822 0.00180 47⁄64 0.03888 0.01428
5⁄32 0.00037 0.00003 29⁄64 0.00913 0.00207 3⁄4 0.04142 0.01553
11⁄64 0.00050 0.00004 15⁄32 0.01011 0.00237 49⁄64 0.04406 0.01687
3⁄16 0.00065 0.00006 31⁄64 0.01116 0.00270 25⁄32 0.04681 0.01829
13⁄64 0.00082 0.00008 1⁄2 0.01227 0.00307 51⁄64 0.04968 0.01979
7⁄32 0.00103 0.00011 33⁄64 0.01346 0.00347 13⁄16 0.05266 0.02139
15⁄64 0.00126 0.00015 17⁄32 0.01472 0.00391 53⁄64 0.05576 0.02309
1⁄4 0.00153 0.00019 35⁄64 0.01606 0.00439 27⁄32 0.05897 0.02488

17⁄64 0.00184 0.00024 9⁄16 0.01747 0.00491 55⁄64 0.06231 0.02677
9⁄32 0.00218 0.00031 37⁄64 0.01897 0.00548 7⁄8 0.06577 0.02877
19⁄64 0.00257 0.00038 19⁄32 0.02055 0.00610 57⁄64 0.06936 0.03089
5⁄16 0.00300 0.00047 39⁄64 0.02222 0.00677 29⁄32 0.07307 0.03311
21⁄64 0.00347 0.00057 5⁄8 0.02397 0.00749 59⁄64 0.07692 0.03545
11⁄32 0.00399 0.00069 41⁄64 0.02581 0.00827 15⁄16 0.08089 0.03792
23⁄64 0.00456 0.00082 21⁄32 0.02775 0.00910 61⁄64 0.08501 0.04051
3⁄8 0.00518 0.00097 43⁄64 0.02978 0.01000 31⁄32 0.08926 0.04323

25⁄64 0.00585 0.00114 11⁄16 0.03190 0.01097 63⁄64 0.09364 0.04609
13⁄32 0.00658 0.00134 45⁄64 0.03413 0.01200 … … …
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

1.00 0.0982 0.0491 1.50 0.3313 0.2485 2.00 0.7854 0.7854

1.01 0.1011 0.0511 1.51 0.3380 0.2552 2.01 0.7972 0.8012

1.02 0.1042 0.0531 1.52 0.3448 0.2620 2.02 0.8092 0.8173

1.03 0.1073 0.0552 1.53 0.3516 0.2690 2.03 0.8213 0.8336

1.04 0.1104 0.0574 1.54 0.3586 0.2761 2.04 0.8335 0.8501

1.05 0.1136 0.0597 1.55 0.3656 0.2833 2.05 0.8458 0.8669

1.06 0.1169 0.0620 1.56 0.3727 0.2907 2.06 0.8582 0.8840

1.07 0.1203 0.0643 1.57 0.3799 0.2982 2.07 0.8708 0.9013

1.08 0.1237 0.0668 1.58 0.3872 0.3059 2.08 0.8835 0.9188

1.09 0.1271 0.0693 1.59 0.3946 0.3137 2.09 0.8963 0.9366

1.10 0.1307 0.0719 1.60 0.4021 0.3217 2.10 0.9092 0.9547

1.11 0.1343 0.0745 1.61 0.4097 0.3298 2.11 0.9222 0.9730

1.12 0.1379 0.0772 1.62 0.4174 0.3381 2.12 0.9354 0.9915

1.13 0.1417 0.0800 1.63 0.4252 0.3465 2.13 0.9487 1.0104

1.14 0.1455 0.0829 1.64 0.4330 0.3551 2.14 0.9621 1.0295

1.15 0.1493 0.0859 1.65 0.4410 0.3638 2.15 0.9757 1.0489

1.16 0.1532 0.0889 1.66 0.4491 0.3727 2.16 0.9894 1.0685

1.17 0.1572 0.0920 1.67 0.4572 0.3818 2.17 1.0032 1.0885

1.18 0.1613 0.0952 1.68 0.4655 0.3910 2.18 1.0171 1.1087

1.19 0.1654 0.0984 1.69 0.4739 0.4004 2.19 1.0312 1.1291

1.20 0.1696 0.1018 1.70 0.4823 0.4100 2.20 1.0454 1.1499

1.21 0.1739 0.1052 1.71 0.4909 0.4197 2.21 1.0597 1.1710

1.22 0.1783 0.1087 1.72 0.4996 0.4296 2.22 1.0741 1.1923

1.23 0.1827 0.1124 1.73 0.5083 0.4397 2.23 1.0887 1.2139

1.24 0.1872 0.1161 1.74 0.5172 0.4500 2.24 1.1034 1.2358

1.25 0.1917 0.1198 1.75 0.5262 0.4604 2.25 1.1183 1.2581

1.26 0.1964 0.1237 1.76 0.5352 0.4710 2.26 1.1332 1.2806

1.27 0.2011 0.1277 1.77 0.5444 0.4818 2.27 1.1484 1.3034

1.28 0.2059 0.1318 1.78 0.5537 0.4928 2.28 1.1636 1.3265

1.29 0.2108 0.1359 1.79 0.5631 0.5039 2.29 1.1790 1.3499

1.30 0.2157 0.1402 1.80 0.5726 0.5153 2.30 1.1945 1.3737

1.31 0.2207 0.1446 1.81 0.5822 0.5268 2.31 1.2101 1.3977

1.32 0.2258 0.1490 1.82 0.5919 0.5386 2.32 1.2259 1.4221

1.33 0.2310 0.1536 1.83 0.6017 0.5505 2.33 1.2418 1.4468

1.34 0.2362 0.1583 1.84 0.6116 0.5627 2.34 1.2579 1.4717

1.35 0.2415 0.1630 1.85 0.6216 0.5750 2.35 1.2741 1.4971

1.36 0.2470 0.1679 1.86 0.6317 0.5875 2.36 1.2904 1.5227

1.37 0.2524 0.1729 1.87 0.6420 0.6003 2.37 1.3069 1.5487

1.38 0.2580 0.1780 1.88 0.6523 0.6132 2.38 1.3235 1.5750

1.39 0.2637 0.1832 1.89 0.6628 0.6264 2.39 1.3403 1.6016

1.40 0.2694 0.1886 1.90 0.6734 0.6397 2.40 1.3572 1.6286

1.41 0.2752 0.1940 1.91 0.6841 0.6533 2.41 1.3742 1.6559

1.42 0.2811 0.1996 1.92 0.6949 0.6671 2.42 1.3914 1.6836

1.43 0.2871 0.2053 1.93 0.7058 0.6811 2.43 1.4087 1.7116

1.44 0.2931 0.2111 1.94 0.7168 0.6953 2.44 1.4262 1.7399

1.45 0.2993 0.2170 1.95 0.7280 0.7098 2.45 1.4438 1.7686

1.46 0.3055 0.2230 1.96 0.7392 0.7244 2.46 1.4615 1.7977

1.47 0.3119 0.2292 1.97 0.7506 0.7393 2.47 1.4794 1.8271

1.48 0.3183 0.2355 1.98 0.7621 0.7545 2.48 1.4975 1.8568

1.49 0.3248 0.2419 1.99 0.7737 0.7698 2.49 1.5156 1.8870
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

2.50 1.5340 1.9175 3.00 2.6507 3.9761 3.50 4.2092 7.3662

2.51 1.5525 1.9483 3.01 2.6773 4.0294 3.51 4.2454 7.4507

2.52 1.5711 1.9796 3.02 2.7041 4.0832 3.52 4.2818 7.5360

2.53 1.5899 2.0112 3.03 2.7310 4.1375 3.53 4.3184 7.6220

2.54 1.6088 2.0432 3.04 2.7582 4.1924 3.54 4.3552 7.7087

2.55 1.6279 2.0755 3.05 2.7855 4.2479 3.55 4.3922 7.7962

2.56 1.6471 2.1083 3.06 2.8130 4.3038 3.56 4.4295 7.8844

2.57 1.6665 2.1414 3.07 2.8406 4.3604 3.57 4.4669 7.9734

2.58 1.6860 2.1749 3.08 2.8685 4.4175 3.58 4.5054 8.0631

2.59 1.7057 2.2089 3.09 2.8965 4.4751 3.59 4.5424 8.1536

2.60 1.7255 2.2432 3.10 2.9247 4.5333 3.60 4.5804 8.2248

2.61 1.7455 2.2779 3.11 2.9531 4.5921 3.61 4.6187 8.3368

2.62 1.7656 2.3130 3.12 2.9817 4.6514 3.62 4.6572 8.4295

2.63 1.7859 2.3485 3.13 3.0105 4.7114 3.63 4.6959 8.5231

2.64 1.8064 2.3844 3.14 3.0394 4.7719 3.64 4.7348 8.6174

2.65 1.8270 2.4208 3.15 3.0685 4.8329 3.65 4.7740 8.7125

2.66 1.8478 2.4575 3.16 3.0979 4.8946 3.66 4.8133 8.8083

2.67 1.8687 2.4947 3.17 3.1274 4.9569 3.67 4.8529 8.9050

2.68 1.8897 2.5323 3.18 3.1570 5.0197 3.68 4.8926 9.0025

2.69 1.9110 2.5703 3.19 3.1869 5.0831 3.69 4.9326 9.1007

2.70 1.9324 2.6087 3.20 3.2170 5.1472 3.70 4.9728 9.1998

2.71 1.9539 2.6476 3.21 3.2472 5.2118 3.71 5.0133 9.2996

2.72 1.9756 2.6869 3.22 3.2777 5.2771 3.72 5.0539 9.4003

2.73 1.9975 2.7266 3.23 3.3083 5.3429 3.73 5.0948 9.5018

2.74 2.0195 2.7668 3.24 3.3391 5.4094 3.74 5.1359 9.6041

2.75 2.0417 2.8074 3.25 3.3702 5.4765 3.75 5.1772 9.7072

2.76 2.0641 2.8484 3.26 3.4014 5.5442 3.76 5.2187 9.8112

2.77 2.0866 2.8899 3.27 3.4328 5.6126 3.77 5.2605 9.9160

2.78 2.1093 2.9319 3.28 3.4643 5.6815 3.78 5.3024 10.0216

2.79 2.1321 2.9743 3.29 3.4961 5.7511 3.79 5.3446 10.1281

2.80 2.1551 3.0172 3.30 3.5281 5.8214 3.80 5.3870 10.2354

2.81 2.1783 3.0605 3.31 3.5603 5.8923 3.81 5.4297 10.3436

2.82 2.2016 3.1043 3.32 3.5926 5.9638 3.82 5.4726 10.4526

2.83 2.2251 3.1486 3.33 3.6252 6.0360 3.83 5.5156 10.5625

2.84 2.2488 3.1933 3.34 3.6580 6.1088 3.84 5.5590 10.6732

2.85 2.2727 3.2385 3.35 3.6909 6.1823 3.85 5.6025 10.7848

2.86 2.2967 3.2842 3.36 3.7241 6.2564 3.86 5.6463 10.8973

2.87 2.3208 3.3304 3.37 3.7574 6.3313 3.87 5.6903 11.0107

2.88 2.3452 3.3771 3.38 3.7910 6.4067 3.88 5.7345 11.1249

2.89 2.3697 3.4242 3.39 3.8247 6.4829 3.89 5.7789 11.2401

2.90 2.3944 3.4719 3.40 3.8587 6.5597 3.90 5.8236 11.3561

2.91 2.4192 3.5200 3.41 3.8928 6.6372 3.91 5.8685 11.4730

2.92 2.4443 3.5686 3.42 3.9272 6.7154 3.92 5.9137 11.5908

2.93 2.4695 3.6178 3.43 3.9617 6.7943 3.93 5.9591 11.7095

2.94 2.4948 3.6674 3.44 3.9965 6.8739 3.94 6.0047 11.8292

2.95 2.5204 3.7176 3.45 4.0314 6.9542 3.95 6.0505 11.9497

2.96 2.5461 3.7682 3.46 4.0666 7.0352 3.96 6.0966 12.0712

2.97 2.5720 3.8194 3.47 4.1019 7.1168 3.97 6.1429 12.1936

2.98 2.5981 3.8711 3.48 4.1375 7.1992 3.98 6.1894 12.3169

2.99 2.6243 3.9233 3.49 4.1733 7.2824 3.99 6.2362 12.4412
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

4.00 6.2832 12.566 4.50 8.946 20.129 5.00 12.272 30.680

4.01 6.3304 12.693 4.51 9.006 20.308 5.01 12.346 30.926

4.02 6.3779 12.820 4.52 9.066 20.489 5.02 12.420 31.173

4.03 6.4256 12.948 4.53 9.126 20.671 5.03 12.494 31.423

4.04 6.4736 13.077 4.54 9.187 20.854 5.04 12.569 31.673

4.05 6.5218 13.207 4.55 9.248 21.039 5.05 12.644 31.925

4.06 6.5702 13.337 4.56 9.309 21.224 5.06 12.719 32.179

4.07 6.6189 13.469 4.57 9.370 21.411 5.07 12.795 32.434

4.08 6.6678 13.602 4.58 9.432 21.599 5.08 12.870 32.691

4.09 6.7169 13.736 4.59 9.494 21.788 5.09 12.947 32.949

4.10 6.7663 13.871 4.60 9.556 21.979 5.10 13.023 33.209

4.11 6.8159 14.007 4.61 9.618 22.170 5.11 13.100 33.470

4.12 6.8658 14.144 4.62 9.681 22.363 5.12 13.177 33.733

4.13 6.9159 14.281 4.63 9.744 22.558 5.13 13.254 33.997

4.14 6.9663 14.420 4.64 9.807 22.753 5.14 13.332 34.263

4.15 7.0169 14.560 4.65 9.871 22.950 5.15 13.410 34.530

4.16 7.0677 14.701 4.66 9.935 23.148 5.16 13.488 34.799

4.17 7.1188 14.843 4.67 9.999 23.347 5.17 13.567 35.070

4.18 7.1702 14.986 4.68 10.063 23.548 5.18 13.645 35.342

4.19 7.2217 15.130 4.69 10.128 23.750 5.19 13.725 35.616

4.20 7.2736 15.275 4.70 10.193 23.953 5.20 13.804 35.891

4.21 7.3257 15.420 4.71 10.258 24.158 5.21 13.884 36.168

4.22 7.3780 15.568 4.72 10.323 24.363 5.22 13.964 36.446

4.23 7.4306 15.716 4.73 10.389 24.571 5.23 14.044 36.726

4.24 7.4834 15.865 4.74 10.455 24.779 5.24 14.125 37.008

4.25 7.5364 16.015 4.75 10.522 24.989 5.25 14.206 37.291

4.26 7.5898 16.166 4.76 10.588 25.200 5.26 14.288 37.576

4.27 7.6433 16.319 4.77 10.655 25.412 5.27 14.369 37.863

4.28 7.6972 16.472 4.78 10.722 25.626 5.28 14.451 38.151

4.29 7.7513 16.626 4.79 10.790 25.841 5.29 14.533 38.441

4.30 7.8056 16.782 4.80 10.857 26.058 5.30 14.616 38.732

4.31 7.8602 16.939 4.81 10.925 26.275 5.31 14.699 39.025

4.32 7.9150 17.096 4.82 10.994 26.495 5.32 14.782 39.320

4.33 7.9701 17.255 4.83 11.062 26.715 5.33 14.866 39.617

4.34 8.0254 17.415 4.84 11.131 26.937 5.34 14.949 39.915

4.35 8.0810 17.576 4.85 11.200 27.160 5.35 15.034 40.215

4.36 8.1369 17.738 4.86 11.270 27.385 5.36 15.118 40.516

4.37 8.1930 17.902 4.87 11.339 27.611 5.37 15.203 40.819

4.38 8.2494 18.066 4.88 11.409 27.839 5.38 15.288 41.124

4.39 8.3060 18.232 4.89 11.480 28.068 5.39 15.373 41.431

4.40 8.3629 18.398 4.90 11.550 28.298 5.40 15.459 41.739

4.41 8.4201 18.566 4.91 11.621 28.530 5.41 15.545 42.049

4.42 8.4775 18.735 4.92 11.692 28.763 5.42 15.631 42.361

4.43 8.5351 18.905 4.93 11.764 28.997 5.43 15.718 42.675

4.44 8.5931 19.077 4.94 11.835 29.233 5.44 15.805 42.990

4.45 8.6513 19.249 4.95 11.907 29.471 5.45 15.892 43.307

4.46 8.7097 19.423 4.96 11.980 29.710 5.46 15.980 43.626

4.47 8.7684 19.597 4.97 12.052 29.950 5.47 16.068 43.946

4.48 8.8274 19.773 4.98 12.125 30.192 5.48 16.156 44.268

4.49 8.8867 19.951 4.99 12.198 30.435 5.49 16.245 44.592
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

5.5 16.3338 44.9180 30 2650.72 39760.8 54.5 15892.4 433068

6 21.2058 63.6173 30.5 2785.48 42478.5 55 16333.8 449180

6.5 26.9612 87.6241 31 2924.72 45333.2 55.5 16783.4 465738

7 33.6739 117.859 31.5 3068.54 48329.5 56 17241.1 482750

7.5 41.4175 155.316 32 3216.99 51471.9 56.5 17707.0 500223

8 50.2655 201.062 32.5 3370.16 54765.0 57 18181.3 518166

8.5 60.2916 256.239 33 3528.11 58213.8 57.5 18663.9 536588

9 71.5694 322.062 33.5 3690.92 61822.9 58 19155.1 555497

9.5 84.1726 399.820 34 3858.66 65597.2 58.5 19654.7 574901

10 98.1748 490.874 34.5 4031.41 69541.9 59 20163.0 594810

10.5 113.650 596.660 35 4209.24 73661.8 59.5 20680.0 615230

11 130.671 718.688 35.5 4392.23 77962.1 60 21205.8 636173

11.5 149.312 858.541 36 4580.44 82448.0 60.5 21740.3 657645

12 169.646 1017.88 36.5 4773.96 87124.7 61 22283.8 679656

12.5 191.748 1198.42 37 4972.85 91997.7 61.5 22836.3 702215

13 215.690 1401.98 37.5 5177.19 97072.2 62 23397.8 725332

13.5 241.547 1630.44 38 5387.05 102354 62.5 23968.4 749014

14 269.392 1885.74 38.5 5602.50 107848 63 24548.3 773272

14.5 299.298 2169.91 39 5823.63 113561 63.5 25137.4 798114

15 331.340 2485.05 39.5 6050.50 119497 64 25735.9 823550

15.5 365.591 2833.33 40 6283.19 125664 64.5 26343.8 849589

16 402.124 3216.99 40.5 6521.76 132066 65 26961.2 876241

16.5 441.013 3638.36 41 6766.30 138709 65.5 27588.2 903514

17 482.333 4099.83 41.5 7016.88 145600 66 28224.9 931420

17.5 526.155 4603.86 42 7273.57 152745 66.5 28871.2 959967

18 572.555 5153.00 42.5 7536.45 160150 67 29527.3 989166

18.5 621.606 5749.85 43 7805.58 167820 67.5 30193.3 1019025

19 673.381 6397.12 43.5 8081.05 175763 68 30869.3 1049556

19.5 727.954 7097.55 44 8362.92 183984 68.5 31555.2 1080767

20 785.398 7853.98 44.5 8651.27 192491 69 32251.3 1112670

20.5 845.788 8669.33 45 8946.18 201289 69.5 32957.5 1145273

21 909.197 9546.56 45.5 9247.71 210385 70 33673.9 1178588

21.5 975.698 10488.8 46 9555.94 219787 70.5 34400.7 1212625

22 1045.36 11499.0 46.5 9870.95 229499 71 35137.8 1247393

22.5 1118.27 12580.6 47 10192.8 239531 71.5 35885.4 1282904

23 1194.49 13736.7 47.5 10521.6 249887 72 36643.5 1319167

23.5 1274.10 14970.7 48 10857.3 260576 72.5 37412.3 1356194

24 1357.17 16286.0 48.5 11200.2 271604 73 38191.7 1393995

24.5 1443.77 17686.2 49 11550.2 282979 73.5 38981.8 1432581

25 1533.98 19174.8 49.5 11907.4 294707 74 39782.8 1471963

25.5 1627.87 20755.4 50 12271.8 306796 74.5 40594.6 1512150

26 1725.52 22431.8 50.5 12643.7 319253 75 41417.5 1553156

26.5 1827.00 24207.7 51 13023.0 332086 75.5 42251.4 1594989

27 1932.37 26087.0 51.5 13409.8 345302 76 43096.4 1637662

27.5 2041.73 28073.8 52 13804.2 358908 76.5 43952.6 1681186

28 2155.13 30171.9 52.5 14206.2 372913 77 44820.0 1725571

28.5 2272.66 32385.4 53 14616.0 387323 77.5 45698.8 1770829

29 2394.38 34718.6 53.5 15033.5 402147 78 46589.0 1816972

29.5 2520.38 37175.6 54 15459.0 417393 78.5 47490.7 1864011
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Section Moduli and Moments of Inertia for Round Shafts (English or Metric Units)

Dia.
Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia Dia.

Section
Modulus

Moment
of Inertia

79 48404.0 1911958 103.5 108848 5632890 128 205887 13176795

79.5 49328.9 1960823 104 110433 5742530 128.5 208310 13383892

80 50265.5 2010619 104.5 112034 5853762 129 210751 13593420

80.5 51213.9 2061358 105 113650 5966602 129.5 213211 13805399

81 52174.1 2113051 105.5 115281 6081066 130 215690 14019848

81.5 53146.3 2165710 106 116928 6197169 130.5 218188 14236786

82 54130.4 2219347 106.5 118590 6314927 131 220706 14456231

82.5 55126.7 2273975 107 120268 6434355 131.5 223243 14678204

83 56135.1 2329605 107.5 121962 6555469 132 225799 14902723

83.5 57155.7 2386249 108 123672 6678285 132.5 228374 15129808

84 58188.6 2443920 108.5 125398 6802818 133 230970 15359478

84.5 59233.9 2502631 109 127139 6929085 133.5 233584 15591754

85 60291.6 2562392 109.5 128897 7057102 134 236219 15826653

85.5 61361.8 2623218 110 130671 7186884 134.5 238873 16064198

86 62444.7 2685120 110.5 132461 7318448 135 241547 16304406

86.5 63540.1 2748111 111 134267 7451811 135.5 244241 16547298

87 64648.4 2812205 111.5 136089 7586987 136 246954 16792893

87.5 65769.4 2877412 112 137928 7723995 136.5 249688 17041213

88 66903.4 2943748 112.5 139784 7862850 137 252442 17292276

88.5 68050.2 3011223 113 141656 8003569 137.5 255216 17546104

89 69210.2 3079853 113.5 143545 8146168 138 258010 17802715

89.5 70383.2 3149648 114 145450 8290664 138.5 260825 18062131

90 71569.4 3220623 114.5 147372 8437074 139 263660 18324372

90.5 72768.9 3292791 115 149312 8585414 139.5 266516 18589458

91 73981.7 3366166 115.5 151268 8735703 140 269392 18857410

91.5 75207.9 3440759 116 153241 8887955 140.5 272288 19128248

92 76447.5 3516586 116.5 155231 9042189 141 275206 19401993

92.5 77700.7 3593659 117 157238 9198422 141.5 278144 19678666

93 78967.6 3671992 117.5 159262 9356671 142 281103 19958288

93.5 80248.1 3751598 118 161304 9516953 142.5 284083 20240878

94 81542.4 3832492 118.5 163363 9679286 143 287083 20526460

94.5 82850.5 3914688 119 165440 9843686 143.5 290105 20815052

95 84172.6 3998198 119.5 167534 10010172 144 293148 21106677

95.5 85508.6 4083038 120 169646 10178760 144.5 296213 21401356

96 86858.8 4169220 120.5 171775 10349469 145 299298 21699109

96.5 88223.0 4256760 121 173923 10522317 145.5 302405 21999959

97 89601.5 4345671 121.5 176088 10697321 146 305533 22303926

97.5 90994.2 4435968 122 178270 10874498 146.5 308683 22611033

98 92401.3 4527664 122.5 180471 11053867 147 311854 22921300

98.5 93822.8 4620775 123 182690 11235447 147.5 315047 23234749

99 95258.9 4715315 123.5 184927 11419254 148 318262 23551402

99.5 96709.5 4811298 124 187182 11605307 148.5 321499 23871280

100 98174.8 4908739 124.5 189456 11793625 149 324757 24194406

100.5 99654.8 5007652 125 191748 11984225 149.5 328037 24520802

101 101150 5108053 125.5 194058 12177126 150 331340 24850489

101.5 102659 5209956 126 196386 12372347 … … …
102 104184 5313376 126.5 198734 12569905 … … …
102.5 105723 5418329 127 201100 12769820 … … …
103 107278 5524828 127.5 203484 12972110 … … …
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Strength and Stiffness of Perforated Metals.—It is common practice to use perforated
metals in equipment enclosures to provide cooling by the flow of air or fluids. If the perfo-
rated material is to serve also as a structural member, then calculations of stiffness and
strength must be made that take into account the effect of the perforations on the strength
of the panels.

The accompanying table provides equivalent or effective values of the yield strength S*;
modulus of elasticity E*; and Poisson's ratio v* of perforated metals in terms of the values
for solid material. The S*/S and E*/E ratios, given in the accompanying table for the stan-
dard round hole staggered pattern, can be used to determine the safety margins or deflec-
tions for perforated metal use as compared to the unperforated metal for any geometry or
loading condition.

Perforated material has different strengths depending on the direction of loading; there-
fore, values of S*/S in the table are given for the width (strongest) and length (weakest)
directions. Also, the effective elastic constants are for plane stress conditions and apply to
the in-plane loading of thin perforated sheets; the bending stiffness is greater. However,
since most loading conditions involve a combination of bending and stretching, it is more
convenient to use the same effective elastic constants for these combined loading condi-
tions. The plane stress effective elastic constants given in the table can be conservatively
used for all loading conditions.

Mechanical Properties of Materials Perforated with Round Holes in 
IPA Standard Staggered Hole Pattern

Value in parentheses specifies holes per square inch instead of center distance. S*/S = ratio of yield
strength of perforated to unperforated material; E*/E = ratio of modulus of elasticity of perforated to
unperforated material; v* = Poisson's ratio for given percentage of open area.

IPA is Industrial Perforators Association.

IPA
No.

Perforation
Diam. (in.)

Center
Distance (in.)

Open
Area (%)

S*/S
E*/E v*Width (in.) Length (in.)

100 0.020 (625) 20 0.530 0.465 0.565 0.32
106 1⁄16

1⁄8 23 0.500 0.435 0.529 0.33
107 5⁄64

7⁄64 46 0.286 0.225 0.246 0.38
108 5⁄64

1⁄8 36 0.375 0.310 0.362 0.35
109 3⁄32

5⁄32 32 0.400 0.334 0.395 0.34
110 3⁄32

3⁄16 23 0.500 0.435 0.529 0.33
112 1⁄10

5⁄32 36 0.360 0.296 0.342 0.35
113 1⁄8 3⁄16 40 0.333 0.270 0.310 0.36
114 1⁄8 7⁄32 29 0.428 0.363 0.436 0.33
115 1⁄8 1⁄4 23 0.500 0.435 0.529 0.33
116 5⁄32

7⁄32 46 0.288 0.225 0.249 0.38
117 5⁄32

1⁄4 36 0.375 0.310 0.362 0.35
118 3⁄16

1⁄4 51 0.250 0.192 0.205 0.42
119 3⁄16

5⁄16 33 0.400 0.334 0.395 0.34
120 1⁄4 5⁄16 58 0.200 0.147 0.146 0.47
121 1⁄4 3⁄8 40 0.333 0.270 0.310 0.36
122 1⁄4 7⁄16 30 0.428 0.363 0.436 0.33
123 1⁄4 1⁄2 23 0.500 0.435 0.529 0.33
124 3⁄8 1⁄2 51 0.250 0.192 0.205 0.42
125 3⁄8 9⁄16 40 0.333 0.270 0.310 0.36
126 3⁄8 5⁄8 33 0.400 0.334 0.395 0.34
127 7⁄16

5⁄8 45 0.300 0.239 0.265 0.38
128 1⁄2 11⁄16 47 0.273 0.214 0.230 0.39
129 9⁄16

3⁄4 51 0.250 0.192 0.205 0.42
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BEAMS
Beam Calculations

Reaction at the Supports.—When a beam is loaded by vertical loads or forces, the sum of
the reactions at the supports equals the sum of the loads. In a simple beam, when the loads
are symmetrically placed with reference to the supports, or when the load is uniformly dis-
tributed, the reaction at each end will equal one-half of the sum of the loads. When the
loads are not symmetrically placed, the reaction at each support may be ascertained from
the fact that the algebraic sum of the moments must equal zero. In the accompanying illus-
tration, if moments are taken about the support to the left, then: R2 × 40 − 8000 × 10 −
10,000 × 16 − 20,000 × 20 = 0; R2 = 16,000 pounds. In the same way, moments taken about
the support at the right give R1 = 22,000 pounds.

The sum of the reactions equals 38,000 pounds, which is also the sum of the loads. If part
of the load is uniformly distributed over the beam, this part is first equally divided between
the two supports, or the uniform load may be considered as concentrated at its center of
gravity.

If metric SI units are used for the calculations, distances may be expressed in meters
or millimeters, providing the treatment is consistent, and loads in newtons.  Note: If
the load is given in kilograms, the value referred to is the mass. A mass of M kilograms
has a weight (applies a force) of Mg newtons, where g = approximately 9.81 meters
per second2.
Stresses and Deflections in Beams.—On the following pages are given an extensive
table of formulas for stresses and deflections in beams, shafts, etc. It is assumed that all the
dimensions are in inches, all loads in pounds, and all stresses in pounds per square inch.
The formulas are also valid using metric SI units, with all dimensions in millimeters,
all loads in newtons, and stresses and moduli in newtons per millimeter2 (N/mm2).
Note: A load due to the weight of a mass of M kilograms is Mg newtons, where g =
approximately 9.81 meters per second2. In the tables:

E =modulus of elasticity of the material
I = moment of inertia of the cross-section of the beam
Z =section modulus of the cross-section of the beam = I ÷ distance from neutral

axis to extreme fiber
W =load on beam
s =stress in extreme fiber, or maximum stress in the cross-section considered, due

to load W. A positive value of s denotes tension in the upper fibers and com-
pression in the lower ones (as in a cantilever). A negative value of s denotes the
reverse (as in a beam supported at the ends). The greatest safe load is that value
of W which causes a maximum stress equal to, but not exceeding, the greatest
safe value of s

y =deflection measured from the position occupied if the load causing the deflec-
tion were removed. A positive value of y denotes deflection below this posi-
tion; a negative value, deflection upward

u, v, w, x =variable distances along the beam from a given support to any point
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Stresses and Deflections in Beams 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

Case 1. — Supported at Both Ends, Uniform Load

Stress at center, 

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at center,

Case 2. — Supported at Both Ends, Load at Center

Between each support and load,
Stress at center, 

If cross-section is constant, 
this is the maximum stress.

Between each support and load, Maximum deflection, at load, 

Case 3. — Supported at Both Ends, Load at any Point

For segment of length a,

For segment of length b,

Stress at load, 

If cross-section is constant, 
this is the maximum stress.

For segment of length a,

For segment of length b,

Deflection at load, 

Let a be the length of the shorter 
segment and b of the longer one. 
The maximum deflection 

is in the longer segment, at

s
W

2Zl
--------x l x–( )–=

Wl
8Z
-------– y

Wx l x–( )
24EIl

----------------------- l2 x l x–( )+[ ]= 5
384
---------

Wl3

EI
---------

s
Wx
2Z
--------–=

Wl
4Z
-------–

y
Wx

48EI
------------ 3l2 4x2–( )= Wl3

48EI
------------

s
Wbx

Zl
-----------–=

s
Wav

Zl
-----------–=

Wab
Zl

-----------–
y

Wbx
6EIl
----------- l2 x2– b2–( )=

y
Wav
6EIl
----------- l2 v2– a2–( )=

Wa2b2

3EIl
-----------------

Wav1
3

3EIl
--------------

v b 1⁄3
2a
3b
------+ v1= =
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Case 4. — Supported at Both Ends, Two Symmetrical Loads

Between each support and
 adjacent load,

Between loads,

Stress at each load, and at 

all points between, 

Between each support and adjacent load,

Between loads,

Maximum deflection at center,

Deflection at loads 

Case 5. — Both Ends Overhanging Supports Symmetrically, Uniform Load

Between each support and 
adjacent end,

Between supports,

Stress at each support, 

Stress at center,

If cross-section is constant, 
the greater of these is the 
maximum stress.

If l is greater than 2c, the 
stress is zero at points 

 on both sides 

of the center.
If cross-section is constant 

and if l = 2.828c, the stresses 
at supports and center are 
equal and opposite, and are 

Between each support and adjacent end,

Between supports,

Deflection at ends,

Deflection at center,

If l is between 2c and 2.449c, 
there are maximum upward deflec-

tions at points  on 

both sides of the center, which are, 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa

s
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y
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y
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s
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s
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-----------------±

y
Wu
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]

=

y
Wx l x–( )

24EIL
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Wc
24EIL
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Wl2

384EIL
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W
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Case 6.  — Both Ends Overhanging Supports Unsymmetrically, Uniform Load

For overhanging end of length c,

Between supports,

For overhanging end of length d,

Stress at support next end 

of length c,

Critical stress between 
supports is at

and is 

Stress at support next end 

of length d,

If cross-section is constant, 
the greatest of these three is 
the maximum stress.

If x1 > c, the stress is zero 

at points  on both 

sides of x = x1.

For overhanging end of length c,

Between supports,

For overhanging end of length d,

Deflection at end c,

Deflection at end d,

This case is so complicated that 
convenient general expressions for 
the critical deflections between 
supports cannot be obtained.

Case 7. — Both Ends Overhanging Supports, Load at any Point Between

Between supports:
For segment of length a, 

For segment of length b, 

Beyond supports s = 0.

Stress at load,

If cross-section is constant, 
this is the maximum stress.

Between supports, same as Case 3.
For overhanging end of length c,

For overhanging end of length d,

Between supports, same as Case 
3.

Deflection at end c, 

Deflection at end d, 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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s
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Case 8. — Both Ends Overhanging Supports, Single Overhanging Load

Between load and adjacent sup-
port,

Between supports,

Between unloaded end and 
adjacent supports, s = 0.

Stress at support adjacent 
to load, 

If cross-section is constant, 
this is the maximum stress.

Stress is zero at other sup-
port.

Between load and adjacent support,

Between supports,

Between unloaded end and adjacent sup-

port, 

Deflection at load, 

Maximum upward deflection is 

at x = .42265l, and is 

Deflection at unloaded end, 

Case 9. — Both Ends Overhanging Supports, Symmetrical Overhanging Loads

Between each load and adjacent 
support,

Between supports,

Stress at supports and at all 
points between, 

If cross-section is constant, 
this is the maximum stress.

Between each load and adjacent support,

Between supports, 

Deflections at loads, 

Deflection at center, 

The above expressions involve the usual approximations of the theory of flexure, 
and hold only for small deflections. Exact expressions for deflections of any magni-
tude are as follows:

Between supports the curve is a circle of radius 

Deflection at center, 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 10.  — Fixed at One End, Uniform Load

Stress at support,

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at end, 

Case 11. — Fixed at One End, Load at Other

Stress at support, 

If cross-section is constant, 
this is the maximum stress.

Maximum deflection, at end, 

Case 12. — Fixed at One End, Intermediate Load

Between support and load,

Beyond load, s = 0.

Stress at support, 

If cross-section is constant, 
this is the maximum stress.

Between support and load,

Beyond load,

Deflection at load, 

Maximum deflection, at end,

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 13. — Fixed at One End, Supported at the Other, Load at Center

Between point of fixture and load, 

Between support and load, 

Maximum stress at point 

of fixture, 

Stress is zero at x = 3⁄11l

Greatest negative stress at 

center, 

Between point of fixture and load, 

Between support and load, 

Maximum deflection is at v = 

0.4472l, and is 

Deflection at load, 

Case 14.  — Fixed at One End, Supported at the Other, Load at any Point

m = (l + a) (l + b) + al
n = al (l + b)

Between point of fixture and load,

Between support and load,

Greatest positive stress, at 
point of fixture, 

Greatest negative stress, at 
load, 

If a < 0.5858l, the first is 
the maximum stress. If a = 
0.5858l, the two are equal 

and are  If a > 

0.5858l, the second is the 
maximum stress.

Stress is zero at 

Between point of fixture and load,

Between support and load,

Deflection at load, 

If a < 0.5858l, maximum deflec-

tion is and 

located between load and support, 

at 

If a = 0.5858l, maximum deflec-

tion is at load and is 

If a > 0.5858l, maximum deflec-

tion is  and located 

between load and point of fixture, 
at 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 15. — Fixed at One End, Supported at the Other, Uniform Load

Maximum stress at point 

of fixture, 

Stress is zero at x = 1⁄4l.
Greatest negative stress is 

at x = 5⁄8l and is 

Maximum deflection is at x = 

0.5785l, and is 

Deflection at center, 

Deflection at point of greatest 
negative stress, at x = 5⁄8l is 

Case 16. — Fixed at One End, Free but Guided at the Other, Uniform Load

Maximum stress, at sup-

port, 

Stress is zero at x = 0.4227l
Greatest negative stress, at 

free end, 

Maximum deflection, at free end,

Case 17. — Fixed at One End, Free but Guided at the Other, with Load

Stress at support, 

Stress at free end 

These are the maximum 
stresses and are equal and 
opposite.

Stress is zero at center.

Maximum deflection, at free end,

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 18.  — Fixed at Both Ends, Load at Center

Between each end and load, 

Stress at ends  

at load 

These are the maximum 
stresses and are equal and 
opposite.

Stress is zero at x = 1⁄4l

Maximum deflection, at load,

Case 19. — Fixed at Both Ends, Load at any Point

For segment of length a,

For segment of length b,

Stress at end next segment 

of length a, 

Stress at end next segment 

of length b, 

Maximum stress is at end 
next shorter segment.

Stress is zero at 

 and

Greatest negative stress, at 

load, 

For segment of length a,

For segment of length b,

Deflection at load, 

Let b be the length of the longer 
segment and a of the shorter one.

The maximum deflection is in 
the longer segment, at 

 and is

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 20. — Fixed at Both Ends, Uniform Load

Maximum stress, at ends, 

Stress is zero at 
 x = 0.7887l and at 
 x = 0.2113l

Greatest negative stress, at 

center, 

Maximum deflection, at center,

Case 21. — Continuous Beam, with Two Unequal Spans, Unequal, Uniform Loads

Between R1 and R,

Between R2 and R, 

Stress at support R, 

Greatest stress in the first 
span is at 

 and is 

Greatest stress in the sec-
ond span is at 

 and is, 

Between R1 and R,

Between R2 an R,

This case is so complicated that 
convenient general expressions for 
the critical deflections cannot be 
obtained.

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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Case 22. — Continuous Beam, with Two Equal Spans, Uniform Load

Maximum stress at point 

Stress is zero at x = 5⁄8l
Greatest negative stress is 

at x = 5⁄8l and is, 

Maximum deflection is at x = 

0.5785l, and is 

Deflection at center of span, 

Deflection at point of greatest 
negative stress, at x = 5⁄8l is 

Case 23.  — Continuous Beam, with Two Equal Spans, Equal Loads at Center of Each

Between point A and load,

Between point B and load,

Maximum stress at point 
A,

Stress is zero at

Greatest negative stress at 
center of span,

Between point A and load,

Between point B and load,

Maximum deflection is at v = 

0.4472l, and is 

Deflection at load, 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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In the diagrammatical illustrations of the beams and their loading, the values indicated near, but below, the supports are the “reactions” or upward forces at the sup-
ports. For Cases 1 to 12, inclusive, the reactions, as well as the formulas for the stresses, are the same whether the beam is of constant or variable cross-section. For the
other cases, the reactions and the stresses given are for constant cross-section beams only.

The bending moment at any point in inch-pounds is s × Z and can be found by omitting the divisor Z in the formula for the stress given in the tables. A positive value
of the bending moment denotes tension in the upper fibers and compression in the lower ones. A negative value denotes the reverse, The value of W corresponding to a
given stress is found by transposition of the formula. For example, in Case 1, the stress at the critical point is s = − Wl ÷ 8Z. From this formula we find W = − 8Zs ÷ l. Of
course, the negative sign of W may be ignored.

Case 24. — Continuous Beam, with Two Unequal Spans, Unequal Loads at any Point of Each

Between R1 and W1,

Between R and W1, s = 

Between R and W2, s = 

Between R2 and W2,

Stress at load W1,

Stress at support R,

Stress at load W2,

The greatest of these is the 
maximum stress.

Between R1 and W1,

Between R and W1,

Between R and W2

Between R2 and W2,

Deflection at load W1,

Deflection at load W2,

This case is so complicated that 
convenient general expressions for 
the maximum deflections cannot be 
obtained.

a The deflections apply only to cases where the cross section of the beam is constant for its entire length. 

Stresses and Deflections in Beams (Continued) 

Type of Beam

Stresses Deflections

General Formula for Stress
 at any Point Stresses at Critical Points General Formula for Deflection at any Pointa Deflections at Critical Pointsa
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If there are several kinds of loads, as, for instance, a uniform load and a load at any point,
or separate loads at different points, the total stress and the total deflection at any point is
found by adding together the various stresses or deflections at the point considered due to
each load acting by itself. If the stress or deflection due to any one of the loads is negative,
it must be subtracted instead of added.

max = 1⁄8WL (1 + 2a).

These formulas apply to simple beams resting on supports at the ends.

If the formulas are used with metric SI units, W = total load in newtons; L = total
length between supports in millimeters; E = modulus of elasticity in newtons per
millimeter 2; I  = moment of inertia of beam section in millimeters4; a = fraction of
length of beam at each end, that is not loaded = b ÷ L; and f = deflection in millimeters.
The bending moment Mmax is in newton-millimeters (N · mm).

Note: A load due to the weight of a mass of M kilograms is Mg newtons, where g =
approximately 9.81 meters per second 2.

Bending Stress Due to an Oblique Transverse Force.—The following il lustration
shows a beam and a channel being subjected to a transverse force acting at an angle φ to the
center of gravity. To find the bending stress, the moments of inertia I around axes 3-3 and
4-4 are computed from the following equations: I3 = Ixsin2φ + Iycos2φ, and I4 = Ixcos2φ +
Iysin2φ.

The computed bending stress fb is then found from  where M

is the bending moment due to force F.

------------------------------------ 5 24a2 16a4+–( )

fb M
y
Ix
---- φsin

x
Iy
---- φcos+ 

 =

supports; E = modulus of elasticity; I = moment of inertia of beam section; a = fraction of

Deflection of Beam Uniformly Loaded for Part of Its Length.—In the following for-

384EI(1 – 2a)f =

The expression for maximum bending moment is: M

WL

length of beam at each end, that is not loaded = b ÷ L; f = deflection.

mulas, lengths are in inches, weights in pounds. W = total load; L = total length between

3
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Rectangular Solid Beams

Style of Loading
and Support

Diameter of 
Beam, d

inch (mm)
Beam Height, 
hinch (mm)

Stress in 
Extreme
Fibers, f 

lb/in2 (N/mm2)
Beam Length, l 

inch (mm)
Total Load, W 

lb (N)

Beam fixed at one end, loaded at the other

Beam fixed at one end, uniformly loaded

Beam supported at both ends, single load in middle

Beam supported at both ends, uniformly loaded

Beam supported at both ends, single unsymmetrical load

a + c = l

Beam supported at both ends, two symmetrical loads

l, any length 

Round Solid Beams 

Style of Loading
and Support

Diameter of Beam, d
inch (mm)

Stress in Extreme
Fibers, 

flb/in2 (N/mm2)
Beam Length, l 

inch (mm)
Total Load, Wlb 

(N)

Beam fixed at one end, loaded at the other

Beam fixed at one end, uniformly loaded

6lW
fh2
---------- b= 6lW

bf
---------- h=

6lW
bh2
---------- f= bfh2

6W
----------- l=

bfh2

6l
----------- W=

3lW
fh2
---------- b= 3lW

bf
---------- h=

3lW
bh2
---------- f= bfh2

3W
----------- l=

bfh2

3l
----------- W=

3lW
2fh2
----------- b= 3lW

2bf
---------- h=

3lW
2bh2
------------ f= 2bfh2

3W
-------------- l=

2bfh2

3l
-------------- W=

3lW
4fh2
----------- b= 3lW

4bf
---------- h=

3lW
4bh2
------------ f= 4bfh2

3W
-------------- l=

4bfh2

3l
-------------- W=

6Wac
fh2l

--------------- b= 6Wac
bfl

--------------- h=
6Wac
bh2l

--------------- f= bh2f l
6ac

------------- W=

3Wa
fh2

----------- b= 3Wa
bf

----------- h=
3Wa
bh2
----------- f= bh2f

3W
----------- a=

bh2f
3a

----------- W=

10.18lW
f

---------------------3 d=
10.18lW

d3
--------------------- f= d3f

10.18W
------------------ l=

d3f
10.18l
--------------- W=

5.092Wl
f

---------------------3 d=
5.092Wl

d3
--------------------- f= d3f

5.092W
------------------ l=

d3f
5.092l
--------------- W=
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Beams of Uniform Strength Throughout Their Length.—The bending moment in a
beam is generally not uniform throughout its length, but varies. Therefore, a beam of uni-
form cross-section which is made strong enough at its most strained section, will have an
excess of material at every other section. Sometimes it may be desirable to have the cross-
section uniform, but at other times the metal can be more advantageously distributed if the
beam is so designed that its cross-section varies from point to point, so that it is at every
point just great enough to take care of the bending stresses at that point. A table is given
showing beams in which the load is applied in different ways and which are supported by
different methods, and the shape of the beam required for uniform strength is indicated. It
should be noted that the shape given is the theoretical shape required to resist bending only.
It is apparent that sufficient cross-section of beam must also be added either at the points of
support (in beams supported at both ends), or at the point of application of the load (in
beams loaded at one end), to take care of the vertical shear.

It should be noted that the theoretical shapes of the beams given in the two tables that fol-
low are based on the stated assumptions of uniformity of width or depth of cross-section,
and unless these are observed in the design, the theoretical outlines do not apply without
modifications. For example, in a cantilever with the load at one end, the outline is a parab-
ola only when the width of the beam is uniform. It is not correct to use a strictly parabolic
shape when the thickness is not uniform, as, for instance, when the beam is made of an I- or
T-section. In such cases, some modification may be necessary; but it is evident that what-
ever the shape adopted, the correct depth of the section can be obtained by an investigation
of the bending moment and the shearing load at a number of points, and then a line can be
drawn through the points thus ascertained, which will provide for a beam of practically
uniform strength whether the cross-section be of uniform width or not.

Beam supported at both ends, single load in middle

Beam supported at both ends, uniformly loaded

Beam supported at both ends, single unsymmetrical load

a + c = l

Beam supported at both ends, two symmetrical loads

l, any length 

Round Solid Beams (Continued) 

Style of Loading
and Support

Diameter of Beam, d
inch (mm)

Stress in Extreme
Fibers, 

flb/in2 (N/mm2)
Beam Length, l 

inch (mm)
Total Load, Wlb 

(N)

2.546Wl
f

---------------------3 d=
2.546Wl

d3
--------------------- f= d3f

2.546W
------------------ l=

d3f
2.546l
--------------- W=

1.273Wl
f

---------------------3 d=
1.273Wl

d3
--------------------- f= d3f

1.273W
------------------ l=

d3f
1.273l
--------------- W=

10.18Wac
fl

-------------------------3 d=
10.18Wac

d3l
------------------------- f= d3f l

10.18ac
-------------------- W=

5.092Wa
f

----------------------3 d=
5.092Wa

d3
---------------------- f= d3f

5.092W
------------------ a=

d3f
5.092a
---------------- W=
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Beams of Uniform Strength Throughout Their Length

Type of Beam Description Formulaa

a In the formulas, P = load in pounds; S = safe stress in pounds per square inch; and a, b, c, h, and l are
in inches. If metric SI units are used, P is in newtons; S = safe stress in N/mm2; and a, b, c, h, and
l are in millimeters. 

Load at one end. Width of beam uniform. 
Depth of beam decreasing towards loaded end. 
Outline of beam-shape, parabola with vertex at 
loaded end.

Load at one end. Width of beam uniform. 
Depth of beam decreasing towards loaded end. 
Outline of beam, one-half of a parabola with 
vertex at loaded end. Beam may be reversed so 
that upper edge is parabolic.

Load at one end. Depth of beam uniform. 
Width of beam decreasing towards loaded end. 
Outline of beam triangular, with apex at loaded 
end.

Beam of approximately uniform strength. 
Load at one end. Width of beam uniform. Depth 
of beam decreasing towards loaded end, but not 
tapering to a sharp point.

Uniformly distributed load. Width of beam 
uniform. Depth of beam decreasing towards 
outer end. Outline of beam, right-angled trian-
gle.

Uniformly distributed load. Depth of beam 
uniform. Width of beam gradually decreasing 
towards outer end. Outline of beam is formed by 
two parabolas which tangent each other at their 
vertexes at the outer end of the beam.

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

6l
------------=

P
Sbh2

3l
------------=

P
Sbh2

3l
------------=
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Beams of Uniform Strength Throughout Their Length

Type of Beam Description Formulaa

a For details of English and metric SI units used in the formulas, see footnote on page251. 

Beam supported at both ends. Load concentrated 
at any point. Depth of beam uniform. Width of 
beam maximum at point of loading. Outline of 
beam, two triangles with apexes at points of sup-
port.

Beam supported at both ends. Load concentrated 
at any point. Width of beam uniform. Depth of 
beam maximum at point of loading. Outline of 
beam is formed by two parabolas with their ver-
texes at points of support.

Beam supported at both ends. Load concentrated 
in the middle. Depth of beam uniform. Width of 
beam maximum at point of loading. Outline of 
beam, two triangles with apexes at points of sup-
port.

Beam supported at both ends. Load concentrated 
at center. Width of beam uniform. Depth of beam 
maximum at point of loading. Outline of beam, 
two parabolas with vertices at points of support.

Beam supported at both ends. Load uniformly 
distributed. Depth of beam uniform. Width of 
beam maximum at center. Outline of beam, two 
parabolas with vertexes at middle of beam.

Beam supported at both ends. Load uniformly 
distributed. Width of beam uniform. Depth of 
beam maximum at center. Outline of beam one-
half of an ellipse.

P
Sbh2l
6ac

--------------=

P
Sbh2l
6ac

--------------=

P
2Sbh2

3l
----------------=

P
2Sbh2

3l
----------------=

P
4Sbh2

3l
----------------=

P
4Sbh2

3l
----------------=



BEAMS 253

Deflection as a Limiting Factor in Beam Design.—For some applications, a beam must
be stronger than required by the maximum load it is to support, in order to prevent exces-
sive deflection. Maximum allowable deflections vary widely for different classes of ser-
vice, so a general formula for determining them cannot be given. When exceptionally stiff
girders are required, one rule is to limit the deflection to 1 inch per 100 feet of span; hence,
if l = length of span in inches, deflection = l ÷ 1200. According to another formula, deflec-
tion limit = l ÷ 360 where beams are adjacent to materials like plaster which would be bro-
ken by excessive beam deflection. Some machine parts of the beam type must be very rigid
to maintain alignment under load. For example, the deflection of a punch press column
may be limited to 0.010 inch or less. These examples merely illustrate variations in prac-
tice. It is impracticable to give general formulas for determining the allowable deflection
in any specific application, because the allowable amount depends on the conditions gov-
erning each class of work.

Procedure in Designing for Deflection: Assume that a deflection equal to l ÷ 1200 is to
be the limiting factor in selecting a wide-flange (W-shape) beam having a span length of
144 inches. Supports are at both ends and load at center is 15,000 pounds. Deflection y is to
be limited to 144 ÷ 1200 = 0.12 inch. According to the formula on page237 (Case 2), in
which W = load on beam in pounds, l = length of span in inches, E = modulus of elasticity
of material, I = moment of inertia of cross section:

A structural wide-flange beam having a depth of 12 inches and weighing 35 pounds per
foot has a moment of inertia I of 285 and a section modulus (Z or S) Of 45.6 (see Steel Wide-
Flange Sections—3 on page 2491)). Checking now for maximum stress s (Case 2,
page237):

Although deflection is the limiting factor in this case, the maximum stress is checked to
make sure that it is within the allowable limit. As the limiting deflection is decreased, for a
given load and length of span, the beam strength and rigidity must be increased, and, con-
sequently, the maximum stress is decreased. Thus, in the preceding example, if the maxi-
mum deflection is 0.08 inch instead of 0.12 inch, then the calculated value for the moment
of inertia I will be 402; hence a W 12 × 53 beam having an I value of 426 could be used
(nearest value above 402). The maximum stress then would be reduced to 7640 pounds per
square inch and the calculated deflection is 0.076 inch.

A similar example using metric SI units is as follows. Assume that a deflection equal
to l ÷ 1000 millimeters is to be the limiting factor in selecting a W-beam having a span
length of 5 meters. Supports are at both ends and the load at the center is 30 kilonew-
tons. Deflection y is to be limited to 5000 ÷ 1000 = 5 millimeters. The formula on
page237 (Case 2) is applied, and W = load on beam in newtons; l = length of span in
mm; E = modulus of elasticity (assume 200,000 N/mm2 in this example); and I  =
moment of inertia of cross-section in millimeters4. Thus,  

hence

Deflection y
Wl3

48EI
------------=    hence, I

Wl3

48yE
-------------

15 000, 1443×
48 0.12× 29 000 000,,×
--------------------------------------------------------- 268.1= = =

s
Wl
4Z
-------

15 000, 144×
4 46.0×

-------------------------------- 11 842 lbs. per sq. in.,= = =

Deflection y Wl3

48EI
-------------=

I Wl3

48yE
------------- 30 000, 50003××××

48 5×××× 200 000,××××
----------------------------------------- 78 125 000,,   mm4= = =
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Although deflection is the limiting factor in this case, the maximum stress is
checked  to make sure that it is within the allowable limit, using the formula from
page237 (Case 2):

The units of s are newtons per square millimeter; W is the load in newtons; l is the
length in mm; and Z = section modulus of the cross-section of the beam = I  ÷ distance
in mm from neutral axis to extreme fiber.

Curved Beams.—The formula S = Mc/I used to compute stresses due to bending of beams
is based on the assumption that the beams are straight before any loads are applied. In
beams having initial curvature, however, the stresses may be considerably higher than pre-
dicted by the ordinary straight-beam formula because the effect of initial curvature is to
shift the neutral axis of a curved member in from the gravity axis toward the center of cur-
vature (the concave side of the beam). This shift in the position of the neutral axis causes an
increase in the stress on the concave side of the beam and decreases the stress at the outside
fibers.

Hooks, press frames, and other machine members which as a rule have a rather pro-
nounced initial curvature may have a maximum stress at the inside fibers of up to about 31⁄2
times that predicted by the ordinary straight-beam formula.

Stress Correction Factors for Curved Beams: A simple method for determining the
maximum fiber stress due to bending of curved members consists of  1) calculating the
maximum stress using the straight-beam formula S = Mc/I; and;  and  2) multiplying the
calculated stress by a stress correction factor. The table on page255 gives stress correction
factors for some of the common cross-sections and proportions used in the design of
curved members..

An example in the application of the method using English units of measurement is given
at the bottom of the table. A similar example using metric SI units is as follows: The
fiber stresses of a curved rectangular beam are calculated as 40 newtons per
millimeter 2, using the straight beam formula, S = Mc/I . If the beam is 150 mm deep
and its radius of curvature is 300 mm, what are the true stresses? R/c = 300⁄75 = 4.
From the table on page255, the K factors corresponding to R/c = 4 are 1.20 and 0.85.
Thus, the inside fiber stress is 40 × 1.20 = 48 N/mm2 = 48 megapascals; and the outside
fiber stress is 40 × 0.85 = 34 N/mm2 = 34 megapascals.

Approximate Formula for Stress Correction Factor: The stress correction factors given
in the table on page255 were determined by Wilson and Quereau and published in the Uni-
versity of Illinois Engineering Experiment Station Circular No. 16, “A Simple Method of
Determining Stress in Curved Flexural Members.” In this same publication the authors
indicate that the following empirical formula may be used to calculate the value of the
stress correction factor for the inside fibers of sections not covered by the tabular data to
within 5 per cent accuracy except in triangular sections where up to 10 per cent deviation
may be expected. However, for most engineering calculations, this formula should prove
satisfactory for general use in determining the factor for the inside fibers.

s Wl
4Z
-------=

K 1.00 0.5
I

bc2
-------- 1

R c–
------------

1
R
---++=



BEAMS 255

Values of the Stress Correction Factor K for Various Curved Beam Sections

Section R⁄c

Factor K

y0
a

a y0 is the distance from the centroidal axis to the neutral axis of curved beams subjected to pure
bending and is measured from the centroidal axis toward the center of curvature. 

Section R⁄c

Factor K

y0
a

Inside
Fiber

Outside
Fiber

Inside
Fiber

Outside
Fiber

1.2 3.41 .54 .224R 1.2 3.63 .58 .418R
1.4 2.40 .60 .151R 1.4 2.54 .63 .299R
1.6 1.96 .65 .108R 1.6 2.14 .67 .229R
1.8 1.75 .68 .084R 1.8 1.89 .70 .183R
2.0 1.62 .71 .069R 2.0 1.73 .72 .149R
3.0 1.33 .79 .030R 3.0 1.41 .79 .069R
4.0 1.23 .84 .016R 4.0 1.29 .83 .040R
6.0 1.14 .89 .0070R 6.0 1.18 .88 .018R
8.0 1.10 .91 .0039R 8.0 1.13 .91 .010R

10.0 1.08 .93 .0025R 10.0 1.10 .92 .0065R
1.2 2.89 .57 .305R 1.2 3.55 .67 .409R
1.4 2.13 .63 .204R 1.4 2.48 .72 .292R
1.6 1.79 .67 .149R 1.6 2.07 .76 .224R
1.8 1.63 .70 .112R 1.8 1.83 .78 .178R
2.0 1.52 .73 .090R 2.0 1.69 .80 .144R
3.0 1.30 .81 .041R 3.0 1.38 .86 .067R
4.0 1.20 .85 .021R 4.0 1.26 .89 .038R
6.0 1.12 .90 .0093R 6.0 1.15 .92 .018R
8.0 1.09 .92 .0052R 8.0 1.10 .94 .010R

10.0 1.07 .94 .0033R 10.0 1.08 .95 .0065R
1.2 3.01 .54 .336R 1.2 2.52 .67 .408R
1.4 2.18 .60 .229R 1.4 1.90 .71 .285R
1.6 1.87 .65 .168R 1.6 1.63 .75 .208R
1.8 1.69 .68 .128R 1.8 1.50 .77 .160R
2.0 1.58 .71 .102R 2.0 1.41 .79 .127R
3.0 1.33 .80 .046R 3.0 1.23 .86 .058R
4.0 1.23 .84 .024R 4.0 1.16 .89 .030R
6.0 1.13 .88 .011R 6.0 1.10 .92 .013R
8.0 1.10 .91 .0060R 8.0 1.07 .94 .0076R

10.0 1.08 .93 .0039R 10.0 1.05 .95 .0048R
1.2 3.09 .56 .336R 1.2 3.28 .58 .269R
1.4 2.25 .62 .229R 1.4 2.31 .64 .182R
1.6 1.91 .66 .168R 1.6 1.89 .68 .134R
1.8 1.73 .70 .128R 1.8 1.70 .71 .104R
2.0 1.61 .73 .102R 2.0 1.57 .73 .083R
3.0 1.37 .81 .046R 3.0 1.31 .81 .038R
4.0 1.26 .86 .024R 4.0 1.21 .85 .020R
6.0 1.17 .91 .011R 6.0 1.13 .90 .0087R
8.0 1.13 .94 .0060R 8.0 1.10 .92 .0049R

10.0 1.11 .95 .0039R 10.0 1.07 .93 .0031R
1.2 3.14 .52 .352R 1.2 2.63 .68 .399R
1.4 2.29 .54 .243R 1.4 1.97 .73 .280R
1.6 1.93 .62 .179R 1.6 1.66 .76 .205R
1.8 1.74 .65 .138R 1.8 1.51 .78 .159R
2.0 1.61 .68 .110R 2.0 1.43 .80 .127R
3.0 1.34 .76 .050R 3.0 1.23 .86 .058R
4.0 1.24 .82 .028R 4.0 1.15 .89 .031R
6.0 1.15 .87 .012R 6.0 1.09 .92 .014R
8.0 1.12 .91 .0060R 8.0 1.07 .94 .0076R

10.0 1.10 .93 .0039R 10.0 1.06 .95 .0048R
1.2 3.26 .44 .361R

Example: The fiber stresses of a curved rectangular beam 
are calculated as 5000 psi using the straight beam for-
mula, S = Mc/I. If the beam is 8 inches deep and its radius 
of curvature is 12 inches, what are the true stresses? R/c = 
12⁄4 = 3. The factors in the table corresponding to R/c = 
3 are 0.81 and 1.30. Outside fiber stress = 5000 × 0.81 = 
4050 psi; inside fiber stress = 5000 × 1.30 = 6500 psi.

1.4 2.39 .50 .251R
1.6 1.99 .54 .186R
1.8 1.78 .57 .144R
2.0 1.66 .60 .116R
3.0 1.37 .70 .052R
4.0 1.27 .75 .029R
6.0 1.16 .82 .013R
8.0 1.12 .86 .0060R

10.0 1.09 .88 .0039R
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(Use 1.05 instead of 0.5 in this formula for circular and elliptical sections.)
I = Moment of inertia of section about centroidal axis
b =maximum width of section
c =distance from centroidal axis to inside fiber, i.e., to the extreme fiber nearest

the center of curvature
R =radius of curvature of centroidal axis of beam

Example:The accompanying diagram shows the dimensions of a clamp frame of rectan-
gular cross-section. Determine the maximum stress at points A and B due to a clamping
force of 1000 pounds.

The cross-sectional area = 2 × 4 = 8 square inches; the bending moment at section AB is
1000 (24 + 6 + 2) = 32,000 inch pounds; the distance from the center of gravity of the sec-
tion at AB to point B is c = 2 inches; and using the formula on page219, the moment of iner-
tia of the section is 2 × (4)3 ÷ 12 = 10.667 inches4.

Using the straight-beam formula, page254, the stress at points A and B due to the bend-
ing moment is:

The stress at A is a compressive stress of 6000 psi and that at B is a tensile stress of 6000
psi.

These values must be corrected to account for the curvature effect. In the table on
page255 for R/c = (6 + 2)/(2) = 4, the value of K is found to be 1.20 and 0.85 for points B
and A respectively. Thus, the actual stress due to bending at point B is 1.20 × 6000 = 7200
psi in tension and the stress at point A is 0.85 × 6000 = 5100 psi in compression.

To these stresses at A and B must be added, algebraically, the direct stress at section AB
due to the 1000-pound clamping force. The direct stress on section AB will be a tensile
stress equal to the clamping force divided by the section area. Thus 1000 ÷ 8 = 125 psi in
tension.

The maximum unit stress at A is, therefore, 5100 − 125 = 4975 psi in compression and the
maximum unit stress at B is 7200 + 125 = 7325 psi in tension.

The following is a similar calculation using metric SI units, assuming that it is
required to determine the maximum stress at points A and B due to clamping force of
4 kilonewtons acting on the frame. The frame cross-section is 50 by 100 millimeters,
the radius R = 200 mm, and the length of the straight portions is 600 mm. Thus, the
cross-sectional area = 50 × 100 = 5000 mm2; the bending moment at AB is 4000(600 +
200) = 3,200,000 newton-millimeters; the distance from the center of gravity of the
section at AB to point B is c = 50 mm; and the moment of inertia of the section is, using
the formula on page219, 50 × (100)3 = 4,170,000 mm4.

Using the straight-beam formula, page254, the stress at points A and B due to the
bending moment is: 

S
Mc
I

--------
32 000 2×,

10.667
-------------------------- 6000 psi= = =
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The stress at A is a compressive stress of 38.4 N/mm2, while that at B is a tensile
stress of 38.4 N/mm2. These values must be corrected to account for the curvature
effect. From the table on page255, the K factors are 1.20 and 0.85 for points A and B
respectively, derived from R/c = 200⁄50 = 4. Thus, the actual stress due to bending at
point B is 1.20 × 38.4 = 46.1 N/mm2 (46.1 megapascals) in tension; and the stress at
point A is 0.85 × 38.4 = 32.6 N/mm2 (32.6 megapascals) in compression.

To these stresses at A and B must be added, algebraically, the direct stress at section
AB due to the 4 kN clamping force. The direct stress on section AB will be a tensile
stress equal to the clamping force divided by the section area. Thus, 4000⁄5000 = 0.8
N/mm 2. The maximum unit stress at A is, therefore, 32.61 − 0.8 = 31.8 N/mm 2 (31.8
megapascals) in compression, and the maximum unit stress at B is 46.1 + 0.8 = 46.9
N/mm 2 (46.9 megapascals) in tension.

Stresses Produced by Shocks

Stresses in Beams Produced by Shocks.—Any elastic structure subjected to a shock will
deflect until the product of the average resistance, developed by the deflection, and the dis-
tance through which it has been overcome, has reached a value equal to the energy of the
shock. It follows that for a given shock, the average resisting stresses are inversely propor-
tional to the deflection. If the structure were perfectly rigid, the deflection would be zero,
and the stress infinite. The effect of a shock is, therefore, to a great extent dependent upon
the elastic property (the springiness) of the structure subjected to the impact.

The energy of a body in motion, such as a falling body, may be spent in each of four ways:
1) In deforming the body struck as a whole.
2) In deforming the falling body as a whole.
3) In partial deformation of both bodies on the surface of contact (most of this energy will

be transformed into heat).
4) Part of the energy will be taken up by the supports, if these are not perfectly rigid and

inelastic.
How much energy is spent in the last three ways it is usually difficult to determine, and

for this reason it is safest to figure as if the whole amount were spent as in Case 1. If a reli-
able judgment is possible as to what percentage of the energy is spent in other ways than the
first, a corresponding fraction of the total energy can be assumed as developing stresses in
the body subjected to shocks.

One investigation into the stresses produced by shocks led to the following conclusions:
1) A suddenly applied load will produce the same deflection, and, therefore, the same

stress as a static load twice as great;  and  2) The unit stress p (see formulas in the table
"Stresses Produced in Beams by Shocks") for a given load producing a shock, varies
directly as the square root of the modulus of elasticity E, and inversely as the square root of
the length L of the beam and the area of the section.

 Thus, for instance, if the sectional area of a beam is increased by four times, the unit
stress will diminish only by half. This result is entirely different from those produced by
static loads where the stress would vary inversely with the area, and within certain limits be
practically independent of the modulus of elasticity.

In the table, the expression for the approximate value of p, which is applicable whenever
the deflection of the beam is small as compared with the total height h through which the
body producing the shock is dropped, is always the same for beams supported at both ends
and subjected to shock at any point between the supports. In the formulas all dimensions
are in inches and weights in pounds.

s Mc
I

-------- 3 200 000 50××××,,
4 170 000,,

-------------------------------------= =

38.4 newtons per millimeter2 38.4 megapascals==
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If metric SI units are used, p is in newtons per square millimeter; Q is in newtons;  E
= modulus of elasticity in N/mm2; I  = moment of inertia of section in millimeters4; and
h, a, and L in millimeters. Note: If Q is given in kilograms, the value referred to is
mass. The weight Q of a mass M kilograms is Mg newtons, where g = approximately
9.81 meters per second2.

Stresses Produced in Beams by Shocks

Examples of How Formulas for Stresses Produced by Shocks are Derived: The general
formula from which specific formulas for shock stresses in beams, springs, and other
machine and structural members are derived is:

(1)

In this formula, p = stress in pounds per square inch due to shock caused by impact of a
moving load; ps = stress in pounds per square inch resulting when moving load is applied
statically; h = distance in inches that load falls before striking beam, spring, or other mem-
ber; y = deflection, in inches, resulting from static load.

As an example of how Formula (1) may be used to obtain a formula for a specific appli-
cation, suppose that the load W shown applied to the beam in Case 2 on page237 were
dropped on the beam from a height of h inches instead of being gradually applied (static
loading). The maximum stress ps due to load W for Case 2 is given as Wl ÷ 4 Z and the max-
imum deflection y is given as Wl3 ÷ 48 EI. Substituting these values in Formula (1),

(2)

If in Formula (2) the letter Q is used in place of W and if Z, the section modulus, is
replaced by its equivalent, I ÷ distance a from neutral axis to extreme fiber of beam, then
Formula (2) becomes the first formula given in the accompanying table Stresses Produced
in Beams by Shocks

Stresses in Helical Springs Produced by Shocks.—A load suddenly applied on a spring
will produce the same deflection, and, therefore, also the same unit stress, as a static load
twice as great. When the load drops from a height h, the stresses are as given in the accom-
panying table. The approximate values are applicable when the deflection is small as com-
pared with the height h. The formulas show that the fiber stress for a given shock will be
greater in a spring made from a square bar than in one made from a round bar, if the diam-

Method of
Support and

Point Struck by
Falling Body

Fiber (Unit) Stress p produced by
Weight Q Dropped Through a

Distance h
Approximate Value

of p

Supported at
both ends; struck

in center.

Fixed at one
end; struck at the

other.

Fixed at both
ends; struck in

center.

I = moment of inertia of section; a = distance of extreme fiber from neutral axis; L = length of beam; 
E = modulus of elasticity.

p
QaL
4I

----------- 1 1
96hEI
QL3

----------------++ 
 = p a

6QhE
LI

---------------=

p
QaL

I
----------- 1 1

6hEI
QL3
-------------++ 

 = p a=
6QhE

LI
---------------

p
QaL
8I

----------- 1 1
384hEI

QL3
-------------------++ 

 = p a=
6QhE

LI
---------------

p ps 1 1
2h
y

------++ 
 =

p
Wl
4Z
------- 1 1

2h
Wl3 48EI÷
----------------------------++ 

  Wl
4Z
------- 1 1

96hEI
Wl3

----------------++ 
 = =
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eter of coil be the same and the side of the square bar equals the diameter of the round bar.
It is, therefore, more economical to use round stock for springs which must withstand
shocks, due to the fact that the deflection for the same fiber stress for a square bar spring is
smaller than that for a round bar spring, the ratio being as 4 to 5. The round bar spring is
therefore capable of storing more energy than a square bar spring for the same stress.

Stresses Produced in Springs by Shocks

Shocks from Bodies in Motion.—The formulas given can be applied, in general, to
shocks from bodies in motion. A body of weight W moving horizontally with the velocity
of v feet per second, has a stored-up energy:

This expression may be substituted for Qh in the tables in the equations for unit stresses
containing this quantity, and the stresses produced by the energy of the moving body
thereby determined.

The formulas in the tables give the maximum value of the stresses, providing the designer
with some definitive guidance even where there may be justification for assuming that
only a part of the energy of the shock is taken up by the member under stress.

The formulas can also be applied using metric SI units. The stored-up energy of a
body of mass M kilograms moving horizontally with the velocity of v meters per sec-
ond is:

This expression may be substituted for Qh in the appropriate equations in the
tables. For calculation in millimeters, Qh = 1000 EK newton-millimeters.

Size of Rail Necessary to Carry a Given Load.—The following formulas may be
employed for determining the size of rail and wheel suitable for carrying a given load. Let,
A = the width of the head of the rail in inches; B = width of the tread of the rail in inches; C
= the wheel-load in pounds; D = the diameter of the wheel in inches.

Form of Bar from
Which Spring is

Made

Fiber (Unit) Stress f Produced by
Weight Q Dropped a Height h

on a Helical Spring
Approximate Value

of f

Round

Square

G = modulus of elasticity for torsion; d = diameter or side of bar; D = mean diameter of spring; n = 
number of coils in spring.

f
8QD
πd3
------------ 1 1

Ghd4

4QD3n
------------------++ 

 = f 1.27
QhG
Dd2n
-------------=

f
9QD
4d3

------------ 1 1
Ghd4

0.9π QD( )3n
-------------------------------++ 

 = f 1.34
QhG
Dd2n
-------------=

EK
1
2
---

Wv2

g
----------  foot-pounds×=  or

6Wv2

g
-------------- inch-po

EK
1⁄⁄⁄⁄2Mv2newton-meters=
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Then the width of the tread of the rail in inches is found from the formula:

(1)

The width A of the head equals B + 5⁄8 inch. The diameter D of the smallest track wheel that
will safely carry the load is found from the formula:

(2)

in which K = 600 to 800 for steel castings; K = 300 to 400 for cast iron.
As an example, assume that the wheel-load is 10,000 pounds; the diameter of the wheel

is 20 inches; and the material is cast steel. Determine the size of rail necessary to carry this
load. From Formula (1):

Hence the width of the rail required equals 0.4 + 5⁄8 inch = 1.025 inch. Determine also
whether a wheel 20 inches in diameter is large enough to safely carry the load. From For-
mula (2):

This is the smallest diameter of track wheel that will safely carry the load; hence a 20-
inch wheel is ample.
American Railway Engineering Association Formulas.—The American Rai lway
Engineering Association recommends for safe operation of steel cylinders rolling on steel
plates that the allowable load p in pounds per inch of length of the cylinder should not
exceed the value calculated from the formula

This formula is based on steel having a yield strength, y.s., of 32,000 pounds per square
inch. For roller or wheel diameters of up to 25 inches, the Hertz stress (contact stress)
resulting from the calculated load p will be approximately 76,000 pounds per square inch.

For a 10-inch diameter roller the safe load per inch of roller length is

Therefore, to support a 10,000 pound load the roller or wheel would need to be
10,000⁄5700 = 1.75 inches wide.

B
C

1250D
----------------=

D
C

A K×
-------------=

B
10 000,

1250 20×
------------------------ 0.4 inch= =

D
10 000,

1.025 600×
---------------------------- 161⁄4 inches= =

p
y.s. 13 000,–

20 000,
--------------------------------600 d for diameterd less than 25 inches=

p
32 000, 13 000,–

20 000,
------------------------------------------600 10× 5700 lbs per inch of length= =
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COLUMNS

Columns

Strength of Columns or Struts.—Structural members which are subject to compression
may be so long in proportion to the diameter or lateral dimensions that failure may be the
result 1) of both compression and bending;  and  2) of bending or buckling to such a degree
that compression stress may be ignored.

 In such cases, the slenderness ratio is important. This ratio equals the length l of the col-
umn in inches divided by the least radius of gyration r of the cross-section. Various formu-
las have been used for designing columns which are too slender to be designed for
compression only.

Rankine or Gordon Formula.—This formula is generally applied when slenderness
ratios range between 20 and 100, and sometimes for ratios up to 120. The notation, in
English and metric SI units of measurement, is given on page263.

Factor K may be established by tests with a given material and end condition, and for the
probable range of l/r. If determined by calculation, K = S/Cπ2E. Factor C equals 1 for either
rounded or pivoted column ends, 4 for fixed ends, and 1 to 4 for square flat ends. The fac-
tors 25,000, 12,500, etc., in the Rankine formulas, arranged as on page263, equal 1/K, and
have been used extensively.

Straight-line Formula.—This general type of formula is often used in designing com-
pression members for buildings, bridges, or similar structural work. It is convenient espe-
cially in designing a number of columns that are made of the same material but vary in size,
assuming that factor B is known. This factor is determined by tests.

Sy equals yield point, lbs. per square inch, and factor B ranges from 50 to 100. Safe unit
stress = p ÷ factor of safety.

Formulas of American Railway Engineering Association.—The formulas that follow
apply to structural steel having an ultimate strength of 60,000 to 72,000 pounds per square
inch.

For building columns having l/r ratios not greater than 120, allowable unit stress =
17,000 − 0.485 l2/r2. For columns having l/r ratios greater than 120, allowable unit stress 

For bridge compression members centrally loaded and with values of l/r not greater than
140:

Euler Formula.—This formula is for columns that are so slender that bending or buckling
action predominates and compressive stresses are not taken into account.

p
S

1 K+
l
r
-- 

  2
------------------------ ultimate load, lbs. per sq. in.= =

p Sy B
l
r
-- 

 – ultimate load, lbs. per sq. in.= =

allowable unit stress 
18 000,

1 l2 18 000r2,⁄+
----------------------------------------=

Allowable unit stress, riveted ends 15 000,
1
4
---

l2

r2
----–=

Allowable unit stress, pin ends 15 000,
1
3
---

l2

r2
----–=
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The notation, in English and metric SI units of measurement, is given in the table Rank-
ine's and Euler's Formulas for Columns on page 263. Factors C for different end condi-
tions are included in the Euler formulas at the bottom of the table. According to a series of
experiments, Euler formulas should be used if the values of l/r exceed the following ratios:
Structural steel and flat ends, 195; hinged ends, 155; round ends, 120; cast iron with flat
ends, 120; hinged ends, 100; round ends, 75; oak with flat ends, 130. The critical slender-
ness ratio, which marks the dividing line between the shorter columns and those slender
enough to warrant using the Euler formula, depends upon the column material and its end
conditions. If the Euler formula is applied when the slenderness ratio is too small, the cal-
culated ultimate strength will exceed the yield point of the material and, obviously, will be
incorrect.

Eccentrically Loaded Columns.—In the application of the column formulas previously
referred to, it is assumed that the action of the load coincides with the axis of the column. If
the load is offset relative to the column axis, the column is said to be eccentrically loaded,
and its strength is then calculated by using a modification of the Rankine formula, the
quantity cz/r2 being added to the denominator, as shown in the table on the next page. This
modified formula is applicable to columns having a slenderness ratio varying from 20 or
30 to about 100.

Machine Elements Subjected to Compressive Loads.—As in structural compression
members, an unbraced machine member that is relatively slender (i.e., its length is more
than, say, six times the least dimension perpendicular to its longitudinal axis) is usually
designed as a column, because failure due to overloading (assuming a compressive load
centrally applied in an axial direction) may occur by buckling or a combination of buckling
and compression rather than by direct compression alone. In the design of unbraced steel
machine “columns” which are to carry compressive loads applied along their longitudinal
axes, two formulas are in general use:

In these formulas, Pcr = critical load in pounds that would result in failure of the column;
A = cross-sectional area, square inches; Sy = yield point of material, pounds per square
inch; r = least radius of gyration of cross-section, inches; E = modulus of elasticity, pounds
per square inch; l = column length, inches; and n = coefficient for end conditions. For both
ends fixed, n = 4; for one end fixed, one end free, n = 0.25; for one end fixed and the other
end free but guided, n = 2; for round or pinned ends, free but guided, n = 1; and for flat ends,
n = 1 to 4. It should be noted that these values of n represent ideal conditions that are seldom
attained in practice; for example, for both ends fixed, a value of n = 3 to 3.5 may be more
realistic than n = 4.

If metric SI units are used in these formulas, Pcr = critical load in newtons that
would result in failure of the column; A = cross-sectional area, square millimeters; Sy
= yield point of the material, newtons per square mm; r = least radius of gyration of
cross-section, mm; E = modulus of elasticity, newtons per square mm; l = column
length, mm; and n = a coefficient for end conditions. The coefficients given are valid
for calculations in metric units.

(Euler)

(1)

(J. B. Johnson) (2)  where (3)

P
Cπ2IE

l2
---------------- total ultimate load, in pounds= =

Pcr

syAr2

Q
--------------=

Pcr Asy 1
Q

4r2
--------– 

 = Q
syl2

nπ2E
-------------=
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Rankine's and Euler's Formulas for Columns

Allowable Working Loads for Columns: To find the total allowable working load for a given sec-
tion, divide the total ultimate load P (or p × area), as found by the appropriate formula above, by a
suitable factor of safety.

Symbol Quantity English Unit Metric SI Units
p Ultimate unit load Lbs./sq. in. Newtons/sq. mm.
P Total ultimate load Pounds Newtons
S Ultimate compressive strength of material Lbs./sq. in. Newtons/sq. mm.
l Length of column or strut Inches Millimeters
r Least radius of gyration Inches Millimeters
I Least moment of inertia Inches4 Millimeters4

r2 Moment of inertia/area of section Inches2 Millimeters2

E Modulus of elasticity of material Lbs./sq. in. Newtons/sq. mm.
c Distance from neutral axis of cross-section to 

side under compression Inches Millimeters
z Distance from axis of load to axis coinciding 

with center of gravity of cross-section Inches Millimeters

Rankine's Formulas

Material
Both Ends of
Column Fixed

One End Fixed and
One End Rounded Both Ends Rounded

Steel

Cast Iron

Wrought Iron

Timber

Formulas Modified for Eccentrically Loaded Columns

Material
Both Ends of
Column Fixed

One End Fixed and
One End Rounded Both Ends Rounded

Steel

 For materials other than steel, such as cast iron, use the Rankine formulas given in the upper table 

and add to the denominator the quantity 

Euler's Formulas for Slender Columns

Both Ends of
Column Fixed

One End Fixed and
One End Rounded

Both Ends
Rounded

One End Fixed and
One End Free

p
S

1
l2

25 000r2,
----------------------+

--------------------------------= p
S

1
l2

12 500r2,
----------------------+

--------------------------------= p
S

1
l2

6250r2
-----------------+

---------------------------=

p
S

1
l2

5000r2
-----------------+

---------------------------= p
S

1
l2

2500r2
-----------------+

---------------------------= p
S

1
l2

1250r2
-----------------+

---------------------------=

p
S

1
l2

35 000r2,
----------------------+

--------------------------------= p
S

1
l2

17 500r2,
----------------------+

--------------------------------= p
S

1
l2

8750r2
-----------------+

---------------------------=

p
S

1
l2

3000r2
-----------------+

---------------------------= p
S

1
l2

1500r2
-----------------+

---------------------------= p
S

1
l2

750r2
--------------+

------------------------=

p
S

1
l2

25 000r2,
----------------------

cz
r2
-----+ +

--------------------------------------------= p
S

1
l2

12 500r2,
----------------------

cz
r2
-----+ +

--------------------------------------------= p
S

1
l2

6250r2
-----------------

cz
r2
-----+ +

---------------------------------------=

cz r2⁄

P
4π2IE

l2
---------------= P

2π2IE
l2

---------------= P
π2IE

l2
------------= P

π2IE
4l2

------------=
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Allowable Concentric Loads for Steel Pipe Columns
STANDARD STEEL PIPE

Effective
Length (KL),

Feeta

a With respect to radius of gyration. The effective length (KL) is the actual unbraced length, L, in feet,
multiplied by the effective length factor (K) which is dependent upon the restraint at the ends of the
unbraced length and the means available to resist lateral movements. K may be determined by refer-
ring to the last portion of this table. 

Nominal Diameter of Pipe, Inches

12 10 8 6 5 4 31⁄2 3

Wall Thickness of Pipe, Inch

0.375 0.365 0.322 0.280 0.258 0.237 0.226 .216

Weight per Foot of Pipe, Pounds

49.56 40.48 28.55 18.97 14.62 10.79 9.11 7.58

Allowable Concentric Loads in Thousands of Pounds

6 303 246 171 110 83 59 48 38

7 301 243 168 108 81 57 46 36

8 299 241 166 106 78 54 44 34

9 296 238 163 103 76 52 41 31

10 293 235 161 101 73 49 38 28

11 291 232 158 98 71 46 35 25

12 288 229 155 95 68 43 32 22

13 285 226 152 92 65 40 29 19

14 282 223 149 89 61 36 25 16

15 278 220 145 86 58 33 22 14

16 275 216 142 82 55 29 19 12

17 272 213 138 79 51 26 17 11

18 268 209 135 75 47 23 15 10

19 265 205 131 71 43 21 14 9

20 261 201 127 67 39 19 12

22 254 193 119 59 32 15 10

24 246 185 111 51 27 13

25 242 180 106 47 25 12

26 238 176 102 43 23

EXTRA STRONG STEEL PIPE

Effective
Length (KL),

Feeta

Nominal Diameter of Pipe, Inches

12 10 8 6 5 4 31⁄2 3

Wall Thickness of Pipe, Inch

0.500 0.500 0.500 0.432 0.375 0.337 0.318 .300

Weight per Foot of Pipe, Pounds

65.42 54.74 43.39 28.57 20.78 14.98 12.50 10.25

Allowable Concentric Loads in Thousands of Pounds

6 400 332 259 166 118 81 66 52

7 397 328 255 162 114 78 63 48

8 394 325 251 159 111 75 59 45

9 390 321 247 155 107 71 55 41

10 387 318 243 151 103 67 51 37

11 383 314 239 146 99 63 47 33

12 379 309 234 142 95 59 43 28

13 375 305 229 137 91 54 38 24

14 371 301 224 132 86 49 33 21

15 367 296 219 127 81 44 29 18

16 363 291 214 122 76 39 25 16

18 353 281 203 111 65 31 20 12

19 349 276 197 105 59 28 18 11

20 344 271 191 99 54 25 16

21 337 265 185 92 48 22 14

22 334 260 179 86 44 21

24 323 248 166 73 37 17

26 312 236 152 62 32

28 301 224 137 54 27
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Load tables are given for 36 ksi yield stress steel. No load values are given below the heavy hori-
zontal lines, because the Kl/r ratios (where l is the actual unbraced length in inches and r is the gov-
erning radius of gyration in inches) would exceed 200.

Data from “Manual of Steel Construction,” 8th ed., 1980, with permission of the American Insti-
tute of Steel Construction.

Factor of Safety for Machine Columns: When the conditions of loading and the physical
qualities of the material used are accurately known, a factor of safety as low as 1.25 is

 Allowable Concentric Loads for Steel Pipe Columns (Continued)
DOUBLE-EXTRA STRONG STEEL PIPE

Effective
Length (KL),

Feeta

Nominal Diameter of Pipe, Inches

8 6 5 4 3

Wall Thickness of Pipe, Inch

0.875 0.864 0.750 0.674 0.600

Weight per Foot of Pipe, Pounds

72.42 53.16 38.55 27.54 18.58

Allowable Concentric Loads in Thousands of Pounds

6 431 306 216 147 91

7 424 299 209 140 84

8 417 292 202 133 77

9 410 284 195 126 69

10 403 275 187 118 60

11 395 266 178 109 51

12 387 257 170 100 43

13 378 247 160 91 37

14 369 237 151 81 32

15 360 227 141 70 28

16 351 216 130 62 24

17 341 205 119 55 22

18 331 193 108 49

19 321 181 97 44

20 310 168 87 40

22 288 142 72 33

24 264 119 61

26 240 102 52

28 213 88 44

EFFECTIVE LENGTH FACTORS (K) FOR VARIOUS
COLUMN CONFIGURATIONS

Buckled shape of column is shown by 
dashed line

(a) (b) (c) (d) (e) (f)

Theoretical K value 0.5 0.7 1.0 1.0 2.0 2.0
Recommended design value when 
ideal conditions are approximated 0.65 0.80 1.2 1.0 2.10 2.0

End condition code

Rotation fixed and translation fixed

Rotation free and translation fixed

Rotation fixed and translation free

Rotation free and translation free
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sometimes used when minimum weight is important. Usually, however, a factor of safety
of 2 to 2.5 is applied for steady loads. The factor of safety represents the ratio of the critical
load Pcr to the working load.

Application of Euler and Johnson Formulas: To determine whether the Euler or
Johnson formula is applicable in any particular case, it is necessary to determine the value
of the quantity Q ÷ r2. If Q ÷ r2 is greater than 2, then the Euler Formula (1) should be used;
if Q ÷ r2 is less than 2, then the J. B. Johnson formula is applicable. Most compression
members in machine design are in the range of proportions covered by the Johnson for-
mula. For this reason a good procedure is to design machine elements on the basis of the
Johnson formula and then as a check calculate Q ÷ r2 to determine whether the Johnson for-
mula applies or the Euler formula should have been used.

Example 1, Compression Member Design:A rectangular machine member 24 inches
long and 1⁄2 × 1 inch in cross-section is to carry a compressive load of 4000 pounds along its
axis. What is the factor of safety for this load if the material is machinery steel having a
yield point of 40,000 pounds per square inch, the load is steady, and each end of the rod has
a ball connection so that n = 1?

From Formula (3)

(The values 40,000 and 30,000,000 were obtained from the table Strength Data for Iron
and Steel on page476.)

The radius of gyration r for a rectangular section (page219) is 0.289 × the dimension in
the direction of bending. In columns, bending is most apt to occur in the direction in which
the section is the weakest, the 1⁄2-inch dimension in this example. Hence, least radius of
gyration r = 0.289 × 1⁄2 = 0.145 inch.

which is more than 2 so that the Euler formula will be used.

Example 2, Compression Member Design:In the preceding example, the column formu-
las were used to check the adequacy of a column of known dimensions. The more usual
problem involves determining what the dimensions should be to resist a specified load. For
example,:

A 24-inch long bar of rectangular cross-section with width w twice its depth d is to carry
a load of 4000 pounds. What must the width and depth be if a factor of safety of 1.35 is to
be used?

First determine the critical load Pcr: 

Next determine Q which, as before, will be 0.0778.
Assume Formula (2) applies: 

Q
40 000, 24× 24×

1 3.1416× 3.1416× 30 000 000,,×
---------------------------------------------------------------------------------- 0.0778= =

Q
r2
----

0.0778
0.145( )2

-------------------- 3.70= =

Pcr

syAr2

Q
--------------

40 000, 1⁄2× 1×
3.70

------------------------------------= =

5400 pounds so that the factor of safety is 5400 4000÷ 1.35==

Pcr working load factor of safety×=

4000 1.35× 5400 pounds==

Pcr Asy 1
Q

4r2
--------– 

 =
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As mentioned in Example 1 the least radius of gyration r of a rectangle is equal to 0.289
times the least dimension, d, in this case. Therefore, substituting for d the value r ÷ 0.289,

Checking to determine if Q ÷ r2 is greater or less than 2,

therefore Formula (1) should have been used to determine r and dimensions w and d. Using
Formula (1),

American Institute of Steel Construction.—For main or secondary compression mem-
bers with l/r ratios up to 120, safe unit stress = 17,000 − 0.485l2/r2. For columns and brac-
ing or other secondary members with l/r ratios above 120,

Safe unit stress,  for bracing and secondary members. For main

members, safe unit stress, 

Pipe Columns: Allowable concentric loads for steel pipe columns based on the above
formulas are given in the table on page264.

and w = 2d = 1 inch as in the previous example.

5400 w d× 40 000 1
0.0778

4r2
----------------– 

 ,×=

2d2 40 000 1
0.01945

r2
-------------------– 

 ,×=

5400
40 000, 2×
-------------------------- d2 1

0.01945
r2

-------------------– 
 =

5400
40 000, 2×
--------------------------

r
0.289
------------- 

  2
1

0.01945
r2

-------------------– 
 =

5400 0.289× 0.289×
40 000, 2×

--------------------------------------------------- r2 0.01945–=

0.005638 r2 0.01945–=

r2 0.0251=

Q
r2
----

0.0778
0.0251
---------------- 3.1= =

5400
40 000, 2d2 r2××

Q
-------------------------------------------

40 000, 2× r
0.289
------------- 

  2
r2×

0.0778
-----------------------------------------------------------= =

r4 5400 0.0778× 0.289× 0.289×
40 000, 2×

--------------------------------------------------------------------------=

d
0.145
0.289
------------- 0.50 inch= =

psi
18 000,

1 l2 18 000r, 2⁄+
----------------------------------------=

psi
18 000,

1 l2 18 000r, 2⁄+
---------------------------------------- 1.6

l r⁄
200
---------– 

 ×=
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PLATES, SHELLS, AND CYLINDERS

Flat Stayed Surfaces.—Large flat areas are often held against pressure by stays distrib-
uted at regular intervals over the surface. In boiler work, these stays are usually screwed
into the plate and the projecting end riveted over to insure steam tightness. The U.S. Board
of Supervising Inspectors and the American Boiler Makers Association rules give the fol-
lowing formula for flat stayed surfaces:

in which P =pressure in pounds per square inch
C =a constant, which equals 112 for plates 7⁄16 inch and under;  120, for plates over

7⁄16 inch thick;  140, for plates with stays having a nut and bolt on the inside and
outside;  and  160, for plates with stays having washers of at least one-half the
thickness of the plate, and with a diameter at least one-half of the greatest pitch.

t = thickness of plate in 16ths of an inch (thickness = 7⁄16, t = 7)

S =greatest pitch of stays in inches

Strength and Deflection of Flat Plates.—Generally, the formulas used to determine
stresses and deflections in flat plates are based on certain assumptions that can be closely
approximated in practice. These assumptions are:

1) the thickness of the plate is not greater than one-quarter the least width of the plate;
2) the greatest deflection when the plate is loaded is less than one-half the plate thickness;
3) the maximum tensile stress resulting from the load does not exceed the elastic limit of

the material; and
4) all loads are perpendicular to the plane of the plate.
Plates of ductile materials fail when the maximum stress resulting from deflection under

load exceeds the yield strength; for brittle materials, failure occurs when the maximum
stress reaches the ultimate tensile strength of the material involved.

Square and Rectangular Flat Plates.—The formulas that follow give the maximum
stress and deflection of flat steel plates supported in various ways and subjected to the
loading indicated. These formulas are based upon a modulus of elasticity for steel of
30,000,000 pounds per square inch and a value of Poisson's ratio of 0.3. If the formulas for
maximum stress, S, are applied without modification to other materials such as cast iron,
aluminum, and brass for which the range of Poisson's ratio is about 0.26 to 0.34, the maxi-
mum stress calculations will be in error by not more than about 3 per cent. The deflection
formulas may also be applied to materials other than steel by substituting in these formulas
the appropriate value for E, the modulus of elasticity of the material (see pages 476 and
477). The deflections thus obtained will not be in error by more than about 3 per cent.

In the stress and deflection formulas that follow,
p =uniformly distributed load acting on plate, pounds per square inch

W =total load on plate, pounds; W = p × area of plate
L = distance between supports (length of plate), inches. For rectangular plates, L =

long side, l = short side
t = thickness of plate, inches
S =maximum tensile stress in plate, pounds per square inch
d =maximum deflection of plate, inches
E =modulus of elasticity in tension. E = 30,000,000 pounds per square inch for

steel
If metric SI units are used in the formulas, then,

W =total load on plate, newtons

P
C t2×

S2
--------------=



PLATES, SHELLS, AND CYLINDERS 269

L = distance between supports (length of plate), millimeters. For rectangular
plates, L = long side, l = short side

t = thickness of plate, millimeters
S =maximum tensile stress in plate, newtons per mm squared
d =maximum deflection of plate, mm
E =modulus of elasticity, newtons per mm squared

A) Square flat plate supported at top and bottom of all four edges and a uniformly distrib-
uted load over the surface of the plate.

B) Square flat plate supported at the bottom only of all four edges and a uniformly distrib-
uted load over the surface of the plate.

C) Square flat plate with all edges firmly fixed and a uniformly distributed load over the
surface of the plate.

D) Square flat plate with all edges firmly fixed and a uniform load over small circular
area at the center. In Equations (7) and  (9), r0 = radius of area to which load is applied. If

r0 < 1.7t, use rs where .

E) Square flat plate with all edges supported above and below, or below only, and a con-
centrated load at the center. (See Case 4, above, for definition of r0).

F) Rectangular plate with all edges supported at top and bottom and a uniformly distrib-
uted load over the surface of the plate.

G) Rectangular plate with all edges fixed and a uniformly distributed load over the sur-
face of the plate.

Circular Flat Plates.—In the following formulas, R = radius of plate to supporting edge
in inches; W = total load in pounds; and other symbols are the same as used for square and
rectangular plates.

(1) (2)

(3) (4)

(5) (6)

(7) (8)

(9) (10)

(11) (12)

(13) (14)

S
0.29W

t2
---------------= d

0.0443WL2

Et3
----------------------------=

S
0.28W

t2
---------------= d

0.0443WL2

Et3
----------------------------=

S
0.31W

t2
---------------= d

0.0138WL2

Et3
----------------------------=

rs 1.6r0
2 t2+ 0.675t–=

S
0.62W

t2
---------------

L
2r0
-------- 

 
e

log= d
0.0568WL2

Et3
----------------------------=

S
0.62W

t2
---------------

L
2r0
-------- 

 
elog 0.577+= d

0.1266WL2

Et3
----------------------------=

S
0.75W

t2
L
l
--- 1.61

l2

L2
-----+ 

 
-------------------------------------= d

0.1422W

Et3
L
l3
----

2.21
L2

----------+ 
 

------------------------------------=

S
0.5W

t2
L
l
---

0.623l5

L5
------------------+ 

 
--------------------------------------= d

0.0284W

Et3
L
l3
----

1.056l2

L4
------------------+ 

 
-------------------------------------------=
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If metric SI units are used, R = radius of plate to supporting edge in millimeters, and
the values of other symbols are the same as those used for square and rectangular
plates.

A) Edge supported around the circumference and a uniformly distributed load over the
surface of the plate.

B) Edge fixed around circumference and a uniformly distributed load over the surface of
the plate.

C) Edge supported around the circumference and a concentrated load at the center.

D) Edge fixed around circumference and a concentrated load at the center.

Strength of Cylinders Subjected to Internal Pressure.—In designing a cylinder to
withstand internal pressure, the choice of formula to be used depends on 1) the kind of
material of which the cylinder is made (whether brittle or ductile);  2) the construction of
the cylinder ends (whether open or closed);  and  3) whether the cylinder is classed as a
thin- or a thick-walled cylinder.

A cylinder is considered to be thin-walled when the ratio of wall thickness to inside diam-
eter is 0.1 or less and thick-walled when this ratio is greater than 0.1. Materials such as cast
iron, hard steel, cast aluminum are considered to be brittle materials; low-carbon steel,
brass, bronze, etc. are considered to be ductile.

In the formulas that follow, p = internal pressure, pounds per square inch; D = inside
diameter of cylinder, inches; t = wall thickness of cylinder, inches; µ = Poisson's ratio, =
0.3 for steel, 0.26 for cast iron, 0.34 for aluminum and brass; and S = allowable tensile
stress, pounds per square inch.

Metric SI units can be used in Formulas (1), (3), (4), and (5), where p = internal pres-
sure in newtons per square millimeter; D = inside diameter of cylinder, millimeters; t
= wall thickness, mm; µ = Poisson's ratio, = 0.3 for steel, 0.26 for cast iron, and 0.34 for
aluminum and brass; and S = allowable tensile stress, N/mm2. For the use of metric SI
units in Formula (2), see below.

Thin-walled cylinders: (1)

For low-pressure cylinders of cast iron such as are used for certain engine and press
applications, a formula in common use is

(2)

This formula is based on allowable stress of 1250 pounds per square inch and will give a
wall thickness 0.3 inch greater than Formula (1) to allow for variations in metal thickness
that may result from the casting process.

If metric SI units are used in Formula (2), t = cylinder wall thickness in millimeters;
D = inside diameter of cylinder, mm; and the allowable stress is in newtons per square

(1) (2)

(3) (4)

(5) (6)

(7) (8)

S
0.39W

t2
---------------= d

0.221WR2

Et3
-------------------------=

S
0.24W

t2
---------------= d

0.0543WR2

Et3
----------------------------=

S
0.48W

t2
--------------- 1 1.3

R
0.325t
---------------elog 0.0185

t2

R2
------–+= d

0.55WR2

Et3
----------------------=

S
0.62W

t2
--------------- R

0.325t
---------------elog 0.0264

t2

R2
------+= d

0.22WR2

Et3
----------------------=

t
Dp
2S
-------=

t
Dp

2500
------------ 0.3+=
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millimeter. The value of 0.3 inches additional wall thickness is 7.62 mm, and the next
highest number in preferred metric basic sizes is 8 mm.

Thick-walled cylinders of brittle material, ends open or closed: Lamé's equation is used
when cylinders of this type are subjected to internal pressure.

(3)

The table Ratio of Outside Radius to Inside Radius, Thick CylindersAllowable Stress in
Metal per Sq. In. of Section on page272 is for convenience in calculating the dimensions
of cylinders under high internal pressure without the use of Formula (3).

Example, Use of the Table:Assume that a cylinder of 10 inches inside diameter is to
withstand a pressure of 2500 pounds per square inch; the material is cast iron and the allow-
able stress is 6000 pounds per square inch. To solve the problem, locate the allowable
stress per square inch in the left-hand column of the table and the working pressure at the
top of the columns. Then find the ratio between the outside and inside radii in the body of
the table. In this example, the ratio is 1.558, and hence the outside diameter of the cylinder
should be 10 × 1.558, or about 155⁄8 inches. The thickness of the cylinder wall will therefore
be (15.558 − 10)/2 = 2.779 inches.

Unless very high-grade material is used and sound castings assured, cast iron should not
be used for pressures exceeding 2000 pounds per square inch. It is well to leave more metal
in the bottom of a hydraulic cylinder than is indicated by the results of calculations,
because a hole of some size must be cored in the bottom to permit the entrance of a boring
bar when finishing the cylinder, and when this hole is subsequently tapped and plugged it
often gives trouble if there is too little thickness.

For steady or gradually applied stresses, the maximum allowable fiber stress S may be
assumed to be from 3500 to 4000 pounds per square inch for cast iron; from 6000 to 7000
pounds per square inch for brass; and 12,000 pounds per square inch for steel castings. For
intermittent stresses, such as in cylinders for steam and hydraulic work, 3000 pounds per
square inch for cast iron; 5000 pounds per square inch for brass; and 10,000 pounds per
square inch for steel castings, is ordinarily used. These values give ample factors of safety.

Note: In metric SI units, 1000 pounds per square inch equals 6.895 newtons per
square millimeter.

Thick-walled cylinders of ductile material, closed ends: Clavarino's equation is used:

(4)

Spherical Shells Subjected to Internal Pressure.—Let:
D = internal diameter of shell in inches
p = internal pressure in pounds per square inch
S =safe tensile stress per square inch
t = thickness of metal in the shell, in inches. Then: 

This formula also applies to hemi-spherical shells, such as the hemi-spherical head of a
cylindrical container subjected to internal pressure, etc.

If metric SI units are used, then:
D = internal diameter of shell in millimeters
p = internal pressure in newtons per square millimeter
S =safe tensile stress in newtons per square millimeter
t = thickness of metal in the shell in millimeters

Meters can be used in the formula in place of millimeters, providing the treatment
is consistent throughout.

t
D
2
---- S p+

S p–
------------ 1–=

t
D
2
---- S 1 2µ–( )p+

S 1 µ+( )p–
--------------------------------- 1–=

t
pD
4S
-------=
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Ratio of Outside Radius to Inside Radius, Thick Cylinders

Thick-walled cylinders of ductile material; open ends: Birnie's equation is used:

(5)

Example:Find the thickness of metal required in the hemi-spherical end of a cylindrical
vessel, 2 feet in diameter, subjected to an internal pressure of 500 pounds per square inch.
The material is mild steel and a tensile stress of 10,000 pounds per square inch is allowable.

Allowable
Stress in

Metal per Sq. 
In. of Section

Working Pressure in Cylinder, Pounds per Square Inch

1000 2000 3000 4000 5000 6000 7000

2,000 1.732 … … … … … …

2,500 1.527 … … … … … …

3,000 1.414 2.236 … … … … …

3,500 1.341 1.915 … … … … …

4,000 1.291 1.732 2.645 … … … …

4,500 1.253 1.612 2.236 … … … …

5000 1.224 1.527 2.000 3.000 … … …

5,500 1.201 1.464 1.844 2.516 … … …

6,000 1.183 1.414 1.732 2.236 3.316 … …

6,500 … 1.374 1.647 2.049 2.768 … …

7,000 … 1.341 1.581 1.914 2.449 3.605 …

7,500 … 1.314 1.527 1.813 2.236 3.000 …

8,000 … 1.291 1.483 1.732 2.081 2.645 3.872

8,500 … 1.271 1.446 1.666 1.963 2.408 3.214

9,000 … 1.253 1.414 1.612 1.871 2.236 2.828

9,500 … 1.235 1.386 1.566 1.795 2.104 2.569

10,000 … 1.224 1.362 1.527 1.732 2.000 2.380

10,500 … 1.212 1.341 1.493 1.678 1.915 2.236

11,000 … 1.201 1.322 1.464 1.633 1.844 2.121

11,500 … 1.193 1.306 1.437 1.593 1.784 2.027

12,000 … 1.183 1.291 1.414 1.558 1.732 1.949

12,500 … … 1.277 1.393 1.527 1.687 1.878

13,000 … … 1.264 1.374 1.500 1.647 1.825

13,500 … … 1.253 1.357 1.475 1.612 1.775

14,000 … … 1.243 1.341 1.453 1.581 1.732

14,500 … … 1.233 1.327 1.432 1.553 1.693

15,000 … … 1.224 1.314 1.414 1.527 1.658

16,000 … … 1.209 1.291 1.381 1.483 1.599

t
D
2
---- S 1 µ–( )p+

S 1 µ+( )p–
------------------------------ 1–=
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A similar example using metric SI units is as follows: find the thickness of metal
required in the hemi-spherical end of a cylindrical vessel, 750 mm in diameter, sub-
jected to an internal pressure of 3 newtons/mm2. The material is mild steel and a ten-
sile stress of 70 newtons/mm2 is allowable. 

If the radius of curvature of the domed head of a boiler or container subjected to internal
pressure is made equal to the diameter of the boiler, the thickness of the cylindrical shell
and of the spherical head should be made the same. For example, if a boiler is 3 feet in
diameter, the radius of curvature of its head should also be 3 feet, if material of the same
thickness is to be used and the stresses are to be equal in both the head and cylindrical por-
tion.

Collapsing Pressure of Cylinders and Tubes Subjected to External Pressures.—The
following formulas may be used for finding the collapsing pressures of lap-welded Besse-
mer steel tubes:

(1)

(2)

in which P = collapsing pressure in pounds per square inch; D = outside diameter of tube or
cylinder in inches; t = thickness of wall in inches.

Formula (1) is for values of P greater than 580 pounds per square inch, and Formula (2) is
for values of P less than 580 pounds per square inch. These formulas are substantially cor-
rect for all lengths of pipe greater than six diameters between transverse joints that tend to
hold the pipe to a circular form. The pressure P found is the actual collapsing pressure, and
a suitable factor of safety must be used. Ordinarily, a factor of safety of 5 is sufficient. In
cases where there are repeated fluctuations of the pressure, vibration, shocks and other
stresses, a factor of safety of from 6 to 12 should be used.

If metric SI units are used the formulas are: 

(3)

(4)

where P = collapsing pressure in newtons per square millimeter; D = outside diame-
ter of tube or cylinder in millimeters; and t = thickness of wall in millimeters.  For-
mula (3) is for values of P greater than 4 N/mm2, and  Formula (4) is for values of P
less than 4 N/mm2.

The table “Tubes Subjected to External Pressure” is based upon the requirements of the
Steam Boat Inspection Service of the Department of Commerce and Labor and gives the
permissible working pressures and corresponding minimum wall thickness for long, plain,
lap-welded and seamless steel flues subjected to external pressure only. The table thick-
nesses have been calculated from the formula:

t
500 2× 12×
4 10 000,×

------------------------------ 0.3 inch= =

t 3 750××××
4 70××××
------------------ 8.04 mm= =

P 86 670
t
D
----, 1386–=

P 50 210 000
t
D
---- 

  3
,,=

P 597.6
t
D
---- 9.556–=

P 346 200
t
D
---- 

  3
,=

t
F p×( ) 1386+[ ] D

86 670,
---------------------------------------------=
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in which D = outside diameter of flue or tube in inches; t = thickness of wall in inches; p =
working pressure in pounds per square inch; F = factor of safety. The formula is applicable
to working pressures greater than 100 pounds per square inch, to outside diameters from 7
to 18 inches, and to temperatures less than 650°F.

The preceding Formulas (1) and (2) were determined by Prof. R. T. Stewart, Dean of the
Mechanical Engineering Department of the University of Pittsburgh, in a series of experi-
ments carried out at the plant of the National Tube Co., McKeesport, Pa.

The apparent fiber stress under which the different tubes failed varied from about 7000
pounds per square inch for the relatively thinnest to 35,000 pounds per square inch for the
relatively thickest walls. The average yield point of the material tested was 37,000 pounds
and the tensile strength 58,000 pounds per square inch, so it is evident that the strength of a
tube subjected to external fluid collapsing pressure is not dependent alone upon the elastic
limit or ultimate strength of the material from which it is made.

Tubes Subjected to External Pressure

Dimensions and Maximum Allowable Pressure of Tubes
Subjected to External Pressure

Outside
Diameter of 

Tube,
Inches

Working Pressure in Pounds per Square Inch

100 120 140 160 180 200 220

Thickness of Tube in Inches. Safety Factor, 5

7 0.152 0.160 0.168 0.177 0.185 0.193 0.201

8 0.174 0.183 0.193 0.202 0.211 0.220 0.229

9 0.196 0.206 0.217 0.227 0.237 0.248 0.258

10 0.218 0.229 0.241 0.252 0.264 0.275 0.287

11 0.239 0.252 0.265 0.277 0.290 0.303 0.316

12 0.261 0.275 0.289 0.303 0.317 0.330 0.344

13 0.283 0.298 0.313 0.328 0.343 0.358 0.373

14 0.301 0.320 0.337 0.353 0.369 0.385 0.402

15 0.323 0.343 0.361 0.378 0.396 0.413 0.430

16 0.344 0.366 0.385 0.404 0.422 0.440 0.459

16 0.366 0.389 0.409 0.429 0.448 0.468 0.488

18 0.387 0.412 0.433 0.454 0.475 0.496 0.516

Outside
Diam.,
Inches

Thickness
of

Material,
Inches

Maximum
Pressure
Allowed,

psi

Outside
Diam.,
Inches

Thickness
of

Material,
Inches

Maximum
Pressure
Allowed,

psi

Outside
Diam.,
Inches

Thickness
of

Material,
Inches

Maximum
Pressure
Allowed,

psi

2 0.095 427 3 0.109 327 4 0.134 303

21⁄4 0.095 380 31⁄4 0.120 332 41⁄2 0.134 238

21⁄2 0.109 392 31⁄2 0.120 308 5 0.148 235

23⁄4 0.109 356 33⁄4 0.120 282 6 0.165 199
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SHAFTS
Shaft Calculations

Torsional Strength of Shafting.—In the formulas that follow,

α =angular deflection of shaft in degrees

c =distance from center of gravity to extreme fiber

D = diameter of shaft in inches

G = torsional modulus of elasticity = 11,500,000 pounds per square inch for steel

J =polar moment of inertia of shaft cross-section (see table)

l = length of shaft in inches

N =angular velocity of shaft in revolutions per minute

P =power transmitted in horsepower

Ss = allowable torsional shearing stress in pounds per square inch

T = torsional or twisting moment in inch-pounds

Zp = polar section modulus (see table page278)

The allowable twisting moment for a shaft of any cross-section such as circular, square,
etc., is:

(1)

For a shaft delivering P horsepower at N revolutions per minute the twisting moment T
being transmitted is:

(2)

The twisting moment T as determined by this formula should be less than the value deter-
mined by using Formula (1) if the maximum allowable stress Ss is not to be exceeded.

The diameter of a solid circular shaft required to transmit a given torque T is:

The allowable stresses that are generally used in practice are: 4000 pounds per square
inch for main power-transmitting shafts; 6000 pounds per square inch for lineshafts carry-
ing pulleys; and 8500 pounds per square inch for small, short shafts, countershafts, etc.
Using these allowable stresses, the horsepower P transmitted by a shaft of diameter D, or
the diameter D of a shaft to transmit a given horsepower P may be determined from the fol-
lowing formulas:

For main power-transmitting shafts:

For lineshafts carrying pulleys:

(3a) or (3b)

(4a) or (4b)

(5a) or (5b)

T Ss Zp×=

T
63 000P,

N
---------------------=

D
5.1T
Ss

-----------3= D
321 000, P

NSs
------------------------3=

P
D

3
N

80
-----------= D

80P
N

----------3=

P
D

3
N

53.5
-----------= D

53.5P
N

--------------3=
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For small, short shafts:

Shafts that are subjected to shocks, such as sudden starting and stopping, should be given
a greater factor of safety resulting in the use of lower allowable stresses than those just
mentioned.

Example:What should be the diameter of a lineshaft to transmit 10 horsepower if the
shaft is to make 150 revolutions per minute? Using Formula (5b),

Example:What horsepower would be transmitted by a short shaft, 2 inches in diameter,
carrying two pulleys close to the bearings, if the shaft makes 300 revolutions per minute?
Using Formula (6a),

Torsional Strength of Shafting, Calculations in Metric SI Units.—The a l lowab le
twisting moment for a shaft of any cross-section such as circular, square, etc., can be
calculated from:

(1)

where T = torsional or twisting moment in newton-millimeters; Ss = allowable tor-
sional shearing stress in newtons per square millimeter; and Zp = polar section mod-
ulus in millimeters3.

For a shaft delivering power of P kilowatts at N revolutions per minute, the twisting
moment T being transmitted is: 

where T is in newton-millimeters, and ω = angular velocity in radians per second.
The diameter D of a solid circular shaft required to transmit a given torque T is: 

where D is in millimeters; T is in newton-millimeters; P is power in kilowatts; N = rev-
olutions per minute; Ss = allowable torsional shearing stress in newtons per square
millimeter, and ω = angular velocity in radians per second.

If 28 newtons/mm2 and 59 newtons/mm2 are taken as the generally allowed stresses
for main power-transmitting shafts and small short shafts, respectively, then using
these allowable stresses, the power P transmitted by a shaft of diameter D, or the
diameter D of a shaft to transmit a given power P may be determined from the follow-
ing formulas:

For main power-transmitting shafts: 

(6a) or (6b)

(2) or (2a)

(3a) or (3b)

or (3c)

P
D

3
N

38
-----------= D

38P
N

----------3=

D
53.5 10×

150
----------------------3 1.53 or,  say, 19⁄16 inches= =

P
2

3
300×

38
-------------------- 63 horsepower= =

T Ss Zp××××=

T 9.55 106P××××
N

-----------------------------= T 106P
ωωωω

------------=

D 5.1T
Ss

-----------3= D 48.7 106P××××
NSs

-----------------------------3=

D 5.1 106P××××
ωωωωSs

--------------------------3=
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For small, short shafts: 

where P is in kilowatts, D is in millimeters, and N = revolutions per minute.
Example:What should be the diameter of a power-transmitting shaft to transmit

150 kW at 500 rpm?

Example:What power would a short shaft, 50 millimeters in diameter, transmit at
400 rpm?

Polar Moment of Inertia and Section Modulus.—The polar moment of inertia, J, of a
cross-section with respect to a polar axis, that is, an axis at right angles to the plane of the
cross-section, is defined as the moment of inertia of the cross-section with respect to the
point of intersection of the axis and the plane. The polar moment of inertia may be found by
taking the sum of the moments of inertia about two perpendicular axes lying in the plane of
the cross-section and passing through this point. Thus, for example, the polar moment of
inertia of a circular or a square area with respect to a polar axis through the center of gravity
is equal to two times the moment of inertia with respect to an axis lying in the plane of the
cross-section and passing through the center of gravity.

The polar moment of inertia with respect to a polar axis through the center of gravity is
required for problems involving the torsional strength of shafts since this axis is usually the
axis about which twisting of the shaft takes place.

The polar section modulus (also called section modulus of torsion), Zp, for circular sec-
tions may be found by dividing the polar moment of inertia, J, by the distance c from the
center of gravity to the most remote fiber. This method may be used to find the approxi-
mate value of the polar section modulus of sections that are nearly round. For other than
circular cross-sections, however, the polar section modulus does not equal the polar
moment of inertia divided by the distance c.

The accompanying table gives formulas for the polar section modulus for several differ-
ent cross-sections. The polar section modulus multiplied by the allowable torsional shear-
ing stress gives the allowable twisting moment to which a shaft may be subjected, see
Formula (1).

Torsional Deflection of Circular Shafts.—Shafting must often be proportioned not only
to provide the strength required to transmit a given torque, but also to prevent torsional
deflection (twisting) through a greater angle than has been found satisfactory for a given
type of service.

For a solid circular shaft the torsional deflection in degrees is given by:

(6)

(4a) or (4b)

(5a) or (5b)

P D3N

1.77 106××××
-------------------------= D 1.77 106P××××

N
-----------------------------3=

P D3N

0.83 106××××
-------------------------= D 0.83 106P××××

N
-----------------------------3=

D 1.77 106×××× 150××××
500

----------------------------------------3 81 millimeters= =

P 503 400××××
0.83 106××××
------------------------- 60 kilowatts= =

α 584Tl

D
4
G

--------------=
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Polar Moment of Inertia and Polar Section Modulus

Section
Polar Moment of Inertia

J
Polar Section Modulus

Zp

0.208a3 = 0.074d3

(d is the shorter side)

(see also footnote, page229) (see also footnote, page229)
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Example:Find the torsional deflection for a solid steel shaft 4 inches in diameter and 48
inches long, subjected to a twisting moment of 24,000 inch-pounds. By Formula (6),

Formula (6) can be used with metric SI units, where α = angular deflection of shaft
in degrees; T = torsional moment in newton-millimeters; l = length of shaft in millime-
ters; D = diameter of shaft in millimeters; and G = torsional modulus of elasticity in
newtons per square millimeter.

Example:Find the torsional deflection of a solid steel shaft, 100 mm in diameter and
1300 mm long, subjected to a twisting moment of 3 × 10 6 newton-millimeters. The
torsional modulus of elasticity is 80,000 newtons/mm 2. By  Formula (6)

The diameter of a shaft that is to have a maximum torsional deflection α is given by:

(7)

Formula (7) can be used with metric SI units, where D = diameter of shaft in milli-
meters; T = torsional moment in newton-millimeters; l = length of shaft in millime-
ters; G = torsional modulus of elasticity in newtons per square millimeter; and α =
angular deflection of shaft in degrees.

According to some authorities, the allowable twist in steel transmission shafting should
not exceed 0.08 degree per foot length of the shaft. The diameter D of a shaft that will per-
mit a maximum angular deflection of 0.08 degree per foot of length for a given torque T or
for a given horsepower P can be determined from the formulas:

Using metric SI units and assuming an allowable twist in steel transmission shafting
of 0.26 degree per meter length,  Formulas (8a) and  (8b) become: 

where D = diameter of shaft in millimeters; T = torsional moment in newton-millime-
ters; P = power in kilowatts; and N = revolutions per minute.

Another rule that has been generally used in mill practice limits the deflection to 1 degree
in a length equal to 20 times the shaft diameter. For a given torque or horsepower, the diam-
eter of a shaft having this maximum deflection is given by:

Example:Find the diameter of a steel lineshaft to transmit 10 horsepower at 150 revolu-
tions per minute with a torsional deflection not exceeding 0.08 degree per foot of length.
By Formula (8b),

(8a) or (8b)

or

(9a) or (9b)

α 584 24 000,× 48×
4

4
11 500 000,,×

-------------------------------------------- 0.23 degree= =

αααα 584 3×××× 106×××× 1300××××
1004 80 000,××××

--------------------------------------------------- 0.285 degree= =

D 4.9
Tl
Gα
--------4×=

D 0.29 T4= D 4.6
P
N
----4×=

D 2.26 T4= D 125.7
P
N
----4×=

D 0.1 T3= D 4.0
P
N
----3×=

D 4.6
10
150
---------4× 2.35 inches= =



280 SHAFTS

This diameter is larger than that obtained for the same horsepower and rpm in the exam-
ple given for Formula (5b) in which the diameter was calculated for strength consider-
ations only. The usual procedure in the design of shafting which is to have a specified
maximum angular deflection is to compute the diameter first by means of Formulas (7),
(8a), (8b), (9a), or (9b) and then by means of Formulas (3a), (3b), (4b), (5b), or (6b), using
the larger of the two diameters thus found.

Linear Deflection of Shafting.—For steel lineshafting, it is considered good practice to
limit the linear deflection to a maximum of 0.010 inch per foot of length. The maximum
distance in feet between bearings, for average conditions, in order to avoid excessive linear
deflection, is determined by the formulas:

L =  for shafting subject to no bending action except it’s own weight 

L =  for shafting subject to bending action of pulleys, etc.

in which D = diameter of shaft in inches and L = maximum distance between bearings in
feet. Pulleys should be placed as close to the bearings as possible.

In general, shafting up to three inches in diameter is almost always made from cold-rolled
steel. This shafting is true and straight and needs no turning, but if keyways are cut in the
shaft, it must usually be straightened afterwards, as the cutting of the keyways relieves the
tension on the surface of the shaft produced by the cold-rolling process. Sizes of shafting
from three to five inches in diameter may be either cold-rolled or turned, more frequently
the latter, and all larger sizes of shafting must be turned because cold-rolled shafting is not
available in diameters larger than 5 in.

Diameters of Finished Shafting (former American Standard ASA B17.1)

Design of Transmission Shafting.—The following guidelines for the design of shafting
for transmitting a given amount of power under various conditions of loading are based

Diameters, Inches Minus
Toler-
ances,
Inchesa

a Note:—These tolerances are negative or minus and represent the maximum allowable variation
below the exact nominal size. For instance the maximum diameter of the 115⁄16 inch shaft is 1.938 inch
and its minimum allowable diameter is 1.935 inch. Stock lengths of finished transmission shafting
shall be: 16, 20 and 24 feet. 

Diameters, Inches Minus
Toler-
ances

Inchesa

Diameters, Inches
Minus

Tolerances,
Inchesa

Transmis-
sion

Shafting

Machinery
Shafting

Transmis-
sion

Shafting

Machinery
Shafting

Transmis-
sion

Shafting

Machinery
Shafting

1⁄2 0.002 113⁄16 0.003 33⁄4 0.004
9⁄16 0.002 17⁄8 0.003 37⁄8 0.004
5⁄8 0.002 1 15⁄16 115⁄16 0.003 3 15⁄16 4 0.004
11⁄16 0.002 2 0.003 41⁄4 0.005
3⁄4 0.002 21⁄16 0.004 47⁄16 41⁄2 0.005
13⁄16 0.002 21⁄8 0.004 43⁄4 0.005
7⁄8 0.002 23⁄16 23⁄16 0.004 415⁄16 5 0.005

15⁄16
15⁄16 0.002 21⁄4 0.004 51⁄4 0.005

1 0.002 25⁄16 0.004 57⁄16 51⁄2 0.005

11⁄16 0.003 23⁄8 0.004 53⁄4 0.005

11⁄8 0.003 27⁄16 27⁄16 0.004 515⁄16 6 0.005

13⁄16 13⁄16 0.003 21⁄2 0.004 61⁄4 0.006

11⁄4 0.003 25⁄8 0.004 61⁄2 61⁄2 0.006

15⁄16 0.003 23⁄4 0.004 63⁄4 0.006

13⁄8 0.003 215⁄16 27⁄8 0.004 7 7 0.006

17⁄16 17⁄16 0.003 3 0.004 71⁄4 0.006

11⁄2 0.003 31⁄8 0.004 71⁄2 71⁄2 0.006

19⁄16 0.003 31⁄4 0.004 73⁄4 0.006

15⁄8 0.003 33⁄8 0.004 8 8 0.006

111⁄16 111⁄16 0.003 37⁄16 31⁄2 0.004 … … …
13⁄4 0.003 35⁄8 0.004 … … …

8.95 D
23

5.2 D
23
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upon formulas given in the former American Standard ASA B17c Code for the Design of
Transmission Shafting. These formulas are based on the maximum-shear theory of failure
which assumes that the elastic limit of a ductile ferrous material in shear is practically one-
half its elastic limit in tension. This theory agrees, very nearly, with the results of tests on
ductile materials and has gained wide acceptance in practice.

The formulas given apply in all shaft designs including shafts for special machinery. The
limitation of these formulas is that they provide only for the strength of shafting and are not
concerned with the torsional or lineal deformations which may, in shafts used in machine
design, be the controlling factor (see Torsional Deflection of Circular Shafts and Linear
Deflection of Shafting for deflection considerations). In the formulas that follow, 

B =  (see Table 3)

D = outside diameter of shaft in inches
D1 = inside diameter of a hollow shaft in inches
Km = shock and fatigue factor to be applied in every case to the computed bending

moment (see Table 1)
Kt = combined shock and fatigue factor to be applied in every case to the computed

torsional moment (see Table 1)
M = maximum bending moment in inch-pounds
N = revolutions per minute
P =maximum power to be transmitted by the shaft in horsepower
pt = maximum allowable shearing stress under combined loading conditions in

pounds per square inch (see Table 2)
S =maximum allowable flexural (bending) stress, in either tension or compres-

sion in pounds per square inch (see Table 2)
Ss = maximum allowable torsional shearing stress in pounds per square inch (see

Table 2)
T =maximum torsional moment in inch-pounds
V =maximum transverse shearing load in pounds

For shafts subjected to pure torsional loads only,

For stationary shafts subjected to bending only,

(2)

For shafts subjected to combined torsion and bending,

Formulas (1a) to (3b) may be used for solid shafts or for hollow shafts. For solid shafts
the factor B is equal to 1, whereas for hollow shafts the value of B depends on the value of
K which, in turn, depends on the ratio of the inside diameter of the shaft to the outside diam-
eter (D1 ÷ D = K). Table 3 gives values of B corresponding to various values of K.

(1a) or (1b)

or

(3a)

(3b)

1 1 K
4

–( )÷3

D B
5.1KtT

Ss
-----------------3= D B

321 000Kt, P

SsN
------------------------------3=

D B
10.2KmM

S
------------------------3=

D B
5.1
pt
------- KmM( )2

KtT( )2
+3=

D B
5.1
pt
------- KmM( )2 63 000Kt, P

N
--------------------------- 

 
2

+3=
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For short solid shafts subjected only to heavy transverse shear, the diameter of shaft
required is:

(4)

Formulas (1a),  (2),  (3a) and  (4), can be used unchanged with metric SI units.  For-
mula (1b) becomes:

and Formula (3b) becomes:

Throughout the formulas, D = outside diameter of shaft in millimeters; T = maxi-
mum torsional moment in newton-millimeters; Ss = maximum allowable torsional
shearing stress in newtons per millimeter squared (see Table 2); P = maximum power
to be transmitted in milliwatts; N = revolutions per minute; M = maximum bending
moment in newton-millimeters; S = maximum allowable flexural (bending) stress,
either in tension or compression in newtons per millimeter squared (see Table 2); pt =
maximum allowable shearing stress under combined loading conditions in newtons
per millimeter squared; and V = maximum transverse shearing load in kilograms.
The factors Km, Kt, and B are unchanged, and D1 = the inside diameter of a hollow
shaft in millimeters.

Table 1. Recommended Values of the Combined Shock and Fatigue Factors for
Various Types of Load

Table 2. Recommended Maximum Allowable Working Stresses for Shafts Under
Various Types of Load

If the values in the Table are converted to metric SI units, note that 1000 pounds per square
inch = 6.895 newtons per square millimeter.

Table 3. Values of the Factor B Corresponding to Various Values of K for
Hollow Shafts

Type of Load

Stationary Shafts Rotating Shafts
Km Kt Km Kt

Gradually applied and steady 1.0 1.0 1.5 1.0
Suddenly applied, minor shocks only 1.5–2.0 1.5–2.0 1.5–2.0 1.0–1.5
Suddenly applied, heavy shocks … … 2.0–3.0 1.5–3.0

Material

Type of Load

Simple Bending Pure Torsion Combined Stress

“Commercial Steel” shafting without keyways S = 16,000 Ss = 8000 pt = 8000
“Commercial Steel” shafting with keyways S = 12,000 Ss = 6000 pt = 6000
Steel purchased under definite physical specs. (See note a)

a S = 60 per cent of the elastic limit in tension but not more than 36 per cent of the ultimate tensile
strength. 

(See note b)

b Ss and pt = 30 per cent of the elastic limit in tension but not more than 18 per cent of the ultimate
tensile strength. 

(See note b)

0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.50

1.75 1.43 1.28 1.19 1.14 1.10 1.07 1.05 1.03 1.02

D
1.7V
Ss

-----------=

D B
48.7KtP

SsN
--------------------3=

D B
5.1
pt
------- KmM( )2 9.55KtP

N
-------------------- 

 
2

+3=

K
D1

D
------ ==

B 1 1 K
4

–( )÷3=
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For solid shafts, B = 1 since K = 0. 

Effect of Keyways on Shaft Strength.—Keyways cut into a shaft reduce its load carry-
ing ability, particularly when impact loads or stress reversals are involved. To ensure an
adequate factor of safety in the design of a shaft with standard keyway (width, one-quarter,
and depth, one-eighth of shaft diameter), the former Code for Transmission Shafting tenta-
tively recommended that shafts with keyways be designed on the basis of a solid circular
shaft using not more than 75 per cent of the working stress recommended for the solid
shaft. See also page2342.

Formula for Shafts of Brittle Materials.— The preceding formulas are applicable to
ductile materials and are based on the maximum-shear theory of failure which assumes
that the elastic limit of a ductile material in shear is one-half its elastic limit in tension.

Brittle materials are generally stronger in shear than in tension; therefore, the maximum-
shear theory is not applicable. The maximum-normal-stress theory of failure is now gener-
ally accepted for the design of shafts made from brittle materials. A material may be con-
sidered to be brittle if its elongation in a 2-inch gage length is less than 5 per cent. Materials
such as cast iron, hardened tool steel, hard bronze, etc., conform to this rule. The diameter
of a shaft made of a brittle material may be determined from the following formula which
is based on the maximum-normal-stress theory of failure:

where St is the maximum allowable tensile stress in pounds per square inch and the other
quantities are as previously defined.

The formula can be used unchanged with metric SI units, where D = outside diame-
ter of shaft in millimeters; St = the maximum allowable tensile stress in newtons per
millimeter squared; M = maximum bending moment in newton-millimeters; and T =
maximum torsional moment in newton-millimeters. The factors Km, Kt, and B are
unchanged.

Critical Speed of Rotating Shafts.—At certain speeds, a rotating shaft will become
dynamically unstable and the resulting vibrations and deflections can result in damage not
only to the shaft but to the machine of which it is a part. The speeds at which such dynamic
instability occurs are called the critical speeds of the shaft. On page186 are given formulas
for the critical speeds of shafts subject to various conditions of loading and support. A shaft
may be safely operated either above or below its critical speed, good practice indicating
that the operating speed be at least 20 per cent above or below the critical.

The formulas commonly used to determine critical speeds are sufficiently accurate for
general purposes. However, the torque applied to a shaft has an important effect on its crit-
ical speed. Investigations have shown that the critical speeds of a uniform shaft are
decreased as the applied torque is increased, and that there exist critical torques which will
reduce the corresponding critical speed of the shaft to zero. A detailed analysis of the
effects of applied torques on critical speeds may be found in a paper. “Critical Speeds of
Uniform Shafts under Axial Torque,” by Golomb and Rosenberg presented at the First
U.S. National Congress of Applied Mechanics in 1951.

Comparison of Hollow and Solid Shafting with Same Outside Diameter.—The table
that follows gives the per cent decrease in strength and weight of a hollow shaft relative to
the strength and weight of a solid shaft of the same diameter. The upper figures in each line
give the per cent decrease in strength and the lower figures give the per cent decrease in
weight.

B 1 1 K
4

–( )÷3 1 1 0–( )÷3 1= = =[ ]

D B
5.1
St
------- KmM( ) KmM( )2

KtT( )2
++[ ]3=
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Example:A 4-inch shaft, with a 2-inch hole through it, has a weight 25 per cent less than
a solid 4-inch shaft, but its strength is decreased only 6.25 per cent.

Comparative Torsional Strengths and Weights of Hollow and Solid Shafting with 
Same Outside Diameter

The upper figures in each line give number of per cent decrease in strength; the lower figures give
per cent decrease in weight.

Diam. of
Solid and
Hollow
Shaft,
Inches

Diameter of Axial Hole in Hollow Shaft, Inches

1 11⁄4 11⁄2 13⁄4 2 21⁄2 3 31⁄2 4 41⁄2

11⁄2
19.76 48.23 … … … … … … … …
44.44 69.44 … … … … … … … …

13⁄4
10.67 26.04 53.98 … … … … … … …
32.66 51.02 73.49 … … … … … … …

2
6.25 15.26 31.65 58.62 … … … … … …

25.00 39.07 56.25 76.54 … … … … … …

21⁄4
3.91 9.53 19.76 36.60 62.43 … … … … …

19.75 30.87 44.44 60.49 79.00 … … … … …

21⁄2
2.56 6.25 12.96 24.01 40.96 … … … … …

16.00 25.00 36.00 49.00 64.00 … … … … …

23⁄4
1.75 4.28 8.86 16.40 27.98 68.30 … … … …

13.22 20.66 29.74 40.48 52.89 82.63 … … … …

3
1.24 3.01 6.25 11.58 19.76 48.23 … … … …

11.11 17.36 25.00 34.01 44.44 69.44 … … … …

31⁄4
0.87 2.19 4.54 8.41 14.35 35.02 72.61 … … …
9.46 14.80 21.30 29.00 37.87 59.17 85.22 … … …

31⁄2
0.67 1.63 3.38 6.25 10.67 26.04 53.98 … … …
8.16 12.76 18.36 25.00 32.66 51.02 73.49 … … …

33⁄4
0.51 1.24 2.56 4.75 8.09 19.76 40.96 75.89 … …
7.11 11.11 16.00 21.77 28.45 44.44 64.00 87.10 … …

4
0.40 0.96 1.98 3.68 6.25 15.26 31.65 58.62 … …
6.25 9.77 14.06 19.14 25.00 39.07 56.25 76.56 … …

41⁄4
0.31 0.74 1.56 2.89 4.91 11.99 24.83 46.00 78.47 …
5.54 8.65 12.45 16.95 22.15 34.61 49.85 67.83 88.59 …

41⁄2
0.25 0.70 1.24 2.29 3.91 9.53 19.76 36.60 62.43 …
4.94 7.72 11.11 15.12 19.75 30.87 44.44 60.49 79.00 …

43⁄4
0.20 0.50 1.00 1.85 3.15 7.68 15.92 29.48 50.29 80.56

4.43 6.93 9.97 13.57 17.73 27.70 39.90 54.29 70.91 89.75

5
0.16 0.40 0.81 1.51 2.56 6.25 12.96 24.01 40.96 65.61

4.00 6.25 8.10 12.25 16.00 25.00 36.00 49.00 64.00 81.00

51⁄2
0.11 0.27 0.55 1.03 1.75 4.27 8.86 16.40 27.98 44.82

3.30 5.17 7.43 10.12 13.22 20.66 29.76 40.48 52.89 66.94

6
0.09 0.19 0.40 0.73 1.24 3.02 6.25 11.58 19.76 31.65

2.77 4.34 6.25 8.50 11.11 17.36 25.00 34.02 44.44 56.25

61⁄2
0.06 0.14 0.29 0.59 0.90 2.19 4.54 8.41 14.35 23.98

2.36 3.70 5.32 7.24 9.47 14.79 21.30 28.99 37.87 47.93

7
0.05 0.11 0.22 0.40 0.67 1.63 3.38 6.25 10.67 17.08

2.04 3.19 4.59 6.25 8.16 12.76 18.36 25.00 32.66 41.33

71⁄2
0.04 0.08 0.16 0.30 0.51 1.24 2.56 4.75 8.09 12.96

1.77 2.77 4.00 5.44 7.11 11.11 16.00 21.77 28.45 36.00

8
0.03 0.06 0.13 0.23 0.40 0.96 1.98 3.68 6.25 10.02

1.56 2.44 3.51 4.78 6.25 9.77 14.06 19.14 25.00 31.64



SPRINGS 285

SPRINGS*

Springs

Introduction.— Many advances have been made in the spring industry in recent years.
For example: developments in materials permit longer fatigue life at higher stresses; sim-
plified design procedures reduce the complexities of design, and improved methods of
manufacture help to speed up some of the complicated fabricating procedures and increase
production. New types of testing instruments and revised tolerances also permit higher
standards of accuracy. Designers should also consider the possibility of using standard
springs now available from stock. They can be obtained from spring manufacturing com-
panies located in different areas, and small shipments usually can be made quickly.

Designers of springs require information in the following order of precedence to simplify
design procedures.

1) Spring materials and their applications
2) Allowable spring stresses
3) Spring design data with tables of spring characteristics, tables of formulas, and toler-

ances.
Only the more commonly used types of springs are covered in detail here. Special types

and designs rarely used such as torsion bars, volute springs, Belleville washers, constant
force, ring and spiral springs and those made from rectangular wire are only described
briefly.
Notation.—The following symbols are used in spring equations:

AC =Active coils
b =Widest width of rectangular wire, inches

CL = Compressed length, inches
D = Mean coil diameter, inches  =  OD − d
d =Diameter of wire or side of square, inches
E =Modulus of elasticity in tension, pounds per square inch
F = Deflection, for N coils, inches

F° = Deflection, for N coils, rotary, degrees
f = Deflection, for one active coil

FL = Free length, unloaded spring, inches
G =Modulus of elasticity in torsion, pounds per square inch
IT = Initial tension, pounds
K = Curvature stress correction factor
L = Active length subject to deflection, inches
N =Number of active coils, total
P =Load, pounds
p =pitch, inches
R =Distance from load to central axis, inches

S or St = Stress, torsional, pounds per square inch
Sb = Stress, bending, pounds per square inch

SH =Solid height
Sit = Stress, torsional, due to initial tension, pounds per square inch
T =Torque  =  P × R, pound-inches

TC =Total coils
t = Thickness, inches

U = Number of revolutions  =  F °/360°
* This section was compiled by Harold Carlson, P. E., Consulting Engineer, Lakewood, N.J. 
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Spring Materials

The spring materials most commonly used include high-carbon spring steels, alloy
spring steels, stainless spring steels, copper-base spring alloys, and nickel-base spring
alloys.

High-Carbon Spring Steels in Wire Form.—These spring steels are the most com-
monly used of all spring materials because they are the least expensive, are easily worked,
and are readily available. However, they are not satisfactory for springs operating at high
or low temperatures or for shock or impact loading. The following wire forms are avail-
able:

Music Wire, ASTM A228 (0.80–0.95 per cent carbon): This is the most widely used of
all spring materials for small springs operating at temperatures up to about 250 degrees F.
It is tough, has a high tensile strength, and can withstand high stresses under repeated load-
ing. The material is readily available in round form in diameters ranging from 0.005 to
0.125 inch and in some larger sizes up to 3⁄16 inch. It is not available with high tensile
strengths in square or rectangular sections. Music wire can be plated easily and is obtain-
able pretinned or preplated with cadmium, but plating after spring manufacture is usually
preferred for maximum corrosion resistance.

Oil-Tempered MB Grade, ASTM A229 (0.60–0.70 per cent carbon): This general-pur-
pose spring steel is commonly used for many types of coil springs where the cost of music
wire is prohibitive and in sizes larger than are available in music wire. It is readily available
in diameters ranging from 0.125 to 0.500 inch, but both smaller and larger sizes may be
obtained. The material should not be used under shock and impact loading conditions, at
temperatures above 350 degrees F., or at temperatures in the sub-zero range. Square and
rectangular sections of wire are obtainable in fractional sizes. Annealed stock also can be
obtained for hardening and tempering after coiling. This material has a heat-treating scale
that must be removed before plating.

Oil-Tempered HB Grade, SAE 1080 (0.75–0.85 per cent carbon): This material is simi-
lar to the MB Grade except that it has a higher carbon content and a higher tensile strength.
It is obtainable in the same sizes and is used for more accurate requirements than the MB
Grade, but is not so readily available. In lieu of using this material it may be better to use an
alloy spring steel, particularly if a long fatigue life or high endurance properties are
needed. Round and square sections are obtainable in the oil-tempered or annealed condi-
tions.

Hard-Drawn MB Grade, ASTM A227 (0.60–0.70 per cent carbon): This grade is used
for general-purpose springs where cost is the most important factor. Although increased
use in recent years has resulted in improved quality, it is best not to use it where long life
and accuracy of loads and deflections are important. It is available in diameters ranging
from 0.031 to 0.500 inch and in some smaller and larger sizes also. The material is avail-
able in square sections but at reduced tensile strengths. It is readily plated. Applications
should be limited to those in the temperature range of 0 to 250 degrees F.

High-Carbon Spring Steels in Flat Strip Form.—Two types of thin, flat, high-carbon
spring steel strip are most widely used although several other types are obtainable for spe-
cific applications in watches, clocks, and certain instruments. These two compositions are
used for over 95 per cent of all such applications. Thin sections of these materials under
0.015 inch having a carbon content of over 0.85 per cent and a hardness of over 47 on the
Rockwell C scale are susceptible to hydrogen-embrittlement even though special plating
and heating operations are employed. The two types are described as follows:

Cold-Rolled Spring Steel, Blue-Tempered or Annealed, SAE 1074, also 1064, and 1070
(0.60 to 0.80 per cent carbon): This very popular spring steel is available in thicknesses
ranging from 0.005 to 0.062 inch and in some thinner and thicker sections. The material is
available in the annealed condition for forming in 4-slide machines and in presses, and can
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readily be hardened and tempered after forming. It is also available in the heat-treated or
blue-tempered condition. The steel is obtainable in several finishes such as straw color,
blue color, black, or plain. Hardnesses ranging from 42 to 46 Rockwell C are recom-
mended for spring applications. Uses include spring clips, flat springs, clock springs, and
motor, power, and spiral springs.

Cold-Rolled Spring Steel, Blue-Tempered Clock Steel, SAE 1095 (0.90 to 1.05 per cent
carbon): This popular type should be used principally in the blue-tempered condition.
Although obtainable in the annealed condition, it does not always harden properly during
heat-treatment as it is a “shallow” hardening type. It is used principally in clocks and motor
springs. End sections of springs made from this steel are annealed for bending or piercing
operations. Hardnesses usually range from 47 to 51 Rockwell C.

Other materials available in strip form and used for flat springs are brass, phosphor-
bronze, beryllium-copper, stainless steels, and nickel alloys.

Alloy Spring Steels.—These spring steels are used for conditions of high stress, and
shock or impact loadings. They can withstand both higher and lower temperatures than the
high-carbon steels and are obtainable in either the annealed or pretempered conditions.

Chromium Vanadium, ASTM A231: This very popular spring steel is used under condi-
tions involving higher stresses than those for which the high-carbon spring steels are rec-
ommended and is also used where good fatigue strength and endurance are needed. It
behaves well under shock and impact loading. The material is available in diameters rang-
ing from 0.031 to 0.500 inch and in some larger sizes also. In square sections it is available
in fractional sizes. Both the annealed and pretempered types are available in round, square,
and rectangular sections. It is used extensively in aircraft-engine valve springs and for
springs operating at temperatures up to 425 degrees F.

Silicon Manganese: This alloy steel is quite popular in Great Britain. It is less expensive
than chromium-vanadium steel and is available in round, square, and rectangular sections
in both annealed and pretempered conditions in sizes ranging from 0.031 to 0.500 inch. It
was formerly used for knee-action springs in automobiles. It is used in flat leaf springs for
trucks and as a substitute for more expensive spring steels.

Chromium Silicon, ASTM A401: This alloy is used for highly stressed springs that
require long life and are subjected to shock loading. It can be heat-treated to higher hard-
nesses than other spring steels so that high tensile strengths are obtainable. The most pop-
ular sizes range from 0.031 to 0.500 inch in diameter. Very rarely are square, flat, or
rectangular sections used. Hardnesses ranging from 50 to 53 Rockwell C are quite com-
mon and the alloy may be used at temperatures up to 475 degrees F. This material is usually
ordered specially for each job.

Stainless Spring Steels.—The use of stainless spring steels has increased and several
compositions are available all of which may be used for temperatures up to 550 degrees F.
They are all corrosion resistant. Only the stainless 18-8 compositions should be used at
sub-zero temperatures.

Stainless Type 302, ASTM A313 (18 per cent chromium, 8 per cent nickel): This stain-
less spring steel is very popular because it has the highest tensile strength and quite uni-
form properties. It is cold-drawn to obtain its mechanical properties and cannot be
hardened by heat treatment. This material is nonmagnetic only when fully annealed and
becomes slightly magnetic due to the cold-working performed to produce spring proper-
ties. It is suitable for use at temperatures up to 550 degrees F. and for sub-zero tempera-
tures. It is very corrosion resistant. The material best exhibits its desirable mechanical
properties in diameters ranging from 0.005 to 0.1875 inch although some larger diameters
are available. It is also available as hard-rolled flat strip. Square and rectangular sections
are available but are infrequently used.
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Stainless Type 304, ASTM A313 (18 per cent chromium, 8 per cent nickel): This mate-
rial is quite similar to Type 302, but has better bending properties and about 5 per cent
lower tensile strength. It is a little easier to draw, due to the slightly lower carbon content.

Stainless Type 316, ASTM A313 (18 per cent chromium, 12 per cent nickel, 2 per cent
molybdenum): This material is quite similar to Type 302 but is slightly more corrosion
resistant because of its higher nickel content. Its tensile strength is 10 to 15 per cent lower
than Type 302. It is used for aircraft springs.

Stainless Type 17-7 PH ASTM A313  (17 per cent chromium, 7 per cent nickel): Th is
alloy, which also contains small amounts of aluminum and titanium, is formed in a moder-
ately hard state and then precipitation hardened at relatively low temperatures for several
hours to produce tensile strengths nearly comparable to music wire. This material is not
readily available in all sizes, and has limited applications due to its high manufacturing
cost.

Stainless Type 414, SAE 51414 (12 per cent chromium, 2 per cent nickel): This alloy has
tensile strengths about 15 per cent lower than Type 302 and can be hardened by heat-treat-
ment. For best corrosion resistance it should be highly polished or kept clean. It can be
obtained hard drawn in diameters up to 0.1875 inch and is commonly used in flat cold-
rolled strip for stampings. The material is not satisfactory for use at low temperatures.

Stainless Type 420, SAE 51420 (13 per cent chromium): This is the best stainless steel
for use in large diameters above 0.1875 inch and is frequently used in smaller sizes. It is
formed in the annealed condition and then hardened and tempered. It does not exhibit its
stainless properties until after it is hardened. Clean bright surfaces provide the best corro-
sion resistance, therefore the heat-treating scale must be removed. Bright hardening meth-
ods are preferred.

Stainless Type 431, SAE 51431 (16 per cent chromium, 2 per cent nickel): This spring
alloy acquires high tensile properties (nearly the same as music wire) by a combination of
heat-treatment to harden the wire plus cold-drawing after heat-treatment. Its corrosion
resistance is not equal to Type 302.

Copper-Base Spring Alloys.—Copper-base alloys are important spring materials
because of their good electrical properties combined with their good resistance to corro-
sion. Although these materials are more expensive than the high-carbon and the alloy
steels, they nevertheless are frequently used in electrical components and in sub-zero tem-
peratures.

Spring Brass, ASTM B 134  (70 per cent copper, 30 per cent zinc): This material is the
least expensive and has the highest electrical conductivity of the copper-base alloys. It has
a low tensile strength and poor spring qualities, but is extensively used in flat stampings
and where sharp bends are needed. It cannot be hardened by heat-treatment and should not
be used at temperatures above 150 degrees F., but is especially good at sub-zero tempera-
tures. Available in round sections and flat strips, this hard-drawn material is usually used
in the “spring hard” temper.

Phosphor Bronze, ASTM B 159 (95 per cent copper, 5 per cent tin): This al loy is the
most popular of this group because it combines the best qualities of tensile strength, hard-
ness, electrical conductivity, and corrosion resistance with the least cost. It is more expen-
sive than brass, but can withstand stresses 50 per cent higher.The material cannot be
hardened by heat-treatment. It can be used at temperatures up to 212 degrees F. and at sub-
zero temperatures. It is available in round sections and flat strip, usually in the “extra-hard”
or “spring hard” tempers. It is frequently used for contact fingers in switches because of its
low arcing properties. An 8 per cent tin composition is used for flat springs and a superfine
grain composition called “Duraflex,” has good endurance properties.

Beryllium Copper, ASTM B 197 (98 per cent copper, 2 per cent beryllium): This al loy
can be formed in the annealed condition and then precipitation hardened after forming at
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temperatures around 600 degrees F, for 2 to 3 hours. This treatment produces a high hard-
ness combined with a high tensile strength. After hardening, the material becomes quite
brittle and can withstand very little or no forming. It is the most expensive alloy in the
group and heat-treating is expensive due to the need for holding the parts in fixtures to pre-
vent distortion. The principal use of this alloy is for carrying electric current in switches
and in electrical components. Flat strip is frequently used for contact fingers.
Nickel-Base Spring Alloys.—Nickel-base alloys are corrosion resistant, withstand both
elevated and sub-zero temperatures, and their non-magnetic characteristic makes them
useful for such applications as gyroscopes, chronoscopes, and indicating instruments.
These materials have a high electrical resistance and therefore should not be used for con-
ductors of electrical current.

Monel* (67 per cent nickel, 30 per cent copper): This material is the least expensive of
the nickel-base alloys. It also has the lowest tensile strength but is useful due to its resis-
tance to the corrosive effects of sea water and because it is nearly non-magnetic. The alloy
can be subjected to stresses slightly higher than phosphor bronze and nearly as high as
beryllium copper. Its high tensile strength and hardness are obtained as a result of cold-
drawing and cold-rolling only, since it can not be hardened by heat-treatment. It can be
used at temperatures ranging from −100 to +425 degrees F. at normal operating stresses
and is available in round wires up to 3⁄16 inch in diameter with quite high tensile strengths.
Larger diameters and flat strip are available with lower tensile strengths.

“K” Monel * (66 per cent nickel, 29 per cent copper, 3 per cent aluminum): This mate-
rial is quite similar to Monel except that the addition of the aluminum makes it a precipita-
tion-hardening alloy. It may be formed in the soft or fairly hard condition and then
hardened by a long-time age-hardening heat-treatment to obtain a tensile strength and
hardness above Monel and nearly as high as stainless steel. It is used in sizes larger than
those usually used with Monel, is non-magnetic and can be used in temperatures ranging
from − 100 to + 450 degrees F. at normal working stresses under 45,000 pounds per square
inch.

Inconel* (78 per cent nickel, 14 per cent chromium, 7 per cent iron): This is one of the
most popular of the non-magnetic nickel-base alloys because of its corrosion resistance
and because it can be used at temperatures up to 700 degrees F. It is more expensive than
stainless steel but less expensive than beryllium copper. Its hardness and tensile strength is
higher than that of “K” Monel and is obtained as a result of cold-drawing and cold-rolling
only. It cannot be hardened by heat treatment. Wire diameters up to 1⁄4 inch have the best
tensile properties. It is often used in steam valves, regulating valves, and for springs in boil-
ers, compressors, turbines, and jet engines.

Inconel “X” * (70 per cent nickel, 16 per cent chromium, 7 per cent iron): This material
is quite similar to Inconel but the small amounts of titanium, columbium and aluminum in
its composition make it a precipitation-hardening alloy. It can be formed in the soft or par-
tially hard condition and then hardened by holding it at 1200 degrees F. for 4 hours. It is
non-magnetic and is used in larger sections than Inconel. This alloy is used at temperatures
up to 850 degrees F. and at stresses up to 55,000 pounds per square inch.

Duranickel* (“Z” Nickel) (98 per cent nickel): This alloy is non-magnetic, corrosion
resistant, has a high tensile strength and is hardenable by precipitation hardening at 900
degrees F. for 6 hours. It may be used at the same stresses as Inconel but should not be used
at temperatures above 500 degrees F.
Nickel-Base Spring Alloys with Constant Moduli of Elasticity.—Some special nickel
alloys have a constant modulus of elasticity over a wide temperature range. These materi-
als are especially useful where springs undergo temperature changes and must exhibit uni-
form spring characteristics. These materials have a low or zero thermo-elastic coefficient
* Trade name of the International Nickel Company. 
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and therefore do not undergo variations in spring stiffness because of modulus changes due
to temperature differentials. They also have low hysteresis and creep values which makes
them preferred for use in food-weighing scales, precision instruments, gyroscopes, mea-
suring devices, recording instruments and computing scales where the temperature ranges
from − 50 to + 150 degrees F. These materials are expensive, none being regularly stocked
in a wide variety of sizes. They should not be specified without prior discussion with spring
manufacturers because some suppliers may not fabricate springs from these alloys due to
the special manufacturing processes required. All of these alloys are used in small wire
diameters and in thin strip only and are covered by U.S. patents. They are more specifically
described as follows:

Elinvar* (nickel, iron, chromium): This alloy, the first constant-modulus alloy used for
hairsprings in watches, is an austenitic alloy hardened only by cold-drawing and cold-roll-
ing. Additions of titanium, tungsten, molybdenum and other alloying elements have
brought about improved characteristics and precipitation-hardening abilities. These
improved alloys are known by the following trade names: Elinvar Extra, Durinval, Modul-
var and Nivarox.

Ni-Span C* (nickel, iron, chromium, titanium):  This very popular constant-modulus
alloy is usually formed in the 50 per cent cold-worked condition and precipitation-hard-
ened at 900 degrees F. for 8 hours, although heating up to 1250 degrees F. for 3 hours pro-
duces hardnesses of 40 to 44 Rockwell C, permitting safe torsional stresses of 60,000 to
80,000 pounds per square inch. This material is ferromagnetic up to 400 degrees F; above
that temperature it becomes non-magnetic.

Iso-Elastic† (nickel, iron, chromium, molybdenum):  This popular alloy is relatively easy
to fabricate and is used at safe torsional stresses of 40,000 to 60,000 pounds per square inch
and hardnesses of 30 to 36 Rockwell C. It is used principally in dynamometers, instru-
ments, and food-weighing scales.

Elgiloy‡ (nickel, iron, chromium, cobalt): This alloy, also known by the trade names 8J
Alloy, Durapower, and Cobenium, is a non-magnetic alloy suitable for sub-zero tempera-
tures and temperatures up to about 1000 degrees F., provided that torsional stresses are
kept under 75,000 pounds per square inch. It is precipitation-hardened at 900 degrees F. for
8 hours to produce hardnesses of 48 to 50 Rockwell C. The alloy is used in watch and
instrument springs.

Dynavar**  (nickel, iron, chromium, cobalt): This alloy is a non-magnetic, corrosion-
resistant material suitable for sub-zero temperatures and temperatures up to about 750
degrees F., provided that torsional stresses are kept below 75,000 pounds per square inch.
It is precipitation-hardened to produce hardnesses of 48 to 50 Rockwell C and is used in
watch and instrument springs.

Spring Stresses

Allowable Working Stresses for Springs.—The safe working stress for any particular
spring depends to a large extent on the following items:

1) Type of spring — whether compression, extension, torsion, etc.;
2) Size of spring — small or large, long or short;
3) Spring material;
4) Size of spring material;
5) Type of service — light, average, or severe;
6) Stress range — low, average, or high;

* Trade name of Soc. Anon. de Commentry Fourchambault et Decazeville, Paris, France. 
† Trade name of John Chatillon & Sons. 
‡ Trade name of Elgin National Watch Company. 
** Trade name of Hamilton Watch Company. 
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7) Loading — static, dynamic, or shock;
8) Operating temperature;
9) Design of spring — spring index, sharp bends, hooks.
Consideration should also be given to other factors that affect spring life: corrosion,

buckling, friction, and hydrogen embrittlement decrease spring life; manufacturing opera-
tions such as high-heat stress-equalizing, presetting, and shot-peening increase spring life.

Item 5, the type of service to which a spring is subjected, is a major factor in determining
a safe working stress once consideration has been given to type of spring, kind and size of
material, temperature, type of loading, and so on. The types of service are:

Light Service: This includes springs subjected to static loads or small deflections and sel-
dom-used springs such as those in bomb fuses, projectiles, and safety devices. This service
is for 1,000 to 10,000 deflections.

Average Service: This includes springs in general use in machine tools, mechanical
products, and electrical components. Normal frequency of deflections not exceeding
18,000 per hour permit such springs to withstand 100,000 to 1,000,000 deflections.

Severe Service: This includes springs subjected to rapid deflections over long periods of
time and to shock loading such as in pneumatic hammers, hydraulic controls and valves.
This service is for 1,000,000 deflections, and above. Lowering the values 10 per cent per-
mits 10,000,000 deflections.

Figs. 1 through  6 show curves that relate the three types of service conditions to allow-
able working stresses and wire sizes for compression and extension springs, and safe val-
ues are provided. Figs. 7 through 10 provide similar information for helical torsion springs.
In each chart, the values obtained from the curves may be increased by 20 per cent (but not
beyond the top curves on the charts if permanent set is to be avoided) for springs that are
baked, and shot-peened, and compression springs that are pressed. Springs stressed
slightly above the Light Service curves will take a permanent set.

A curvature correction factor is included in all curves, and is used in spring design calcu-
lations (see examples beginning page 300). The curves may be used for materials other
than those designated in Figs. 1 through 10, by applying multiplication factors as given in
Table 1.

Fig. 1. Allowable Working Stresses for Compression Springs — Hard Drawn Steel Wirea
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Fig. 2. Allowable Working Stresses for Compression Springs — Music Wirea

Fig. 3. Allowable Working Stresses for Compression Springs — Oil-Tempereda

Fig. 4. Allowable Working Stresses for Compression Springs — Chrome-Silicon Alloy Steel Wirea
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Fig. 5. Allowable Working Stresses for Compression Springs — Corrosion-Resisting Steel Wirea

Fig. 6. Allowable Working Stresses for Compression Springs — Chrome-Vanadium Alloy Steel Wirea

Fig. 7. Recommended Design Stresses in Bending for Helical Torsion Springs — Round Music Wire
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Fig. 8. Recommended Design Stresses in Bending for Helical Torsion Springs —
 Oil-Tempered MB Round Wire

Fig. 9. Recommended Design Stresses in Bending for Helical Torsion Springs — 
Stainless Steel Round Wire

Fig. 10. Recommended Design Stresses in Bending for Helical Torsion Springs — 
Chrome-Silicon Round Wire

a Although Figs. 1 through  6 are for compression springs, they may also be used for extension
springs; for extension springs, reduce the values obtained from the curves by 10 to 15 per cent. 
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For use with design stress curves shown in Figs. 2,  5,  6, and  8.

Endurance Limit for Spring Materials.— When a spring is deflected continually it will
become “tired” and fail at a stress far below its elastic limit. This type of failure is called
fatigue failure and usually occurs without warning. Endurance limit is the highest stress, or
range of stress, in pounds per square inch that can be repeated indefinitely without failure
of the spring. Usually ten million cycles of deflection is called “infinite life” and is satisfac-
tory for determining this limit.

For severely worked springs of long life, such as those used in automobile or aircraft
engines and in similar applications, it is best to determine the allowable working stresses
by referring to the endurance limit curves seen in Fig. 11. These curves are based princi-
pally upon the range or difference between the stress caused by the first or initial load and
the stress caused by the final load. Experience with springs designed to stresses within the
limits of these curves indicates that they should have infinite or unlimited fatigue life. All
values include Wahl curvature correction factor. The stress ranges shown may be
increased 20 to 30 per cent for springs that have been properly heated, pressed to remove
set, and then shot peened, provided that the increased values are lower than the torsional
elastic limit by at least 10 per cent.

Table 1. Correction Factors for Other Materials
Compression and Tension Springs

Material Factor Material Factor

Silicon-manganese Multiply the values in the 
chromium-vanadium curves 
(Fig. 6) by 0.90

Stainless Steel, 316 Multiply the values in the 
corrosion-resisting steel 
curves (Fig. 5) by 0.90

Valve-spring quality wire Use the values in the chro-
mium-vanadium curves 
(Fig. 6)

Stainless Steel, 304 and 
420

Multiply the values in the 
corrosion-resisting steel 
curves (Fig. 5) by 0.95

Stainless Steel, 431 and 
17-7PH

Multiply the values in the 
music wire curves (Fig. 2) 
by 0.90

Helical Torsion Springs

Material Factora

a Multiply the values in the curves for oil-tempered MB grade ASTM A229 Type 1 steel (Fig. 8) by
these factors to obtain required values. 

Material Factora

Hard Drawn MB 0.70 Stainless Steel, 431
Stainless Steel, 316 Up to 1⁄32 inch diameter 0.80

Up to 1⁄32 inch diameter 0.75 Over 1⁄32 to 1⁄16 inch 0.85

Over 1⁄32 to 3⁄16 inch 0.70 Over 1⁄16 to 1⁄8 inch 0.95

Over 3⁄16 to 1⁄4 inch 0.65 Over 1⁄8 inch 1.00

Over 1⁄4 inch 0.50 Chromium-Vanadium

Stainless Steel, 17-7 PH Up to 1⁄16 inch diameter 1.05

Up to 1⁄8 inch diameter 1.00 Over 1⁄16 inch 1.10

Over 1⁄8 to 3⁄16 inch 1.07 Phosphor Bronze

Over 3⁄16 inch 1.12 Up to 1⁄8 inch diameter 0.45

Stainless Steel, 420 Over 1⁄8 inch 0.55

Up to 1⁄32 inch diameter 0.70 Beryllium Copperb

b Hard drawn and heat treated after coiling. 

Over 1⁄32 to 1⁄16 inch 0.75 Up to 1⁄32 inch diameter 0.55

Over 1⁄16 to 1⁄8 inch 0.80 Over 1⁄32 to 1⁄16 inch 0.60

Over 1⁄8 to 3⁄16 inch 0.90 Over 1⁄16 to 1⁄8 inch 0.70

Over 3⁄16 inch 1.00 Over 1⁄8 inch 0.80
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Fig. 11. Endurance Limit Curves for Compression Springs

Notes: For commercial spring materials with wire diameters up to 1⁄4 inch except as noted. Stress
ranges may be increased by approximately 30 per cent for properly heated, preset, shot-peened
springs.

Materials preceeded by * are not ordinarily recommended for long continued service under severe
operating conditions.

Working Stresses at Elevated Temperatures.—Since modulus of elasticity decreases
with increase in temperature, springs used at high temperatures exert less load and have
larger deflections under load than at room temperature. The torsional modulus of elasticity
for steel may be 11,200,000 pounds per square inch at room temperature, but it will drop to
10,600,000 pounds per square inch at 400°F. and will be only 10,000,000 pounds per
square inch at 600°F. Also, the elastic limit is reduced, thereby lowering the permissible
working stress.

Design stresses should be as low as possible for all springs used at elevated temperatures.
In addition, corrosive conditions that usually exist at high temperatures, especially with
steam, may require the use of corrosion-resistant material. Table 2 shows the permissible
elevated temperatures at which various spring materials may be operated, together with the
maximum recommended working stresses at these temperatures. The loss in load at the
temperatures shown is less than 5 per cent in 48 hours; however, if the temperatures listed
are increased by 20 to 40 degrees, the loss of load may be nearer 10 per cent. Maximum
stresses shown in the table are for compression and extension springs and may be increased
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by 75 per cent for torsion and flat springs. In using the data in Table 2 it should be noted that
the values given are for materials in the heat-treated or spring temper condition.

Table 2. Recommended Maximum Working Temperatures and Corresponding 
Maximum Working Stresses for Springs

Loss of load at temperatures shown is less than 5 per cent in 48 hours.

Spring Design Data

Spring Characteristics.—This section provides tables of spring characteristics, tables of
principal formulas, and other information of a practical nature for designing the more com-
monly used types of springs.

Standard wire gages for springs: Information on wire gages is given in the section
beginning on page2499, and gages in decimals of an inch are given in the table on
page2500. It should be noted that the range in this table extends from Number 7⁄0 through
Number 80. However, in spring design, the range most commonly used extends only from
Gage Number 4⁄0 through Number 40. When selecting wire use Steel Wire Gage or Wash-
burn and Moen gage for all carbon steels and alloy steels except music wire; use Brown &
Sharpe gage for brass and phosphor bronze wire; use Birmingham gage for flat spring
steels, and cold rolled strip; and use piano or music wire gage for music wire.

Spring index: The spring index is the ratio of the mean coil diameter of a spring to the
wire diameter (D/d). This ratio is one of the most important considerations in spring design
because the deflection, stress, number of coils, and selection of either annealed or tem-
pered material depend to a considerable extent on this ratio. The best proportioned springs
have an index of 7 through 9. Indexes of 4 through 7, and 9 through 16 are often used.
Springs with values larger than 16 require tolerances wider than standard for manufactur-
ing; those with values less than 5 are difficult to coil on automatic coiling machines.

Direction of helix: Unless functional requirements call for a definite hand, the helix of
compression and extension springs should be specified as optional. When springs are
designed to operate, one inside the other, the helices should be opposite hand to prevent
intermeshing. For the same reason, a spring that is to operate freely over a threaded mem-
ber should have a helix of opposite hand to that of the thread. When a spring is to engage
with a screw or bolt, it should, of course, have the same helix as that of the thread.
Helical Compression Spring Design.—After selecting a suitable material and a safe
stress value for a given spring, designers should next determine the type of end coil forma-
tion best suited for the particular application. Springs with unground ends are less expen-

Spring Material
Maximum Working Tem-

perature, Degrees, F.
Maximum Working Stress, 

Pounds per Square Inch

Brass Spring Wire 150 30,000
Phosphor Bronze 225 35,000
Music Wire 250 75,000
Beryllium-Copper 300 40,000
Hard Drawn Steel Wire 325 50,000
Carbon Spring Steels 375 55,000
Alloy Spring Steels 400 65,000
Monel 425 40,000
K-Monel 450 45,000
Permanickela

a Formerly called Z-Nickel, Type B. 

500 50,000
Stainless Steel 18-8 550 55,000
Stainless Chromium 431 600 50,000
Inconel 700 50,000
High Speed Steel 775 70,000
Inconel X 850 55,000
Chromium-Molybdenum-Vanadium 900 55,000
Cobenium, Elgiloy 1000 75,000
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sive but they do not stand perfectly upright; if this requirement has to be met, closed ground
ends are used. Helical compression springs with different types of ends are shown in Fig.
12.

Fig. 12. Types of Helical Compression Spring Ends

Spring design formulas: Table 3 gives formulas for compression spring dimensional
characteristics, and Table 4 gives design formulas for compression and extension springs.

Curvature correction: In addition to the stress obtained from the formulas for load or
deflection, there is a direct shearing stress and an increased stress on the inside of the sec-
tion due to curvature. Therefore, the stress obtained by the usual formulas should be multi-
plied by a factor K taken from the curve in Fig. 13. The corrected stress thus obtained is
used only for comparison with the allowable working stress (fatigue strength) curves to
determine if it is a safe stress and should not be used in formulas for deflection. The curva-
ture correction factor K is for compression and extension springs made from round wire.
For square wire reduce the K value by approximately 4 per cent.

Design procedure: The limiting dimensions of a spring are often determined by the
available space in the product or assembly in which it is to be used. The loads and deflec-
tions on a spring may also be known or can be estimated, but the wire size and number of
coils are usually unknown. Design can be carried out with the aid of the tabular data that
appears later in this section (see Table , which is a simple method, or by calculation alone
using the formulas in Tables 3 and 4. 
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Table 3. Formulas for Compression Springs

The symbol notation is given on page285.

Table 4. Formulas for Compression and Extension Springs

The symbol notation is given on page285.

Feature

Type of End

Open 
or Plain

(not ground)

Open or Plain
(with ends
ground)

Squared or
Closed

(not ground)

Closed
 and

Ground

Formula

Pitch
(p)

Solid Height
(SH) (TC + 1)d TC × d (TC + I)d TC × d

Number of
Active Coils

(N)

Total Coils
(TC)

Free Length
(FL) (p × TC) + d p × TC (p × N) + 3d (p × N) + 2d

Feature

Formulaa

a Two formulas are given for each feature, and designers can use the one found to be appropriate for
a given design. The end result from either of any two formulas is the same. 

Springs made from round wire Springs made from square wire

Load, P
Pounds

Stress, Torsional, S
Pounds per
square inch

Deflection, F
Inch

Number of
Active Coils, N

Wire Diameter, d
Inch

Stress due to
Initial Tension, Sit

FL d–
N

----------------
FL
TC
-------

FL 3d–
N

-------------------
FL 2d–

N
-------------------

N TC=

FL d–
p

----------------=

N TC 1–=

FL
p

------- 1–=

N TC 2–=

FL 3d–
p

-------------------=

N TC 2–=

FL 2d–
p

-------------------=

FL d–
p

----------------
FL
p

-------
FL 3d–

p
------------------- 2+

FL 2d–
p

------------------- 2+

P
0.393Sd3

D
----------------------

Gd4F
8ND3
--------------= = P

0.416Sd3

D
----------------------

Gd4F
5.58ND3
----------------------= =

S
GdF
πND2
---------------

PD
0.393d3
-------------------= = S

GdF
2.32ND2
---------------------- P

D
0.416d3
-------------------= =

F
8PND3

Gd4
------------------

πSND2

Gd
------------------= = F

5.58PND3

Gd4
--------------------------

2.32SND2

Gd
-------------------------= =

N
Gd4F
8PD3
--------------

GdF
πSD2
--------------= = N

Gd4F
5.58PD3
---------------------

GdF
2.32SD2
---------------------= =

d
πSND2

GF
------------------

2.55PD
S

-------------------3= = d
2.32SND2

GF
-------------------------

PD
0.416S
----------------3= =

Sit
S
P
--- IT×= Sit

S
P
--- IT×=
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Fig. 13. Compression and Extension Spring-Stress Correction for Curvature*

Example:A compression spring with closed and ground ends is to be made from ASTM
A229 high carbon steel wire, as shown in Fig. 14. Determine the wire size and number of
coils.

Fig. 14. Compression Spring Design Example

Method 1, using table: Referring to Table , starting on page302, locate the spring out-
side diameter (13⁄16 inches, from Fig. 14) in the left-hand column. Note from the drawing
that the spring load is 36 pounds. Move to the right in the table to the figure nearest this
value, which is 41.7 pounds. This is somewhat above the required value but safe. Immedi-
ately above the load value, the deflection f is given, which in this instance is 0.1594 inch.
* For springs made from round wire. For springs made from square wire, reduce the K factor values by
approximately 4 per cent. 
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This is the deflection of one coil under a load of 41.7 pounds with an uncorrected torsional
stress S of 100,000 pounds per square inch (for ASTM A229 oil-tempered MB steel, see
table on page320). Moving vertically in the table from the load entry, the wire diameter is
found to be 0.0915 inch.

The remaining spring design calculations are completed as follows:

Step 1: The stress with a load of 36 pounds is obtained by proportion, as follows: The 36
pound load is 86.3 per cent of the 41.7 pound load; therefore, the stress S at 36 pounds =
0.863 × 100,000 = 86,300 pounds per square inch.

Step 2: The 86.3 per cent figure is also used to determine the deflection per coil f at 36
pounds load: 0.863 × 0.1594 = 0.1375 inch.

Step 3: The number of active coils 

Step 4: Total Coils TC = AC + 2 (Table 3) = 9 + 2 = 11
Therefore, a quick answer is: 11 coils of 0.0915 inch diameter wire. However, the design
procedure should be completed by carrying out these remaining steps:

Step 5: From Table 3, Solid Height = SH = TC × d = 11 × 0.0915 ≅  1 inch

 Therefore, Total Deflection = FL − SH = 1.5 inches

Step 6: 

Step 7: 

Step 8: From Fig. 13, the curvature correction factor K = 1.185

Step 9: Total Stress at 36 pounds load = S × K = 86,300 × 1.185 = 102,300 pounds per
square inch. This stress is below the 117,000 pounds per square inch permitted for 0.0915
inch wire shown on the middle curve in Fig. 3, so it is a safe working stress.

Step 10: Total Stress at Solid = 103,500 × 1.185 = 122,800 pounds per square inch. This
stress is also safe, as it is below the 131,000 pounds per square inch shown on the top curve
Fig. 3, and therefore the spring will not set.

Method 2, using formulas: The procedure for design using formulas is as follows (the
design example is the same as in Method I, and the spring is shown in Fig. 14):

Step 1: Select a safe stress S below the middle fatigue strength curve Fig. 8 for ASTM
A229 steel wire, say 90,000 pounds per square inch. Assume a mean diameter D slightly
below the 13⁄16-inch O.D., say 0.7 inch. Note that the value of G is 11,200,000 pounds per
square inch (Table 20 ).

Step 2: A trial wire diameter d and other values are found by formulas from Table 4 as

follows: 

Note: Table 21 can be used to avoid solving the cube root.

Step 3: From the table on page2500, select the nearest wire gauge size, which is 0.0915
inch diameter. Using this value, the mean diameter D = 13⁄16 inch − 0.0915 = 0.721 inch.

AC
F
f
---

1.25
0.1375
---------------- 9.1= = =

Stress Solid
86 300,
1.25

---------------- 1.5× 103 500 pounds per square inch,= =

Spring Index
O.D.

d
------------- 1–

0.8125
0.0915
---------------- 1– 7.9= = =

d
2.55PD

S
-------------------3

2.55 36× 0.7×
90 000,

------------------------------------3= =

0.0007143 0.0894 inch==
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Outside
Diam.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalenta

a Round wire. For square wire, multiply f by 0.707, and p, by 1.2 

19 18 17 16

.010 .012 .014 .016 .018 .020 .022 .024 .026 .028 .030 .032 .034 .036 .038 .041 .0475 .054 .0625

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)b

b The upper figure is the deflection and the lower figure the load as read against each spring size. 

7⁄64 .1094
.0277 .0222 .01824 .01529 .01302 .01121 .00974 .00853 .00751 .00664 .00589 … … … … … … … …
.395 .697 1.130 1.722 2.51 3.52 4.79 6.36 8.28 10.59 13.35 … … … … … … … …

1⁄8 .125
.0371 .0299 .0247 .0208 .01784 .01548 .01353 .01192 .01058 .00943 .00844 .00758 .00683 .00617 … … … … …
.342 .600 .971 1.475 2.14 2.99 4.06 5.37 6.97 8.89 11.16 13.83 16.95 20.6 … … … … …

9⁄64 .1406
.0478 .0387 .0321 .0272 .0234 .0204 .01794 .01590 .01417 .01271 .01144 .01034 .00937 .00852 .00777 … … … …
.301 .528 .852 1.291 1.868 2.61 3.53 4.65 6.02 7.66 9.58 11.84 14.47 17.51 21.0 … … … …

5⁄32 .1563
.0600 .0487 .0406 .0345 .0298 .0261 .0230 .0205 .01832 0.1649 .01491 .01354 .01234 .01128 .01033 .00909 … … …
.268 .470 .758 1.146 1.656 2.31 3.11 4.10 5.30 6.72 8.39 10.35 12.62 15.23 18.22 23.5 … … …

11⁄64 .1719
.0735 .0598 .0500 .0426 .0369 .0324 .0287 .0256 .0230 .0208 .01883 .01716 .01569 .01439 .01324 .01172 .00914 … …
.243 .424 .683 1.031 1.488 2.07 2.79 3.67 4.73 5.99 7.47 9.19 11.19 13.48 16.09 21.8 33.8 … …

3⁄16 .1875
.0884 .0720 .0603 .0516 .0448 .0394 .0349 .0313 .0281 .0255 .0232 .0212 .01944 .01788 .01650 .01468 .01157 .00926 …
.221 .387 .621 .938 1.351 1.876 2.53 3.32 4.27 5.40 6.73 8.27 10.05 12.09 14.41 18.47 30.07 46.3 …

13⁄64 .2031
.1046 .0854 .0717 .0614 .0534 .0470 .0418 .0375 .0338 .0307 .0280 .0257 .0236 .0218 .0201 .01798 .01430 .01155 …
.203 .355 .570 .859 1.237 1.716 2.31 3.03 3.90 4.92 6.12 7.52 9.13 10.96 13.05 16.69 27.1 41.5 …

7⁄32 .2188
… .1000 .0841 .0721 .0628 .0555 .0494 .0444 .0401 .0365 .0333 .0306 .0282 .0260 .0241 .0216 .01733 .01411 .01096
… .328 .526 .793 1.140 1.580 2.13 2.79 3.58 4.52 5.61 6.88 8.35 10.02 11.92 15.22 24.6 37.5 61.3

15⁄64 .2344
… .1156 .0974 .0836 .0730 .0645 .0575 .0518 .0469 .0427 .0391 .0359 .0331 .0307 .0285 .0256 .0206 .01690 .01326
… .305 .489 .736 1.058 1.465 1.969 2.58 3.21 4.18 5.19 6.35 7.70 9.23 10.97 13.99 22.5 34.3 55.8

1⁄4 .250
… … .1116 .0960 .0839 .0742 .0663 .0597 .0541 .0494 .0453 .0417 .0385 .0357 .0332 .0299 .0242 .01996 .01578
… … .457 .687 .987 1.366 1.834 2.40 3.08 3.88 4.82 5.90 7.14 8.56 10.17 12.95 20.8 31.6 51.1

9⁄32 .2813
… … .1432 .1234 .1080 .0958 .0857 .0774 .0703 .0643 .0591 .0545 .0505 .0469 .0437 .0395 .0323 .0268 .0215
… … .403 .606 .870 1.202 1.613 2.11 2.70 3.40 4.22 5.16 6.24 7.47 8.86 11.26 18.01 27.2 43.8

5⁄16 .3125
… … … .1541 .1351 .1200 .1076 .0973 .0886 .0811 .0746 .0690 .0640 .0596 .0556 .0504 .0415 .0347 .0281
… … … .542 .778 1.074 1.440 1.881 2.41 3.03 3.75 4.58 5.54 6.63 7.85 9.97 15.89 23.9 38.3

11⁄32 .3438
… … … … .1633 .1470 .1321 .1196 .1090 .0999 .0921 .0852 .0792 .0733 .0690 .0627 .0518 .0436 .0355
… … … … .703 .970 1.300 1.697 2.17 2.73 3.38 4.12 4.98 5.95 7.05 8.94 14.21 21.3 34.1

3⁄8 .375
… … … … … .1768 .1589 .1440 .1314 .1206 .1113 .1031 .0960 .0895 .0839 .0764 .0634 .0535 .0438
… … … … … .885 1.185 1.546 1.978 2.48 3.07 3.75 4.53 5.40 6.40 8.10 12.85 19.27 30.7
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Table 5. (Continued) Compression and Extension Spring Deflections

Outside
Diam.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

19 18 17 16 15 14 13 3⁄32 12 11 1⁄8

.026 .028 .030 .032 .034 .036 .038 .041 .0475 .054 .0625 .072 .080 .0915 .0938 .1055 .1205 .125

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

13⁄32 .4063
.1560 .1434 .1324 .1228 .1143 .1068 .1001 .0913 .0760 .0645 .0531 .0436 .0373 .0304 .0292 .0241 … …
1.815 2.28 2.82 3.44 4.15 4.95 5.85 7.41 11.73 17.56 27.9 43.9 61.6 95.6 103.7 153.3 … …

7⁄16 .4375
.1827 .1680 .1553 .1441 .1343 .1256 .1178 .1075 .0898 .0764 .0631 .0521 .0448 .0367 .0353 .0293 .0234 .0219

1.678 2.11 2.60 3.17 3.82 4.56 5.39 6.82 10.79 16.13 25.6 40.1 56.3 86.9 94.3 138.9 217. 245.

15⁄32 .4688
.212 .1947 .1800 .1673 .1560 .1459 .1370 .1252 .1048 .0894 .0741 .0614 .0530 .0437 .0420 .0351 .0282 .0265

1.559 1.956 2.42 2.94 3.55 4.23 5.00 6.33 9.99 14.91 23.6 37.0 51.7 79.7 86.4 126.9 197.3 223.

1⁄2 .500
.243 .223 .207 .1920 .1792 .1678 .1575 .1441 .1209 .1033 .0859 .0714 .0619 .0512 .0494 .0414 .0335 .0316

1.456 1.826 2.26 2.75 3.31 3.95 4.67 5.90 9.30 13.87 21.9 34.3 47.9 73.6 80.0 116.9 181.1 205.

17⁄32 .5313
.276 .254 .235 .219 .204 .1911 .1796 .1645 .1382 .1183 .0987 .0822 .0714 .0593 .0572 .0482 .0393 .0371

1.366 1.713 2.12 2.58 3.10 3.70 4.37 5.52 8.70 12.96 20.5 31.9 44.6 68.4 74.1 108.3 167.3 188.8

9⁄16 .5625
… .286 .265 .247 .230 .216 .203 .1861 .1566 .1343 .1122 .0937 .0816 .0680 .0657 .0555 .0455 .0430

… 1.613 1.991 2.42 2.92 3.48 4.11 5.19 8.18 12.16 19.17 29.9 41.7 63.9 69.1 100.9 155.5 175.3

19⁄32 .5938
… … .297 .277 .259 .242 .228 .209 .1762 .1514 .1267 .1061 .0926 .0774 .0748 .0634 .0522 .0493

… … 1.880 2.29 2.76 3.28 3.88 4.90 7.71 11.46 18.04 28.1 39.1 60.0 64.8 94.4 145.2 163.6

5⁄8 .625
… … .331 .308 .288 .270 .254 .233 .1969 .1693 .1420 .1191 .1041 .0873 .0844 .0718 .0593 .0561

… … 1.782 2.17 2.61 3.11 3.67 4.63 7.29 10.83 17.04 26.5 36.9 56.4 61.0 88.7 136.2 153.4

21⁄32 .6563
… … … .342 .320 .300 .282 .259 .219 .1884 .1582 .1330 .1164 .0978 .0946 .0807 .0668 .0634

… … … 2.06 2.48 2.95 3.49 4.40 6.92 10.27 16.14 25.1 34.9 53.3 57.6 83.7 128.3 144.3

11⁄16 .6875
… … … … .352 .331 .311 .286 .242 .208 .1753 .1476 .1294 .1089 .1054 .0901 .0748 .0710

… … … … 2.36 2.81 3.32 4.19 6.58 9.76 15.34 23.8 33.1 50.5 54.6 79.2 121.2 136.3

23⁄32 .7188
… … … … … .363 .342 .314 .266 .230 .1933 .1630 .1431 .1206 .1168 .1000 .0833 .0791

… … … … … 2.68 3.17 3.99 6.27 9.31 14.61 22.7 31.5 48.0 51.9 75.2 114.9 129.2

3⁄4 .750
… … … … … … .374 .344 .291 .252 .212 .1791 .1574 .1329 .1288 .1105 .0923 .0877

… … … … … … 3.03 3.82 5.99 8.89 13.94 21.6 30.0 45.7 49.4 71.5 109.2 122.7

25⁄32 .7813
… … … … … … … .375 .318 .275 .232 .1960 .1724 .1459 .1413 .1214 .1017 .0967

… … … … … … … 3.66 5.74 8.50 13.34 20.7 28.7 43.6 47.1 68.2 104.0 116.9

13⁄16 .8125
… … … … … … … .407 .346 .299 .253 .214 .1881 .1594 .1545 .1329 .1115 .1061

… … … … … … … 3.51 5.50 8.15 12.78 19.80 27.5 41.7 45.1 65.2 99.3 111.5
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Outside
Diam.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

15 14 13 3⁄32 12 11 1⁄8 10 9 5⁄32 8 7 3⁄16 6 5 7⁄32 4

.072 .080 .0915 .0938 .1055 .1205 .125 .135 .1483 .1563 .162 .177 .1875 .192 .207 .2188 .2253

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

7⁄8 .875
.251 .222 .1882 .1825 .1574 .1325 .1262 .1138 .0999 .0928 .0880 .0772 .0707 .0682 .0605 .0552 .0526

18.26 25.3 39.4 41.5 59.9 91.1 102.3 130.5 176.3 209. 234. 312. 377. 407. 521. 626. 691.

29⁄32 .9063
.271 .239 .204 .1974 .1705 .1438 .1370 .1236 .1087 .1010 .0959 .0843 .0772 .0746 .0663 .0606 .0577

17.57 24.3 36.9 39.9 57.6 87.5 98.2 125.2 169.0 199.9 224. 299. 360. 389. 498. 598. 660.

15⁄16 .9375
.292 .258 .219 .213 .1841 .1554 .1479 .1338 .1178 .1096 .1041 .0917 .0842 .0812 .0723 .0662 .0632

16.94 23.5 35.6 38.4 55.4 84.1 94.4 120.4 162.3 191.9 215. 286. 345. 373. 477. 572. 631.

31⁄32 .9688
.313 .277 .236 .229 .1982 .1675 .1598 .1445 .1273 .1183 .1127 .0994 .0913 .0882 .0786 .0721 .0688

16.35 22.6 34.3 37.0 53.4 81.0 90.9 115.9 156.1 184.5 207. 275. 332. 358. 457. 548. 604.

1 1.000
.336 .297 .253 .246 .213 .1801 .1718 .1555 .1372 .1278 .1216 .1074 .0986 .0954 .0852 .0783 .0747

15.80 21.9 33.1 35.8 51.5 78.1 87.6 111.7 150.4 177.6 198.8 264. 319. 344. 439. 526. 580.

11⁄32 1.031
.359 .317 .271 .263 .228 .1931 .1843 .1669 .1474 .1374 .1308 .1157 .1065 .1029 .0921 .0845 .0809

15.28 21.1 32.0 34.6 49.8 75.5 84.6 107.8 145.1 171.3 191.6 255. 307. 331. 423. 506. 557.

11⁄16 1.063
.382 .338 .289 .281 .244 .207 .1972 .1788 .1580 .1474 .1404 .1243 .1145 .1107 .0993 .0913 .0873

14.80 20.5 31.0 33.5 48.2 73.0 81.8 104.2 140.1 165.4 185.0 246. 296. 319. 407. 487. 537.

11⁄32 1.094
.407 .360 .308 .299 .260 .221 .211 .1910 .1691 .1578 .1503 .1332 .1229 .1188 .1066 .0982 .0939

14.34 19.83 30.0 32.4 46.7 70.6 79.2 100.8 135.5 159.9 178.8 238. 286. 308. 393. 470. 517.

11⁄8 1.125
.432 .383 .328 .318 .277 .235 .224 .204 .1804 .1685 .1604 .1424 .1315 .1272 .1142 .1053 .1008

13.92 19.24 29.1 31.4 45.2 68.4 76.7 97.6 131.2 154.7 173.0 230. 276. 298. 379. 454. 499.

13⁄16 1.188
.485 .431 .368 .358 .311 .265 .254 .231 .204 .1908 .1812 .1620 .1496 .1448 .1303 .1203 .1153

13.14 18.15 27.5 29.6 42.6 64.4 72.1 91.7 123.3 145.4 162.4 215. 259. 279. 355. 424. 467.

11⁄4 1.250
.541 .480 .412 .400 .349 .297 .284 .258 .230 .215 .205 .1824 .1690 .1635 .1474 .1363 .1308

12.44 17.19 26.0 28.0 40.3 60.8 68.2 86.6 116.2 137.0 153.1 203. 244. 263. 334. 399. 438.

15⁄16 1.313
.600 .533 .457 .444 .387 .331 .317 .288 .256 .240 .229 .205 .1894 .1836 .1657 .1535 .1472

11.81 16.31 24.6 26.6 38.2 57.7 64.6 82.0 110.1 129.7 144.7 191.6 230. 248. 315. 376. 413.

13⁄8 1.375
.662 .588 .506 .491 .429 .367 .351 .320 .285 .267 .255 .227 .211 .204 .1848 .1713 .1650

11.25 15.53 23.4 25.3 36.3 54.8 61.4 77.9 104.4 123.0 137.3 181.7 218. 235. 298. 356. 391

17⁄16 1.438
.727 .647 .556 .540 .472 .404 .387 .353 .314 .295 .282 .252 .234 .227 .205 .1905 .1829

10.73 14.81 22.3 24.1 34.6 52.2 58.4 74.1 99.4 117.0 130.6 172.6 207. 223. 283. 337. 371.
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Note: Intermediate values can be obtained within reasonable accuracy by interpolation.
The table is for ASTM A229 oil tempered spring steel with a torsional modulus G of 11,200,000 psi, and an uncorrected torsional stress of 100,000 psi. For other

materials use the following factors: stainless steel, multiply f by 1.067; spring brass, multiply f by 2.24; phosphor bronze, multiply f by 1.867; Monel metal, multiply f
by 1.244; beryllium copper, multiply f by 1.725; Inconel (non-magnetic), multiply f by 1.045.

Table 5. (Continued) Compression and Extension Spring Deflections

Outside
Diam.

Wire Size or Washburn and Moen Gauge, and Decimal Equivalent

11 1⁄8 10 9 5⁄32 8 7 3⁄16 6 5 7⁄32 4 3 1⁄4 2 9⁄32 0 5⁄16

.1205 .125 .135 .1483 .1563 .162 .177 .1875 .192 .207 .2188 .2253 .2437 .250 .2625 .2813 .3065 .3125

Nom. Dec. Deflection f (inch) per coil, at Load P (pounds)

11⁄2 1.500
.443 .424 .387 .350 .324 .310 .277 .258 .250 .227 .210 .202 .1815 .1754 .1612 .1482 .1305 .1267
49.8 55.8 70.8 94.8 111.5 124.5 164.6 197.1 213. 269. 321. 352. 452. 499. 574. 717. 947. 1008.

15⁄8 1.625
.527 .505 .461 .413 .387 .370 .332 .309 .300 .273 .254 .244 .220 .212 .1986 .1801 .1592 .1547
45.7 51.1 64.8 86.7 102.0 113.9 150.3 180.0 193.9 246. 292. 321. 411. 446. 521. 650. 858. 912.

13⁄4 1.750
.619 .593 .542 .485 .456 .437 .392 .366 .355 .323 .301 .290 .261 .253 .237 .215 .1908 .1856
42.2 47.2 59.8 80.0 94.0 104.9 138.5 165.6 178.4 226. 269. 295. 377. 409. 477. 595. 783. 833.

17⁄8 1.875
.717 .687 .629 .564 .530 .508 .457 .426 .414 .377 .351 .339 .306 .296 .278 .253 .225 .219
39.2 43.8 55.5 74.2 87.2 97.3 128.2 153.4 165.1 209. 248. 272. 348. 378. 440. 548. 721. 767.

115⁄16 1.938
.769 .738 .676 .605 .569 .546 .492 .458 .446 .405 .379 .365 .331 .320 .300 .273 .243 .237
37.8 42.3 53.6 71.6 84.2 93.8 123.6 147.9 159.2 201. 239. 262. 335. 364. 425. 528. 693. 737.

2 2.000
.823 .789 .723 .649 .610 .585 .527 .492 .478 .436 .407 .392 .355 .344 .323 .295 .263 .256
36.6 40.9 51.8 69.2 81.3 90.6 119.4 142.8 153.7 194.3 231. 253. 324. 351. 409. 509. 668. 710.

21⁄16 2.063
.878 .843 .768 .693 .652 .626 .564 .526 .512 .467 .436 .421 .381 .369 .346 .316 .282 .275
35.4 39.6 50.1 66.9 78.7 87.6 115.4 138.1 148.5 187.7 223. 245. 312. 339. 395. 491. 644. 685.

21⁄8 2.125
.936 .898 .823 .739 .696 .667 .602 .562 .546 .499 .466 .449 .407 .395 .371 .339 .303 .295
34.3 38.3 48.5 64.8 76.1 84.9 111.8 133.6 143.8 181.6 216. 236. 302. 327. 381. 474. 622. 661.

23⁄16 2.188
.995 .955 .876 .786 .740 .711 .641 .598 .582 .532 .497 .479 .435 .421 .396 .362 .324 .316
33.3 37.2 47.1 62.8 73.8 82.2 108.3 129.5 139.2 175.8 209. 229. 292. 317. 369. 459. 601. 639.

21⁄4 2.250
1.056 1.013 .930 .835 .787 .755 .681 .637 .619 .566 .529 .511 .463 .449 .423 .387 .346 .337
32.3 36.1 45.7 60.9 71.6 79.8 105.7 125.5 135.0 170.5 202. 222. 283. 307. 357. 444. 582. 618.

25⁄16 2.313
1.119 1.074 .986 .886 .834 .801 .723 .676 .657 .601 .562 .542 .493 .478 .449 .411 .368 .359
31.4 35.1 44.4 59.2 69.5 77.5 101.9 121.8 131.0 165.4 196.3 215. 275. 298. 347. 430. 564. 599.

23⁄8 2.375
1.184 1.136 1.043 .938 .884 .848 .763 .716 .696 .637 .596 .576 .523 .507 .477 .437 .392 .382
30.5 34.1 43.1 57.5 67.6 75.3 99.1 118.3 127.3 160.7 190.7 209. 267. 289. 336. 417. 547. 581.

27⁄16 2.438
… 1.201 1.102 .991 .934 .897 .810 .757 .737 .674 .631 .609 .554 .537 .506 .464 .416 .405
… 33.2 42.0 56.0 65.7 73.2 96.3 115.1 123.7 156.1 185.3 203. 259. 281. 327. 405. 531. 564.

21⁄2 2.500
… 1.266 1.162 1.046 .986 .946 .855 .800 .778 .713 .667 .644 .586 .568 .536 .491 .441 .430
… 32.3 40.9 54.5 64.0 71.3 93.7 111.6 120.4 151.9 180.2 197.5 252. 273. 317. 394. 516. 548.
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Step 4: The stress 

Step 5: The number of active coils is 

The answer is the same as before, which is to use 11 total coils of 0.0915-inch diameter
wire. The total coils, solid height, etc., are determined in the same manner as in Method 1.

Fig. 15. Types of Helical Extension Spring Ends

S
PD

0.393d3
-------------------

36 0.721×
0.393 0.09153×
-------------------------------------- 86 300 lb/in2,= = =

N
GdF
πSD2
--------------=

11 200 000,, 0.0915× 1.25×
3.1416 86 300,× 0.7212×

-------------------------------------------------------------------= 9.1 (say 9)=

Machine loop and machine
hook shown in line

Machine loop and machine
hook shown at right angles

Small eye at side

Hand loop and hook
at right angles

Double twisted
full loop over center

Full loop
at side

Small
off-set hook at side

Machine half-hook
over center

Long round-end
hook over center

Extended eye from
either center or side

Straight end annealed
to allow forming

Coned end to hold
long swivel eye

Coned end
with swivel hook

Long square-end
hook over center

V-hook
over center

Coned end with
short swivel eye

Coned end with
swivel bolt

All the Above Ends are Standard Types for Which
No Special Tools are Required

This Group of Special Ends Requires Special Tools

Hand half-loop
over center

Plain square-
cut ends

Single full loop centered Reduced loop to center

Full loop on side and
small eye from center

Small eye over center
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Table of Spring Characteristics.—Table 5 gives characteristics for compression and
extension springs made from ASTM A229 oil-tempered MB spring steel having a tor-
sional modulus of elasticity G of 11,200,000 pounds per square inch, and an uncorrected
torsional stress S of 100,000 pounds per square inch. The deflection f for one coil under a
load P is shown in the body of the table. The method of using these data is explained in the
problems for compression and extension spring design. The table may be used for other
materials by applying factors to f. The factors are given in a footnote to the table.

Extension Springs.—About 10 per cent of all springs made by many companies are of
this type, and they frequently cause trouble because insufficient consideration is given to
stress due to initial tension, stress and deflection of hooks, special manufacturing methods,
secondary operations and overstretching at assembly. Fig. 15 shows types of ends used on
these springs.

Fig. 16. Permissible Torsional Stress Caused by Initial Tension in Coiled Extension
Springs for Different Spring Indexes

Initial tension: In the spring industry, the term “Initial tension” is used to define a force or
load, measurable in pounds or ounces, which presses the coils of a close wound extension
spring against one another. This force must be overcome before the coils of a spring begin
to open up. 
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Maximum initial
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Permissible torsional stress

Initial tension in this area
is readily obtainable.
Use whenever possible.

The values in the curves in the chart are for springs made
from spring steel. They should be reduced 15 per cent for
stainless steel. 20 per cent for copper-nickel alloys and
50 per cent for phosphor bronze.

Inital tension in this area is difficult to
maintain with accurate and uniform results.
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Initial tension is wound into extension springs by bending each coil as it is wound away
from its normal plane, thereby producing a slight twist in the wire which causes the coil to
spring back tightly against the adjacent coil. Initial tension can be wound into cold-coiled
extension springs only. Hot-wound springs and springs made from annealed steel are hard-
ened and tempered after coiling, and therefore initial tension cannot be produced. It is pos-
sible to make a spring having initial tension only when a high tensile strength, obtained by
cold drawing or by heat-treatment, is possessed by the material as it is being wound into
springs. Materials that possess the required characteristics for the manufacture of such
springs include hard-drawn wire, music wire, pre-tempered wire, 18-8 stainless steel,
phosphor-bronze, and many of the hard-drawn copper-nickel, and nonferrous alloys. Per-
missible torsional stresses resulting from initial tension for different spring indexes are
shown in Fig. 16.

Hook failure: The great majority of breakages in extension springs occurs in the hooks.
Hooks are subjected to both bending and torsional stresses and have higher stresses than
the coils in the spring.

Stresses in regular hooks: The calculations for the stresses in hooks are quite compli-
cated and lengthy. Also, the radii of the bends are difficult to determine and frequently vary
between specifications and actual production samples. However, regular hooks are more
highly stressed than the coils in the body and are subjected to a bending stress at section B
(see Table 6.) The bending stress Sb at section B should be compared with allowable
stresses for torsion springs and with the elastic limit of the material in tension (See Figs. 7
through  10.)

Stresses in cross over hooks: Results of tests on springs having a normal average index
show that the cross over hooks last longer than regular hooks. These results may not occur
on springs of small index or if the cross over bend is made too sharply.

Inasmuch as both types of hooks have the same bending stress, it would appear that the
fatigue life would be the same. However, the large bend radius of the regular hooks causes
some torsional stresses to coincide with the bending stresses, thus explaining the earlier
breakages. If sharper bends were made on the regular hooks, the life should then be the
same as for cross over hooks.

Table 6. Formula for Bending Stress at Section B

Type of Hook Stress in Bending

Regular Hook

Cross-over Hook

Sb
5PD2

I.D.d3
---------------=
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Fig. 17. Extension Spring Design Example

Stresses in half hooks: The formulas for regular hooks can also be used for half hooks,
because the smaller bend radius allows for the increase in stress. It will therefore be
observed that half hooks have the same stress in bending as regular hooks.

Frequently overlooked facts by many designers are that one full hook deflects an amount
equal to one half a coil and each half hook deflects an amount equal to one tenth of a coil.
Allowances for these deflections should be made when designing springs. Thus, an exten-
sion spring, with regular full hooks and having 10 coils, will have a deflection equal to 11
coils, or 10 per cent more than the calculated deflection.

Extension Spring Design.—The available space in a product or assembly usually deter-
mines the limiting dimensions of a spring, but the wire size, number of coils, and initial ten-
sion are often unknown.

Example:An extension spring is to be made from spring steel ASTM A229, with regular
hooks as shown in Fig. 17. Calculate the wire size, number of coils and initial tension.

Note: Allow about 20 to 25 per cent of the 9 pound load for initial tension, say 2 pounds,
and then design for a 7 pound load (not 9 pounds) at 5⁄8 inch deflection. Also use lower
stresses than for a compression spring to allow for overstretching during assembly and to
obtain a safe stress on the hooks. Proceed as for compression springs, but locate a load in
the tables somewhat higher than the 9 pound load.

Method 1, using table: From Table  locate 3⁄4 inch outside diameter in the left column and
move to the right to locate a load P of 13.94 pounds. A deflection f of 0.212 inch appears
above this figure. Moving vertically from this position to the top of the column a suitable
wire diameter of 0.0625 inch is found.

The remaining design calculations are completed as follows:
Step 1: The stress with a load of 7 pounds is obtained as follows:

The 7 pound load is 50.2 per cent of the 13.94 pound load. Therefore, the stress S at 7
pounds = 0.502 per cent × 100,000 = 50,200 pounds per square inch.

Step 2: The 50.2 per cent figure is also used to determine the deflection per coil f: 0.502
per cent × 0.212 = 0.1062 inch.

Step 3: The number of active coils. (say 6)

This result should be reduced by 1 to allow for deflection of 2 hooks (see notes 1 and 2 that
follow these calculations.) Therefore, a quick answer is: 5 coils of 0.0625 inch diameter

AC
F
f
---

0.625
0.1062
---------------- 5.86= = =
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wire. However, the design procedure should be completed by carrying out the following
steps:

Step 4: The body length = (TC + 1) × d = (5 + 1) × 0.0625 = 3⁄8 inch.

Step 5: The length from the body to inside hook

This length is satisfactory, see Note 3 following this proceedure.
Step 6: 

Step 7: The initial tension stress is

This stress is satisfactory, as checked against curve in Fig. 16.
Step 8: The curvature correction factor K = 1.12 (Fig. 13).
Step 9: The total stress = (50,200 + 14,340) × 1.12 = 72.285 pounds per square inch
This result is less than 106,250 pounds per square inch permitted by the middle curve for

0.0625 inch wire in Fig. 3 and therefore is a safe working stress that permits some addi-
tional deflection that is usually necessary for assembly purposes.

Step 10: The large majority of hook breakage is due to high stress in bending and should
be checked as follows:

From Table 6, stress on hook in bending is:

 This result is less than the top curve value, Fig. 8, for 0.0625 inch diameter wire, and is
therefore safe. Also see Note 5 that follows.

Notes: The following points should be noted when designing extension springs:
1) All coils are active and thus AC = TC.
2) Each full hook deflection is approximately equal to 1⁄2 coil. Therefore for 2 hooks,

reduce the total coils by 1. (Each half hook deflection is nearly equal to 1⁄10 of a coil.)
3) The distance from the body to the inside of a regular full hook equals 75 to 85 per cent

(90 per cent maximum) of the I.D. For a cross over center hook, this distance equals the I.D.
4) Some initial tension should usually be used to hold the spring together. Try not to

exceed the maximum curve shown on Fig. 16. Without initial tension, a long spring with
many coils will have a different length in the horizontal position than it will when hung ver-
tically.

5) The hooks are stressed in bending, therefore their stress should be less than the maxi-
mum bending stress as used for torsion springs — use top fatigue strength curves Figs. 7
through  10.

FL Body–
2

--------------------------
1.4375 0.375–

2
------------------------------------ 0.531 inch= ==

Percentage of I.D.
0.531
I.D.

-------------
0.531
0.625
------------- 85 per cent= = =

The spring index
O.D.

d
----------- 1–

0.75
0.0625
---------------- 1– 11= = =

 Sit
S IT×

P
---------------

50 200, 2×
7

--------------------------= =

14 340 pounds per square inch,=

Sb
5PD2

I.D.d3
---------------=

5 9× 0.68752×
0.625 0.06253×
-------------------------------------- 139 200 pounds per square inch,  ==
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Method 2, using formulas: The sequence of steps for designing extension springs by for-
mulas is similar to that for compression springs. The formulas for this method are given in
Table 3.
Tolerances for Compression and Extension Springs.—Tolerances for coil diameter,
free length, squareness, load, and the angle between loop planes for compression and
extension springs are given in Tables 7 through 12. To meet the requirements of load, rate,
free length, and solid height, it is necessary to vary the number of coils for compression
springs by ± 5 per cent. For extension springs, the tolerances on the numbers of coils are:
for 3 to 5 coils, ± 20 per cent; for 6 to 8 coils, ± 30 per cent; for 9 to 12 coils, ± 40 per cent.
For each additional coil, a further 11⁄2 per cent tolerance is added to the extension spring val-
ues. Closer tolerances on the number of coils for either type of spring lead to the need for
trimming after coiling, and manufacturing time and cost are increased. Fig. 18 shows devi-
ations allowed on the ends of extension springs, and variations in end alignments.

Fig. 18. Maximum Deviations Allowed on Ends and Variation in Alignment of Ends (Loops) for 
Extension Springs

.05 inch ×
Outside
diameter

or inch.

Whichever is greater

Maximum Opening
for Closed Loop

Maximum Overlap
for Closed Loop

d
2

± .05 inch ×
Outside
diameter

5 degrees

.05 inch ×
Outside diameter

1
64

45 degrees
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Table 7. Compression and Extension Spring Coil Diameter Tolerances

Courtesy of the Spring Manufacturers Institute

Table 8. Compression Spring Normal Free-Length
Tolerances, Squared and Ground Ends

Courtesy of the Spring Manufacturers Institute

Table 9. Extension Spring Normal Free-Length and End Tolerances

Courtesy of the Spring Manufacturers Institute

Wire
Diameter,

Inch

Spring Index

4 6 8 10 12 14 16

Tolerance, ± inch

0.015 0.002 0.002 0.003 0.004 0.005 0.006 0.007
0.023 0.002 0.003 0.004 0.006 0.007 0.008 0.010
0.035 0.002 0.004 0.006 0.007 0.009 0.011 0.013
0.051 0.003 0.005 0.007 0.010 0.012 0.015 0.017
0.076 0.004 0.007 0.010 0.013 0.016 0.019 0.022
0.114 0.006 0.009 0.013 0.018 0.021 0.025 0.029
0.171 0.008 0.012 0.017 0.023 0.028 0.033 0.038
0.250 0.011 0.015 0.021 0.028 0.035 0.042 0.049
0.375 0.016 0.020 0.026 0.037 0.046 0.054 0.064
0.500 0.021 0.030 0.040 0.062 0.080 0.100 0.125

Number
of Active

Coils
per Inch

Spring Index

4 6 8 10 12 14 16

Tolerance, ± Inch per Inch of Free Lengtha

a For springs less than 0.5 inch long, use the tolerances for 0.5 inch long springs. For springs with
unground closed ends, multiply the tolerances by 1.7. 

0.5 0.010 0.011 0.012 0.013 0.015 0.016 0.016
1 0.011 0.013 0.015 0.016 0.017 0.018 0.019
2 0.013 0.015 0.017 0.019 0.020 0.022 0.023
4 0.016 0.018 0.021 0.023 0.024 0.026 0.027
8 0.019 0.022 0.024 0.026 0.028 0.030 0.032
12 0.021 0.024 0.027 0.030 0.032 0.034 0.036
16 0.022 0.026 0.029 0.032 0.034 0.036 0.038
20 0.023 0.027 0.031 0.034 0.036 0.038 0.040

Free-Length Tolerances End Tolerances

Spring Free-Length
(inch)

Tolerance
(inch)

Total Number
of Coils

Angle Between
Loop Planes

(degrees)

Up to 0.5 ±0.020
Over 0.5 to 1.0 ±0.030 3 to 6 ±25
Over 1.0 to 2.0 ±0.040 7 to 9 ±35
Over 2.0 to 4.0 ±0.060 10 to 12 ±45
Over 4.0 to 8.0 ±0.093 13 to 16 ±60
Over 8.0 to 16.0 ±0.156 Over 16 Random
Over 16.0 to 24.0 ±0.218
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Table 10. Compression Spring Squareness Tolerances

Springs with closed and ground ends, in the free position. Squareness tolerances closer than those
shown require special process techniques which increase cost. Springs made from fine wire sizes,
and with high spring indices, irregular shapes or long free lengths, require special attention in deter-
mining appropriate tolerance and feasibility of grinding ends.

Table 11. Compression Spring Normal Load Tolerances

Slenderness
Ratio
FL/Da

a Slenderness Ratio = FL÷D 

Spring Index
4 6 8 10 12 14 16

Squareness Tolerances (± degrees)
0.5 3.0 3.0 3.5 3.5 3.5 3.5 4.0
1.0 2.5 3.0 3.0 3.0 3.0 3.5 3.5
1.5 2.5 2.5 2.5 3.0 3.0 3.0 3.0
2.0 2.5 2.5 2.5 2.5 3.0 3.0 3.0
3.0 2.0 2.5 2.5 2.5 2.5 2.5 3.0
4.0 2.0 2.0 2.5 2.5 2.5 2.5 2.5
6.0 2.0 2.0 2.0 2.5 2.5 2.5 2.5
8.0 2.0 2.0 2.0 2.0 2.5 2.5 2.5

10.0 2.0 2.0 2.0 2.0 2.0 2.5 2.5
12.0 2.0 2.0 2.0 2.0 2.0 2.0 2.5

Length
Tolerance,

± inch

Deflection (inch)a

0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50
Tolerance, ± Per Cent of Load

0.005 12 7 6 5 … … … …
0.010 … 12 8.5 7 6.5 5.5 5 …
0.020 … 22 15.5 12 10 8.5 7 6
0.030 … … 22 17 14 12 9.5 8
0.040 … … … 22 18 15.5 12 10
0.050 … … … … 22 19 14.5 12
0.060 … … … … 25 22 17 14
0.070 … … … … … 25 19.5 16
0.080 … … … … … … 22 18
0.090 … … … … … … 25 20
0.100 … … … … … … … 22
0.200 … … … … … … … …
0.300 … … … … … … … …
0.400 … … … … … … … …
0.500 … … … … … … … …

Length
Tolerance,

± inch

Deflection (inch)a

a From free length to loaded position. 

0.75 1.00 1.50 2.00 3.00 4.00 6.00
Tolerance, ± Per Cent of Load

0.005 … … … … … … …
0.010 … … … … … … …
0.020 5 … … … … … …
0.030 6 5 … … … … …
0.040 7.5 6 5 … … … …
0.050 9 7 5.5 … … … …
0.060 10 8 6 5 … … …
0.070 11 9 6.5 5.5 … … …
0.080 12.5 10 7.5 6 5 … …
0.090 14 11 8 6 5 … …
0.100 15.5 12 8.5 7 5.5 … …
0.200 … 22 15.5 12 8.5 7 5.5
0.300 … … 22 17 12 9.5 7
0.400 … … … 21 15 12 8.5
0.500 … … … 25 18.5 14.5 10.5
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Table 12. Extension Spring Normal Load Tolerances

 = the ratio of the spring free length FL to the deflection F.

Spring
Index

Wire Diameter (inch)

0.015 0.022 0.032 0.044 0.062 0.092 0.125 0.187 0.250 0.375 0.437

Tolerance, ± Per Cent of Load

4

12 20.0 18.5 17.6 16.9 16.2 15.5 15.0 14.3 13.8 13.0 12.6

8 18.5 17.5 16.7 15.8 15.0 14.5 14.0 13.2 12.5 11.5 11.0

6 16.8 16.1 15.5 14.7 13.8 13.2 12.7 11.8 11.2 9.9 9.4

4.5 15.0 14.7 14.1 13.5 12.6 12.0 11.5 10.3 9.7 8.4 7.9

2.5 13.1 12.4 12.1 11.8 10.6 10.0 9.1 8.5 8.0 6.8 6.2

1.5 10.2 9.9 9.3 8.9 8.0 7.5 7.0 6.5 6.1 5.3 4.8

0.5 6.2 5.4 4.8 4.6 4.3 4.1 4.0 3.8 3.6 3.3 3.2

6

12 17.0 15.5 14.6 14.1 13.5 13.1 12.7 12.0 11.5 11.2 10.7

8 16.2 14.7 13.9 13.4 12.6 12.2 11.7 11.0 10.5 10.0 9.5

6 15.2 14.0 12.9 12.3 11.6 10.9 10.7 10.0 9.4 8.8 8.3

4.5 13.7 12.4 11.5 11.0 10.5 10.0 9.6 9.0 8.3 7.6 7.1

2.5 11.9 10.8 10.2 9.8 9.4 9.0 8.5 7.9 7.2 6.2 6.0

1.5 9.9 9.0 8.3 7.7 7.3 7.0 6.7 6.4 6.0 4.9 4.7

0.5 6.3 5.5 4.9 4.7 4.5 4.3 4.1 4.0 3.7 3.5 3.4

8

12 15.8 14.3 13.1 13.0 12.1 12.0 11.5 10.8 10.2 10.0 9.5

8 15.0 13.7 12.5 12.1 11.4 11.0 10.6 10.1 9.4 9.0 8.6

6 14.2 13.0 11.7 11.2 10.6 10.0 9.7 9.3 8.6 8.1 7.6

4.5 12.8 11.7 10.7 10.1 9.7 9.0 8.7 8.3 7.8 7.2 6.6

2.5 11.2 10.2 9.5 8.8 8.3 7.9 7.7 7.4 6.9 6.1 5.6

1.5 9.5 8.6 7.8 7.1 6.9 6.7 6.5 6.2 5.8 4.9 4.5

0.5 6.3 5.6 5.0 4.8 4.5 4.4 4.2 4.1 3.9 3.6 3.5

10

12 14.8 13.3 12.0 11.9 11.1 10.9 10.5 9.9 9.3 9.2 8.8

8 14.2 12.8 11.6 11.2 10.5 10.2 9.7 9.2 8.6 8.3 8.0

6 13.4 12.1 10.8 10.5 9.8 9.3 8.9 8.6 8.0 7.6 7.2

4.5 12.3 10.8 10.0 9.5 9.0 8.5 8.1 7.8 7.3 6.8 6.4

2.5 10.8 9.6 9.0 8.4 8.0 7.7 7.3 7.0 6.5 5.9 5.5

1.5 9.2 8.3 7.5 6.9 6.7 6.5 6.3 6.0 5.6 5.0 4.6

0.5 6.4 5.7 5.1 4.9 4.7 4.5 4.3 4.2 4.0 3.8 3.7

12

12 14.0 12.3 11.1 10.8 10.1 9.8 9.5 9.0 8.5 8.2 7.9

8 13.2 11.8 10.7 10.2 9.6 9.3 8.9 8.4 7.9 7.5 7.2

6 12.6 11.2 10.2 9.7 9.0 8.5 8.2 7.9 7.4 6.9 6.4

4.5 11.7 10.2 9.4 9.0 8.4 8.0 7.6 7.2 6.8 6.3 5.8

2.5 10.5 9.2 8.5 8.0 7.8 7.4 7.0 6.6 6.1 5.6 5.2

1.5 8.9 8.0 7.2 6.8 6.5 6.3 6.1 5.7 5.4 4.8 4.5

0.5 6.5 5.8 5.3 5.1 4.9 4.7 4.5 4.3 4.2 4.0 3.3

14

12 13.1 11.3 10.2 9.7 9.1 8.8 8.4 8.1 7.6 7.2 7.0

8 12.4 10.9 9.8 9.2 8.7 8.3 8.0 7.6 7.2 6.8 6.4

6 11.8 10.4 9.3 8.8 8.3 7.7 7.5 7.2 6.8 6.3 5.9

4.5 11.1 9.7 8.7 8.2 7.8 7.2 7.0 6.7 6.3 5.8 5.4

2.5 10.1 8.8 8.1 7.6 7.1 6.7 6.5 6.2 5.7 5.2 5.0

1.5 8.6 7.7 7.0 6.7 6.3 6.0 5.8 5.5 5.2 4.7 4.5

0.5 6.6 5.9 5.4 5.2 5.0 4.8 4.6 4.4 4.3 4.2 4.0

16

12 12.3 10.3 9.2 8.6 8.1 7.7 7.4 7.2 6.8 6.3 6.1

8 11.7 10.0 8.9 8.3 7.8 7.4 7.2 6.8 6.5 6.0 5.7

6 11.0 9.6 8.5 8.0 7.5 7.1 6.9 6.5 6.2 5.7 5.4

4.5 10.5 9.1 8.1 7.5 7.2 6.8 6.5 6.2 5.8 5.3 5.1

2.5 9.7 8.4 7.6 7.0 6.7 6.3 6.1 5.7 5.4 4.9 4.7

1.5 8.3 7.4 6.6 6.2 6.0 5.8 5.6 5.3 5.1 4.6 4.4

0.5 6.7 5.9 5.5 5.3 5.1 5.0 4.8 4.6 4.5 4.3 4.1

FL
F

-------

FL F⁄
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Torsion Spring Design.—Fig. 19 shows the types of ends most commonly used on tor-
sion springs. To produce them requires only limited tooling. The straight torsion end is the
least expensive and should be used whenever possible. After determining the spring load
or torque required and selecting the end formations, the designer usually estimates suitable
space or size limitations. However, the space should be considered approximate until the
wire size and number of coils have been determined. The wire size is dependent principally
upon the torque. Design data can be devoloped with the aid of the tabular data, which is a
simple method, or by calculation alone, as shown in the following sections. Many other
factors affecting the design and operation of torsion springs are also covered in the section,
Torsion Spring Design Recommendations on page page325. Design formulas are shown
in Table 13.

Curvature correction: In addition to the stress obtained from the formulas for load or
deflection, there is a direct shearing stress on the inside of the section due to curvature.
Therefore, the stress obtained by the usual formulas should be multiplied by the factor K
obtained from the curve in Fig. 20. The corrected stress thus obtained is used only for com-
parison with the allowable working stress (fatigue strength) curves to determine if it is a
safe value, and should not be used in the formulas for deflection.

Torque: Torque is a force applied to a moment arm and tends to produce rotation. Tor-
sion springs exert torque in a circular arc and the arms are rotated about the central axis. It
should be noted that the stress produced is in bending, not in torsion. In the spring industry
it is customary to specify torque in conjunction with the deflection or with the arms of a
spring at a definite position. Formulas for torque are expressed in pound-inches. If ounce-
inches are specified, it is necessary to divide this value by 16 in order to use the formulas.

When a load is specified at a distance from a centerline, the torque is, of course, equal to
the load multiplied by the distance. The load can be in pounds or ounces with the distances
in inches or the load can be in grams or kilograms with the distance in centimeters or milli-
meters, but to use the design formulas, all values must be converted to pounds and inches.
Design formulas for torque are based on the tangent to the arc of rotation and presume that
a rod is used to support the spring. The stress in bending caused by the moment P × R is
identical in magnitude to the torque T, provided a rod is used.

Fig. 19. The Most Commonly Used Types of Ends for Torsion Springs

Theoretically, it makes no difference how or where the load is applied to the arms of tor-
sion springs. Thus, in Fig. 21, the loads shown multiplied by their respective distances pro-
duce the same torque; i.e., 20 × 0.5 = 10 pound-inches; 10 × 1 = 10 pound-inches; and 5 × 2
= 10 pound-inches. To further simplify the understanding of torsion spring torque, observe
in both Fig. 22 and Fig. 23 that although the turning force is in a circular arc the torque is not
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Springs made from
round wire

Springs made from
square wire

Springs made from
round wire

Springs made from
square wire

Feature Formulaa Feature Formulaa

d =
Wire diameter,

Inches

F° =
Deflection

Sb =
Stress, bending

pounds per
square inch

T =
Torque

Inch lbs.
(Also = P × R)

0.0982Sbd
3 0.1666Sbd

3

N =
Active Coils

I D1 =
Inside Diameter
After Deflection,

Inches

The symbol notation is given on page 285.

a Where two formulas are given for one feature, the designer should use the one found to be appropriate for the given design. The end result from either of any two
formulas is the same. 

10.18T
Sb

-----------------3
6T
Sb
------3

392SbND

Ed
------------------------

392SbND

Ed
------------------------

4000TND
EF°-------------------------4

2375TND
EF°-------------------------4

4000TND
Ed4

-------------------------
2375TND

Ed4
-------------------------

10.18T
d3

-----------------
6T
d3
------

EdF°

392ND
------------------

EdF°

392ND
------------------

Ed4F°

4000ND
---------------------

Ed4F°

2375ND
---------------------

EdF°

392SbD
-------------------

EdF°

392SbD
-------------------

N ID  free( )

N
F°

360
---------+

---------------------------
N ID  free( )

N
F°

360
---------+

---------------------------

Ed4F°

4000TD
--------------------

Ed4F°

2375TD
--------------------
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equal to P times the radius. The torque in both designs equals P × R because the spring rests
against the support rod at point a.

Fig. 20. Torsion Spring Stress Correction for Curvature

Fig. 21. Right-Hand Torsion Spring

Design Procedure: Torsion spring designs require more effort than other kinds because
consideration has to be given to more details such as the proper size of a supporting rod,
reduction of the inside diameter, increase in length, deflection of arms, allowance for fric-
tion, and method of testing.

Example: What music wire diameter and how many coils are required for the torsion
spring shown in Fig. 24, which is to withstand at least 1000 cycles? Determine the cor-
rected stress and the reduced inside diameter after deflection.

Method 1, using table: From Table 15, page321, locate the 1⁄2 inch inside diameter for the
spring in the left-hand column. Move to the right and then vertically to locate a torque
value nearest to the required 10 pound-inches, which is 10.07 pound-inches. At the top of
the same column, the music wire diameter is found, which is Number 31 gauge (0.085
inch). At the bottom of the same column the deflection for one coil is found, which is 15.81
degrees. As a 90-degree deflection is required, the number of coils needed is 90⁄15.81 =
5.69 (say 53⁄4 coils).

1.3

1.2

1.1

1.0

C
or

re
ct

io
n 

F
ac

to
r,

 K

Round Wire

Spring Index
3 4 5 6 7 8 9 10 11 12 13 14 15 16

Square Wire and Rectangular Wire

K × S = Total Stress
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The spring index  and thus the curvature correction factor

K from Fig. 20 = 1.13. Therefore the corrected stress equals 167,000 × 1.13 = 188,700
pounds per square inch which is below the Light Service curve (Fig. 7) and therefore
should provide a fatigue life of over 1,000 cycles. The reduced inside diameter due to
deflection is found from the formula in Table 13:

This reduced diameter easily clears a suggested 7⁄16 inch diameter supporting rod: 0.479 −
0.4375 = 0.041 inch clearance, and it also allows for the standard tolerance. The overall
length of the spring equals the total number of coils plus one, times the wire diameter.
Thus, 63⁄4 × 0.085 = 0.574 inch. If a small space of about 1⁄64 in. is allowed between the coils
to eliminate coil friction, an overall length of 21⁄32 inch results.

Although this completes the design calculations, other tolerances should be applied in
accordance with the Torsion Spring Tolerance Tables 16 through 18 shown at the end of
this section.

Fig. 22.  Left-Hand Torsion Spring

The Torque is T = P × R, Not P × 
Radius, because the Spring is 
Resting Against the Support Rod 
at Point a

Fig. 23.  Left-Hand Torsion Spring

As with the Spring in Fig. 22, the 
Torque is T = P × R, Not P × 
Radius, Because the Support Point 
Is at a

D
d
----

0.500 0.085+
0.085

--------------------------------- 6.88= =

ID1
N ID free( )

N
F

360
---------+

---------------------------
5.75 0.500×

5.75
90
360
---------+

------------------------------ 0.479 in.= = =
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Fig. 24. Torsion Spring Design Example. The Spring Is to be Assembled on a 7⁄16-Inch Support Rod

Longer fatigue life: If a longer fatigue life is desired, use a slightly larger wire diameter.
Usually the next larger gage size is satisfactory. The larger wire will reduce the stress and
still exert the same torque, but will require more coils and a longer overall length.

Percentage method for calculating longer life: The spring design can be easily adjusted
for longer life as follows:

1) Select the next larger gage size, which is Number 32 (0.090 inch) from Table 15. The
torque is 11.88 pound-inches, the design stress is 166,000 pounds per square inch, and the
deflection is 14.9 degrees per coil. As a percentage the torque is 10⁄11.88 × 100 = 84 per
cent.

2) The new stress is 0.84 × 166,000 = 139,440 pounds per square inch. This value is under
the bottom or Severe Service curve, Fig. 7, and thus assures longer life.

3) The new deflection per coil is 0.84 × 14.97 = 12.57 degrees. Therefore, the total num-
ber of coils required = 90⁄12.57 = 7.16 (say 7 1⁄8). The new overall length = 8 1⁄8 × 0.090 =
0.73 inch (say 3⁄4 inch). A slight increase in the overall length and new arm location are thus
necessary.

Method 2, using formulas: When using this method, it is often necessary to solve the for-
mulas several times because assumptions must be made initially either for the stress or for
a wire size. The procedure for design using formulas is as follows (the design example is
the same as in Method 1, and the spring is shown in Fig. 24):

Step 1: Note from Table 13, page 315 that the wire diameter formula is:

Step 2: Referring to Fig. 7, select a trial stress, say 150,000 pounds per square inch.
Step 3: Apply the trial stress, and the 10 pound-inches torque value in the wire diameter

formula:

The nearest gauge sizes are 0.085 and 0.090 inch diameter. Note: Table 21, page330, can
be used to avoid solving the cube root.

Step 4: Select 0.085 inch wire diameter and solve the equation for the actual stress:

d
10.18T

Sb
-----------------3=

d
10.18T

Sb
-----------------3

10.18 10×
150 000,

-------------------------3 0.0006793 0.0879 inch= = = =
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Step 5: Calculate the number of coils from the equation, Table 13:

Step 6: Calculate the total stress. The spring index is 6.88, and the correction factor K is
1.13, therefore total stress = 165,764 × 1.13 = 187,313 pounds per square inch. Note: The
corrected stress should not be used in any of the formulas as it does not determine the
torque or the deflection.
Table of Torsion Spring Characteristics.—Table 15 shows design characteristics for
the most commonly used torsion springs made from wire of standard gauge sizes. The
deflection for one coil at a specified torque and stress is shown in the body of the table. The
figures are based on music wire (ASTM A228) and oil-tempered MB grade (ASTM
A229), and can be used for several other materials which have similar values for the mod-
ulus of elasticity E. However, the design stress may be too high or too low, and the design
stress, torque, and deflection per coil should each be multiplied by the appropriate correc-
tion factor in Table 14 when using any of the materials given in that table.

Table 14. Correction Factors for Other Materials

For use with values in Table 15. Note: The figures in Table 15 are for music wire (ASTM A228)
and oil-tempered MB grade (ASTM A229) and can be used for several other materials that have a
similar modulus of elasticity E. However, the design stress may be too high or too low, and therefore
the design stress, torque, and deflection per coil should each be multiplied by the appropriate correc-
tion factor when using any of the materials given in this table (Table 14).

Material Factor Material Factor

Hard Drawn MB 0.75 Stainless 316

Chrome-Vanadium 1.10 Up to 1⁄8 inch diameter 0.75

Chrome-Silicon 1.20 Over 1⁄8 to 1⁄4 inch diameter 0.65

Stainless 302 and 304 Over 1⁄4 inch diameter 0.65

Up to 1⁄8 inch diameter 0.85 Stainless 17–7 PH

Over 1⁄8 to 1⁄4 inch diameter 0.75 Up to 1⁄8 inch diameter 1.00

Over 1⁄4 inch diameter 0.65 Over 1⁄8 to 3⁄16 inch diameter 1.07

Stainless 431 0.80 Over 3⁄16 inch diameter 1.12

Stainless 420 0.85 … …

Sb
10.18T

d3
-----------------

10.18 10×
0.0853

------------------------- 165 764 pounds per square inch,= = =

N
EdF°

392SbD
-------------------=

28 500 000,, 0.085× 90×
392 165 764,× 0.585×

------------------------------------------------------------ 5.73 (say 53⁄4)==
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Table 15. Torsion Spring Deflections

Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

1
.010

2
.011

3
.012

4
.013

5
.014

6
.016

7
.018

8
.020

9
.022

10
.024

11
.026

12
.029

13
.031

14
.033

15
.035

16
.037

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
232 229 226 224 221 217 214 210 207 205 202 199 197 196 194 192

Torque, pound-inch
.0228 .0299 .0383 .0483 .0596 .0873 .1226 .1650 .2164 .2783 .3486 .4766 .5763 .6917 .8168 .9550

Deflection, degrees per coil
1⁄16 0.0625 22.35 20.33 18.64 17.29 16.05 14.15 18.72 11.51 10.56 9.818 9.137 8.343 7.896 … … …
5⁄64 0.078125 27.17 24.66 22.55 20.86 19.32 16.96 15.19 13.69 12.52 11.59 10.75 9.768 9.215 … … …
3⁄32 0.09375 31.98 28.98 26.47 24.44 22.60 19.78 17.65 15.87 14.47 13.36 12.36 11.19 10.53 10.18 9.646 9.171
7⁄64 0.109375 36.80 33.30 30.38 28.02 25.88 22.60 20.12 18.05 16.43 15.14 13.98 12.62 11.85 11.43 10.82 10.27
1⁄8 0.125 41.62 37.62 34.29 31.60 29.16 25.41 22.59 20.23 18.38 16.91 15.59 14.04 13.17 12.68 11.99 11.36
9⁄64 0.140625 46.44 41.94 38.20 35.17 32.43 28.23 25.06 22.41 20.33 18.69 17.20 15.47 14.49 13.94 13.16 12.46
5⁄32 0.15625 51.25 46.27 42.11 38.75 35.71 31.04 27.53 24.59 22.29 20.46 18.82 16.89 15.81 15.19 14.33 13.56
3⁄16 0.1875 60.89 54.91 49.93 45.91 42.27 36.67 32.47 28.95 26.19 24.01 22.04 19.74 18.45 17.70 16.67 15.75
7⁄32 0.21875 70.52 63.56 57.75 53.06 48.82 42.31 37.40 33.31 30.10 27.55 25.27 22.59 21.09 20.21 19.01 17.94
1⁄4 0.250 80.15 72.20 65.57 60.22 55.38 47.94 42.34 37.67 34.01 31.10 28.49 25.44 23.73 22.72 21.35 20.13

Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

a For sizes up to 13 gauge, the table values are for music wire with a modulus E of 29,000,000 psi; and for sizes from 27 to 31 guage, the values are for oil-tempered MB
with a modulus of 28,500,000 psi. 

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
190 188 187 185 184 183 182 180 178 176 174 173 171 169 167

Torque, pound-inch
1.107 1.272 1.460 1.655 1.876 2.114 2.371 2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07

Deflection, degrees per coil
7⁄64 0.109375 9.771 9.320 8.957 … … … … … … … … … … … …
1⁄8 0.125 10.80 10.29 9.876 9.447 9.102 8.784 … … … … … … … … …
9⁄64 0.140625 11.83 11.26 10.79 10.32 9.929 9.572 9.244 8.654 8.141 … … … … … …
5⁄32 0.15625 12.86 12.23 11.71 11.18 10.76 10.36 9.997 9.345 8.778 8.279 7.975 … … … …
3⁄16 0.1875 14.92 14.16 13.55 12.92 12.41 11.94 11.50 10.73 10.05 9.459 9.091 8.663 8.232 7.772 7.364
7⁄32 0.21875 16.97 16.10 15.39 14.66 14.06 13.52 13.01 12.11 11.33 10.64 10.21 9.711 9.212 8.680 8.208
1⁄4 0.250 19.03 18.04 17.22 16.39 15.72 15.09 14.52 13.49 12.60 11.82 11.32 10.76 10.19 9.588 9.053
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Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

8
.020

9
.022

10
.024

11
.026

12
.029

13
.031

14
.033

15
.035

16
.037

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)

210 207 205 202 199 197 196 194 192 190 188 187 185 184 183 182

Torque, pound-inch

.1650 .2164 .2783 .3486 .4766 .5763 .6917 .8168 .9550 1.107 1.272 1.460 1.655 1.876 2.114 2.371

Deflection, degrees per coil
9⁄32 0.28125 42.03 37.92 34.65 31.72 28.29 26.37 25.23 23.69 22.32 21.09 19.97 19.06 18.13 17.37 16.67 16.03
5⁄16 0.3125 46.39 41.82 38.19 34.95 31.14 29.01 27.74 26.04 24.51 23.15 21.91 20.90 19.87 19.02 18.25 17.53
11⁄32 0.34375 50.75 45.73 41.74 38.17 33.99 31.65 30.25 28.38 26.71 25.21 23.85 22.73 21.60 20.68 19.83 19.04
3⁄8 0.375 55.11 49.64 45.29 41.40 36.84 34.28 32.76 30.72 28.90 27.26 25.78 24.57 23.34 22.33 21.40 20.55

13⁄32 0.40625 59.47 53.54 48.85 44.63 39.69 36.92 35.26 33.06 31.09 29.32 27.72 26.41 25.08 23.99 22.98 22.06
7⁄16 0.4375 63.83 57.45 52.38 47.85 42.54 39.56 37.77 35.40 33.28 31.38 29.66 28.25 26.81 25.64 24.56 23.56
15⁄32 0.46875 68.19 61.36 55.93 51.00 45.39 42.20 40.28 37.74 35.47 33.44 31.59 30.08 28.55 27.29 26.14 25.07
1⁄2 0.500 72.55 65.27 59.48 54.30 48.24 44.84 42.79 40.08 37.67 35.49 33.53 31.92 30.29 28.95 27.71 26.58

Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
125

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)

180 178 176 174 173 171 169 167 166 164 163 161 160 158 156

Torque, pound-inch

2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92

Deflection, degrees per coil
9⁄32 0.28125 14.88 13.88 13.00 12.44 11.81 11.17 10.50 9.897 9.418 8.934 8.547 8.090 7.727 7.353 6.973
5⁄16 0.3125 16.26 15.15 14.18 13.56 12.85 12.15 11.40 10.74 10.21 9.676 9.248 8.743 8.341 7.929 7.510
11⁄32 0.34375 17.64 16.42 15.36 14.67 13.90 13.13 12.31 11.59 11.00 10.42 9.948 9.396 8.955 8.504 8.046
3⁄8 0.375 19.02 17.70 16.54 15.79 14.95 14.11 13.22 12.43 11.80 11.16 10.65 10.05 9.569 9.080 8.583

13⁄32 0.40625 20.40 18.97 17.72 16.90 15.99 15.09 14.13 13.28 12.59 11.90 11.35 10.70 10.18 9.655 9.119
7⁄16 0.4375 21.79 20.25 18.90 18.02 17.04 16.07 15.04 14.12 13.38 12.64 12.05 11.35 10.80 10.23 9.655
15⁄32 0.46875 23.17 21.52 20.08 19.14 18.09 17.05 15.94 14.96 14.17 13.39 12.75 12.01 11.41 10.81 10.19
1⁄2 0.500 24.55 22.80 21.26 20.25 19.14 18.03 16.85 15.81 14.97 14.13 13.45 12.66 12.03 11.38 10.73

a For sizes up to 13 gauge, the table values are for music wire with a modulus E of 29,000,000 psi; and for sizes from 27 to 31 guage, the values are for oil-tempered MB
with a modulus of 28,500,000 psi. 
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Table 15. (Continued) Torsion Spring Deflections

Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

16
.037

17
.039

18
.041

19
.043

20
.045

21
.047

22
.049

23
.051

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
192 190 188 187 185 184 183 182 180 178 176 174 173 171 169

Torque, pound-inch
.9550 1.107 1.272 1.460 1.655 1.876 2.114 2.371 2.941 3.590 4.322 5.139 6.080 7.084 8.497

Deflection, degrees per coil
17⁄32 0.53125 39.86 37.55 35.47 33.76 32.02 30.60 29.29 28.09 25.93 24.07 22.44 21.37 20.18 19.01 17.76
9⁄16 0.5625 42.05 39.61 37.40 35.59 33.76 32.25 30.87 29.59 27.32 25.35 23.62 22.49 21.23 19.99 18.67
19⁄32 0.59375 44.24 41.67 39.34 37.43 35.50 33.91 32.45 31.10 28.70 26.62 24.80 23.60 22.28 20.97 19.58
5⁄8 0.625 46.43 43.73 41.28 39.27 37.23 35.56 34.02 32.61 30.08 27.89 25.98 24.72 23.33 21.95 20.48

21⁄32 0.65625 48.63 45.78 43.22 41.10 38.97 37.22 35.60 34.12 31.46 29.17 27.16 25.83 24.37 22.93 21.39
11⁄16 0.6875 50.82 47.84 45.15 42.94 40.71 38.87 37.18 35.62 32.85 30.44 28.34 26.95 25.42 23.91 22.30
23⁄32 0.71875 53.01 49.90 47.09 44.78 42.44 40.52 38.76 37.13 34.23 31.72 29.52 28.07 26.47 24.89 23.21
3⁄4 0.750 55.20 51.96 49.03 46.62 44.18 42.18 40.33 38.64 35.61 32.99 30.70 29.18 27.52 25.87 24.12

Inside
Diam.

Wire Gauge and Decimal Equivalentab

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
.125

10
.135

9
.1483

5⁄32

.1563
8

.162
7

.177

3⁄16

.1875
6

.192
5

.207

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
167 166 164 163 161 160 158 156 161 158 156 154 150 149 146 143

Torque, pound-inch
10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92 38.90 50.60 58.44 64.30 81.68 96.45 101.5 124.6

Deflection, degrees per coil
17⁄32 0.53125 16.65 15.76 14.87 14.15 13.31 12.64 11.96 11.26 10.93 9.958 9.441 9.064 8.256 7.856 7.565 7.015
9⁄16 0.5625 17.50 16.55 15.61 14.85 13.97 13.25 12.53 11.80 11.44 10.42 9.870 9.473 8.620 8.198 7.891 7.312
19⁄32 0.59375 18.34 17.35 16.35 15.55 14.62 13.87 13.11 12.34 11.95 10.87 10.30 9.882 8.984 8.539 8.218 7.609
5⁄8 0.625 19.19 18.14 17.10 16.25 15.27 14.48 13.68 12.87 12.47 11.33 10.73 10.29 9.348 8.881 8.545 7.906

21⁄32 0.65625 20.03 18.93 17.84 16.95 15.92 15.10 14.26 13.41 12.98 11.79 11.16 10.70 9.713 9.222 8.872 8.202
11⁄16 0.6875 20.88 19.72 18.58 17.65 16.58 15.71 14.83 13.95 13.49 12.25 11.59 11.11 10.08 9.564 9.199 8.499
23⁄32 0.71875 21.72 20.52 19.32 18.36 17.23 16.32 15.41 14.48 14.00 12.71 12.02 11.52 10.44 9.905 9.526 8.796
3⁄4 0.750 22.56 21.31 20.06 19.06 17.88 16.94 15.99 15.02 14.52 13.16 12.44 11.92 10.81 10.25 9.852 9.093

a For sizes up to 26 gauge, the table values are for music wire with a modulus E of 29,500,000 psi; for sizes from 27 to 1⁄8 inch diameter the table values are for music
wire with a modulus of 28,500,000 psi; for sizes from 10 gauge to 1⁄8 inch diameter, the values are for oil-tempered MB with a modulus of 28,500,000 psi. 

b Gauges 31 through 37 are AMW gauges. Gauges 10 through 5 are Washburn and Moen. 
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324Table 15. (Continued) Torsion Spring Deflections

Inside
Diam.

AMW Wire Gauge and Decimal Equivalenta

24
.055

25
.059

26
.063

27
.067

28
.071

29
.075

30
.080

31
.085

32
.090

33
.095

34
.100

35
.106

36
.112

37
.118

1⁄8
.125

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
180 178 176 174 173 171 169 167 166 164 163 161 160 158 156

Torque, pound-inch
2.941 3.590 4.322 5.139 6.080 7.084 8.497 10.07 11.88 13.81 16.00 18.83 22.07 25.49 29.92

Deflection, degrees per coil
13⁄16 0.8125 38.38 35.54 33.06 31.42 29.61 27.83 25.93 24.25 22.90 21.55 20.46 19.19 18.17 17.14 16.09
7⁄8 0.875 41.14 38.09 35.42 33.65 31.70 29.79 27.75 25.94 24.58 23.03 21.86 20.49 19.39 18.29 17.17

15⁄16 0.9375 43.91 40.64 37.78 35.88 33.80 31.75 29.56 27.63 26.07 24.52 23.26 21.80 20.62 19.44 18.24

1 1.000 46.67 43.19 40.14 38.11 35.89 33.71 31.38 29.32 27.65 26.00 24.66 23.11 21.85 20.59 19.31
11⁄16 1.0625 49.44 45.74 42.50 40.35 37.99 35.67 33.20 31.01 29.24 27.48 26.06 24.41 23.08 21.74 20.38

11⁄8 1.125 52.20 48.28 44.86 42.58 40.08 37.63 35.01 32.70 30.82 28.97 27.46 25.72 24.31 22.89 21.46

13⁄16 1.1875 54.97 50.83 47.22 44.81 42.18 39.59 36.83 34.39 32.41 30.45 28.86 27.02 25.53 24.04 22.53

11⁄4 1.250 57.73 53.38 49.58 47.04 44.27 41.55 38.64 36.08 33.99 31.94 30.27 28.33 26.76 25.19 23.60

Inside
Diam.

Washburn and Moen Gauge or Size and Decimal Equivalenta

10
.135

9
.1483

5⁄32

.1563
8

.162
7

.177

3⁄16

.1875
6

.192
5

.207

7⁄32

.2188
4

.2253
3

.2437

1⁄4
.250

9⁄32

.2813

5⁄16

.3125

11⁄32

.3438

3⁄8
.375

Fractional Decimal

Design Stress, pounds per sq. in. (thousands)
161 158 156 154 150 149 146 143 142 141 140 139 138 137 136 135

Torque, pound-inch
38.90 50.60 58.44 64.30 81.68 96.45 101.5 124.6 146.0 158.3 199.0 213.3 301.5 410.6 542.5 700.0

Deflection, degrees per coil
13⁄16 0.8125 15.54 14.08 13.30 12.74 11.53 10.93 10.51 9.687 9.208 8.933 8.346 8.125 7.382 6.784 6.292 5.880
7⁄8 0.875 16.57 15.00 14.16 13.56 12.26 11.61 11.16 10.28 9.766 9.471 8.840 8.603 7.803 7.161 6.632 6.189

15⁄16 0.9375 17.59 15.91 15.02 14.38 12.99 12.30 11.81 10.87 10.32 10.01 9.333 9.081 8.225 7.537 6.972 6.499
1 1.000 18.62 16.83 15.88 15.19 13.72 12.98 12.47 11.47 10.88 10.55 9.827 9.559 8.647 7.914 7.312 6.808

11⁄16 1.0625 19.64 17.74 16.74 16.01 14.45 13.66 13.12 12.06 11.44 11.09 10.32 10.04 9.069 8.291 7.652 7.118

11⁄8 1.125 20.67 18.66 17.59 16.83 15.18 14.35 13.77 12.66 12.00 11.62 10.81 10.52 9.491 8.668 7.993 7.427

13⁄16 1.1875 21.69 19.57 18.45 17.64 15.90 15.03 14.43 13.25 12.56 12.16 11.31 10.99 9.912 9.045 8.333 7.737

11⁄4 1.250 22.72 20.49 19.31 18.46 16.63 15.71 15.08 13.84 13.11 12.70 11.80 11.47 10.33 9.422 8.673 8.046

a For sizes up to 26 gauge, the table values are for music wire with a modulus E of 29,500,000 psi; for sizes from 27 to 1⁄8 inch diameter the table values are for music
wire with a modulus of 28,500,000 psi; for sizes from 10 gauge to 1⁄8 inch diameter, the values are for oil-tempered MB with a modulus of 28,500,000 psi. 



SPRINGS 325

For an example in the use of the table, see the example starting on page317. Note: Intermediate
values may be interpolated within reasonable accuracy.

Torsion Spring Design Recommendations.—The following recommendations should
be taken into account when designing torsion springs:

Hand: The hand or direction of coiling should be specified and the spring designed so
deflection causes the spring to wind up and to have more coils. This increase in coils and
overall length should be allowed for during design. Deflecting the spring in an unwinding
direction produces higher stresses and may cause early failure. When a spring is sighted
down the longitudinal axis, it is “right hand” when the direction of the wire into the spring
takes a clockwise direction or if the angle of the coils follows an angle similar to the threads
of a standard bolt or screw, otherwise it is “left hand.” A spring must be coiled right-handed
to engage the threads of a standard machine screw.

Rods: Torsion springs should be supported by a rod running through the center whenever
possible. If unsupported, or if held by clamps or lugs, the spring will buckle and the torque
will be reduced or unusual stresses may occur.

Diameter Reduction: The inside diameter reduces during deflection. This reduction
should be computed and proper clearance provided over the supporting rod. Also, allow-
ances should be considered for normal spring diameter tolerances.

Winding: The coils of a spring may be closely or loosely wound, but they seldom should
be wound with the coils pressed tightly together. Tightly wound springs with initial tension
on the coils do not deflect uniformly and are difficult to test accurately. A small space
between the coils of about 20 to 25 per cent of the wire thickness is desirable. Square and
rectangular wire sections should be avoided whenever possible as they are difficult to
wind, expensive, and are not always readily available.

Arm Length: All the wire in a torsion spring is active between the points where the loads
are applied. Deflection of long extended arms can be calculated by allowing one third of
the arm length, from the point of load contact to the body of the spring, to be converted into
coils. However, if the length of arm is equal to or less than one-half the length of one coil,
it can be safely neglected in most applications.

Total Coils: Torsion springs having less than three coils frequently buckle and are diffi-
cult to test accurately. When thirty or more coils are used, light loads will not deflect all the
coils simultaneously due to friction with the supporting rod. To facilitate manufacturing it
is usually preferable to specify the total number of coils to the nearest fraction in eighths or
quarters such as 5 1⁄8, 5 1⁄4, 5 1⁄2, etc.

Double Torsion: This design consists of one left-hand-wound series of coils and one
series of right-hand-wound coils connected at the center. These springs are difficult to
manufacture and are expensive, so it often is better to use two separate springs. For torque
and stress calculations, each series is calculated separately as individual springs; then the
torque values are added together, but the deflections are not added.

Bends: Arms should be kept as straight as possible. Bends are difficult to produce and
often are made by secondary operations, so they are therefore expensive. Sharp bends raise
stresses that cause early failure. Bend radii should be as large as practicable. Hooks tend to
open during deflection; their stresses can be calculated by the same procedure as that for
tension springs.

Spring Index: The spring index must be used with caution. In design formulas it is D/d.
For shop measurement it is O.D./d. For arbor design it is I.D./d. Conversions are easily per-
formed by either adding or subtracting 1 from D/d.

Proportions: A spring index between 4 and 14 provides the best proportions. Larger
ratios may require more than average tolerances. Ratios of 3 or less, often cannot be coiled
on automatic spring coiling machines because of arbor breakage. Also, springs with
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smaller or larger spring indexes often do not give the same results as are obtained using the
design formulas.

Torsion Spring Tolerances.—Torsion springs are coiled in a different manner from
other types of coiled springs and therefore different tolerances apply. The   commercial tol-
erance on loads is ± 10 per cent and is specified with reference to the angular deflection.
For example: 100 pound-inches ± 10 per cent at 45 degrees deflection. One load specified
usually suffices. If two loads and two deflections are specified, the manufacturing and test-
ing times are increased. Tolerances smaller than ± 10 per cent require each spring to be
individually tested and adjusted, which adds considerably to manufacturing time and cost.
Tables 16, 17, and 18 give, respectively, free angle tolerances, coil diameter tolerances,
and tolerances on the number of coils.

Table 16. Torsion Spring Tolerances for Angular Relationship of Ends

Table 17. Torsion Spring Coil Diameter Tolerances

Table 18. Torsion Spring Tolerance on Number of Coils

Number
of Coils

(N)

Spring Index

4 6 8 10 12 14 16 18 20

Free Angle Tolerance, ± degrees

1 2 3 3.5 4 4.5 5 5.5 5.5 6

2 4 5 6 7 8 8.5 9 9.5 10

3 5.5 7 8 9.5 10.5 11 12 13 14

4 7 9 10 12 14 15 16 16.5 17

5 8 10 12 14 16 18 20 20.5 21

6 9.5 12 14.5 16 19 20.5 21 22.5 24

8 12 15 18 20.5 23 25 27 28 29

10 14 19 21 24 27 29 31.5 32.5 34

15 20 25 28 31 34 36 38 40 42

20 25 30 34 37 41 44 47 49 51

25 29 35 40 44 48 52 56 60 63

30 32 38 44 50 55 60 65 68 70

50 45 55 63 70 77 84 90 95 100

Wire
Diameter,

Inch

Spring Index

4 6 8 10 12 14 16

Coil Diameter Tolerance, ± inch

0.015 0.002 0.002 0.002 0.002 0.003 0.003 0.004

0.023 0.002 0.002 0.002 0.003 0.004 0.005 0.006

0.035 0.002 0.002 0.003 0.004 0.006 0.007 0.009

0.051 0.002 0.003 0.005 0.007 0.008 0.010 0.012

0.076 0.003 0.005 0.007 0.009 0.012 0.015 0.018

0.114 0.004 0.007 0.010 0.013 0.018 0.022 0.028

0.172 0.006 0.010 0.013 0.020 0.027 0.034 0.042

0.250 0.008 0.014 0.022 0.030 0.040 0.050 0.060

Number of Coils Tolerance Number of Coils Tolerance

up to 5 ±5° over 10
to 20 ±15°

over 5
to 10 ±10° over 20

to 40 ±30°



SPRINGS 327

Miscellaneous Springs.—This section provides information on various springs, some in
common use, some less commonly used.

Conical compression: These springs taper from top to bottom and are useful where an
increasing (instead of a constant) load rate is needed, where solid height must be small, and
where vibration must be damped. Conical springs with a uniform pitch are easiest to coil.
Load and deflection formulas for compression springs can be used – using the average
mean coil diameter, and providing the deflection does not cause the largest active coil to lie
against the bottom coil. When this happens, each coil must be calculated separately, using
the standard formulas for compression springs.

Constant force springs: Those springs are made from flat spring steel and are finding
more applications each year. Complicated design procedures can be eliminated by select-
ing a standard design from thousands now available from several spring manufacturers.

Spiral, clock, and motor springs: Although often used in wind-up type motors for toys
and other products, these springs are difficult to design and results cannot be calculated
with precise accuracy. However, many useful designs have been developed and are avail-
able from spring manufacturing companies.

Flat springs: These springs are often used to overcome operating space limitations in
various products such as electric switches and relays. Table 19 lists formulas for designing
flat springs. The formulas are based on standard beam formulas where the deflection is
small.

Table 19. Formulas for Flat Springs

Based on standard beam formulas where the deflection is small

See page285 for notation.

Note: Where two formulas are given for one feature, the designer should use the one found to be
appropriate for the given design. The result from either of any two formulas is the same.

Feature

Deflect., f
Inches

Load, P
Pounds

Stress, Sb

Bending
Pounds
per sq.
inch

Thickness, t
Inches

f
PL3

4Ebt3
---------------=

SbL2

6Et
-----------=

f
4PL3

Ebt3
-------------=

2SbL2

3Et
---------------=

f
6PL3

Ebt3
-------------=

SbL2

Et
-----------=

f
5.22PL3

Ebt3
--------------------=

0.87SbL2

Et
----------------------=

P
2Sbbt2

3L
-----------------=

4Ebt3F
L3

-------------------=

P
Sbbt2

6L
-------------=

Ebt3F
4L3

---------------=

P
Sbbt2

6L
-------------=

Ebt3F
6L3

---------------=

P
Sbbt2

6L
-------------=

Ebt3F
5.22L3
----------------=

Sb
3PL
2bt2
-----------=

6EtF
L2

-------------=

Sb
6PL
bt2
----------=

3EtF
2L2

-------------=

Sb
6PL
bt2
----------=

EtF
L2

---------=

Sb
6PL
bt2
----------=

EtF
0.87L2
----------------=

t
SbL2

6EF
-----------=

PL3

4EbF
--------------3=

t
2SbL2

3EF
---------------=

4PL3

EbF
-------------3=

t
SbL2

EF
-----------=

6PL3

EbF
-------------3=

t
0.87SbL2

EF
----------------------=

5.22PL3

EbF
--------------------3=
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Belleville washers: These washer type springs can sustain relatively large loads with
small deflections, and the loads and deflections can be increased by stacking the springs as
shown in Fig. 25.

Design data is not given here because the wide variations in ratios of O.D. to I.D., height
to thickness, and other factors require too many formulas for convenient use and involve
constants obtained from more than 24 curves. It is now practicable to select required sizes
from the large stocks carried by several of the larger spring manufacturing companies.
Most of these companies also stock curved and wave washers.

Fig. 25. Examples of Belleville Spring Combinations

Volute springs: These springs are often used on army tanks and heavy field artillery, and
seldom find additional uses because of their high cost, long production time, difficulties in
manufacture, and unavailability of a wide range of materials and sizes. Small volute
springs are often replaced with standard compression springs.

Torsion bars: Although the more simple types are often used on motor cars, the more
complicated types with specially forged ends are finding fewer applications as time goes
on.
Moduli of Elasticity of Spring Materials.— The modulus of elasticity in tension,
denoted by the letter E, and the modulus of elasticity in torsion, denoted by the letter G, are
used in formulas relating to spring design. Values of these moduli for various ferrous and
nonferrous spring materials are given in Table .
General Heat Treating Information for Springs.—The following is general informa-
tion on the heat treatment of springs, and is applicable to pre-tempered or hard-drawn
spring materials only.

Compression springs are baked after coiling (before setting) to relieve residual stresses
and thus permit larger deflections before taking a permanent set.

Extension springs also are baked, but heat removes some of the initial tension. Allow-
ance should be made for this loss. Baking at 500 degrees F for 30 minutes removes approx-
imately 50 per cent of the initial tension. The shrinkage in diameter however, will slightly
increase the load and rate.

Outside diameters shrink when springs of music wire, pretempered MB, and other car-
bon or alloy steels are baked. Baking also slightly increases the free length and these
changes produce a little stronger load and increase the rate.

Outside diameters expand when springs of stainless steel (18-8) are baked. The free
length is also reduced slightly and these changes result in a little lighter load and a decrease
the spring rate.

Inconel, Monel, and nickel alloys do not change much when baked.
Beryllium-copper shrinks and deforms when heated. Such springs usually are baked in

fixtures or supported on arbors or rods during heating.
Brass and phosphor bronze springs should be given a light heat only. Baking above 450

degrees F will soften the material. Do not heat in salt pots.
Torsion springs do not require baking because coiling causes residual stresses in a direc-

tion that is helpful, but such springs frequently are baked so that jarring or handling will not
cause them to lose the position of their ends.
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Note: Modulus G (shear modulus) is used for compression and extension springs; modulus E
(Young's modulus) is used for torsion, flat, and spiral springs.

Spring brass and phosphor bronze springs that are not very highly stressed and are not
subject to severe operating use may be stress relieved after coiling by immersing them in
boiling water for a period of 1 hour.

Positions of loops will change with heat. Parallel hooks may change as much as 45
degrees during baking. Torsion spring arms will alter position considerably. These
changes should be allowed for during looping or forming.

Quick heating after coiling either in a high-temperature salt pot or by passing a spring
through a gas flame is not good practice. Samples heated in this way will not conform with
production runs that are properly baked. A small, controlled-temperature oven should be
used for samples and for small lot orders.

Plated springs should always be baked before plating to relieve coiling stresses and
again after plating to relieve hydrogen embrittlement.

Hardness values fall with high heat—but music wire, hard drawn, and stainless steel will
increase 2 to 4 points Rockwell C.

Table 20. Moduli of Elasticity in Torsion and Tension of Spring Materials
Ferrous Materials Nonferrous Materials

Modulus of Elasticity,
pounds per square inch

Modulus of Elasticity,
pounds per square inch

Material
(Commercial Name)

In Torsion,
G

In Tension,
E

Material
(Commercial Name)

In Torsion,
G

In Tension,
E

Hard Drawn MB Spring Brass

Up to 0.032 inch 11,700,000 28,800,000 Type 70–30 5,000,000 15,000,000

0.033 to 0.063 inch 11,600,000 28,700,000 Phosphor Bronze

0.064 to 0.125 inch 11,500,000 28,600,000 5 per cent tin 6,000,000 15,000,000

0.126 to 0.625 inch 11,400,000 28,500,000 Beryllium-Copper

Music Wire Cold Drawn 4 Nos. 7,000,000 17,000,000

Up to 0.032 inch 12,000,000 29,500,000 Pretempered,

0.033 to 0.063 inch 11,850,000 29,000,000 fully hard 7,250,000 19,000,000

0.064 to 0.125 inch 11,750,000 28,500,000 Inconela 600

a Trade name of International Nickel Company. 

10,500,000 31,000,000b

b May be 2,000,000 pounds per square inch less if material is not fully hard. 

0.126 to 0.250 inch 11,600,000 28,000,000 Inconela X 750 10,500,000 31,000,000b

Oil-Tempered MB 11,200,000 28,500,000

Chrome-Vanadium 11,200,000 28,500,000 Monela 400 9,500,000 26,000,000

Chrome-Silicon 11,200,000 29,500,000 Monela K 500 9,500,000 26,000,000

Silicon-Manganese 10,750,000 29,000,000 Duranickela 300 11,000,000 30,000,000

Stainless Steel Permanickela 11,000,000 30,000,000

Types 302, 304, 316 10,000,000 28,000,000b

Type 17–7 PH 10,500,000 29,500,000 Ni Span Ca 902 10,000,000 27,500,000

Type 420 11,000,000 29,000,000 Elgiloyc

c Trade name of Hamilton Watch Company. 

12,000,000 29,500,000

Type 431 11,400,000 29,500,000 Iso-Elasticd

d Trade name of John Chatillon & Sons. 

9,200,000 26,000,000
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Table 21. Squares, Cubes, and Fourth Powers of Wire Diameters
Steel
Wire
Gage
(U.S.)

Music
or Piano

Wire
Gage

Diameter
Section
Area Square Cube Fourth

PowerInch

7-0 … 0.4900 0.1886 0.24010 0.11765 0.05765
6-0 … 0.4615 0.1673 0.21298 0.09829 0.04536
5-0 … 0.4305 0.1456 0.18533 0.07978 0.03435
4-0 … 0.3938 0.1218 0.15508 0.06107 0.02405
3-0 … 0.3625 0.1032 0.13141 0.04763 0.01727
2-0 … 0.331 0.0860 0.10956 0.03626 0.01200
1-0 … 0.3065 0.0738 0.09394 0.02879 0.008825
1 … 0.283 0.0629 0.08009 0.02267 0.006414
2 … 0.2625 0.0541 0.06891 0.01809 0.004748
3 … 0.2437 0.0466 0.05939 0.01447 0.003527
4 … 0.2253 0.0399 0.05076 0.01144 0.002577
5 … 0.207 0.0337 0.04285 0.00887 0.001836
6 … 0.192 0.0290 0.03686 0.00708 0.001359
… 45 0.180 0.0254 0.03240 0.00583 0.001050
7 … 0.177 0.0246 0.03133 0.00555 0.000982
… 44 0.170 0.0227 0.02890 0.00491 0.000835
8 43 0.162 0.0206 0.02624 0.00425 0.000689
… 42 0.154 0.0186 0.02372 0.00365 0.000563
9 … 0.1483 0.0173 0.02199 0.00326 0.000484
… 41 0.146 0.0167 0.02132 0.00311 0.000455
… 40 0.138 0.0150 0.01904 0.00263 0.000363
10 … 0.135 0.0143 0.01822 0.00246 0.000332
… 39 0.130 0.0133 0.01690 0.00220 0.000286
… 38 0.124 0.0121 0.01538 0.00191 0.000237
11 … 0.1205 0.0114 0.01452 0.00175 0.000211
… 37 0.118 0.0109 0.01392 0.00164 0.000194
… 36 0.112 0.0099 0.01254 0.00140 0.000157
… 35 0.106 0.0088 0.01124 0.00119 0.000126
12 … 0.1055 0.0087 0.01113 0.001174 0.0001239
… 34 0.100 0.0078 0.0100 0.001000 0.0001000
… 33 0.095 0.0071 0.00902 0.000857 0.0000815
13 … 0.0915 0.0066 0.00837 0.000766 0.0000701
… 32 0.090 0.0064 0.00810 0.000729 0.0000656
… 31 0.085 0.0057 0.00722 0.000614 0.0000522
14 30 0.080 0.0050 0.0064 0.000512 0.0000410
… 29 0.075 0.0044 0.00562 0.000422 0.0000316
15 … 0.072 0.0041 0.00518 0.000373 0.0000269
… 28 0.071 0.0040 0.00504 0.000358 0.0000254
… 27 0.067 0.0035 0.00449 0.000301 0.0000202
… 26 0.063 0.0031 0.00397 0.000250 0.0000158
16 … 0.0625 0.0031 0.00391 0.000244 0.0000153
… 25 0.059 0.0027 0.00348 0.000205 0.0000121
… 24 0.055 0.0024 0.00302 0.000166 0.00000915
17 … 0.054 0.0023 0.00292 0.000157 0.00000850
… 23 0.051 0.0020 0.00260 0.000133 0.00000677
… 22 0.049 0.00189 0.00240 0.000118 0.00000576
18 … 0.0475 0.00177 0.00226 0.000107 0.00000509
… 21 0.047 0.00173 0.00221 0.000104 0.00000488
… 20 0.045 0.00159 0.00202 0.000091 0.00000410
… 19 0.043 0.00145 0.00185 0.0000795 0.00000342
19 18 0.041 0.00132 0.00168 0.0000689 0.00000283
… 17 0.039 0.00119 0.00152 0.0000593 0.00000231
… 16 0.037 0.00108 0.00137 0.0000507 0.00000187
… 15 0.035 0.00096 0.00122 0.0000429 0.00000150
20 … 0.0348 0.00095 0.00121 0.0000421 0.00000147
… 14 0.033 0.00086 0.00109 0.0000359 0.00000119
21 … 0.0317 0.00079 0.00100 0.0000319 0.00000101
… 13 0.031 0.00075 0.00096 0.0000298 0.000000924
… 12 0.029 0.00066 0.00084 0.0000244 0.000000707
22 … 0.0286 0.00064 0.00082 0.0000234 0.000000669
… 11 0.026 0.00053 0.00068 0.0000176 0.000000457
23 … 0.0258 0.00052 0.00067 0.0000172 0.000000443
… 10 0.024 0.00045 0.00058 0.0000138 0.000000332
24 … 0.023 0.00042 0.00053 0.0000122 0.000000280
… 9 0.022 0.00038 0.00048 0.0000106 0.000000234
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Table 22. Causes of Spring Failure

Spring failure may be breakage, high permanent set, or loss of load. The causes are listed in groups
in this table. Group 1 covers causes that occur most frequently; Group 2 covers causes that are less
frequent; and Group 3 lists causes that occur occasionally.

Cause Comments and Recommendations

Group 
1

High
stress

The majority of spring failures are due to high stresses caused by large 
deflections and high loads. High stresses should be used only for statically 
loaded springs. Low stresses lengthen fatigue life.

Hydrogen
embrittlement

Improper electroplating methods and acid cleaning of springs, without 
proper baking treatment, cause spring steels to become brittle, and are a 
frequent cause of failure. Nonferrous springs are immune.

Sharp
bends and

holes

Sharp bends on extension, torsion, and flat springs, and holes or notches in 
flat springs, cause high concentrations of stress, resulting in failure. Bend 
radii should be as large as possible, and tool marks avoided.

Fatigue Repeated deflections of springs, especially above 1,000,000 cycles, even 
with medium stresses, may cause failure. Low stresses should be used if a 
spring is to be subjected to a very high number of operating cycles.

Group 
2

Shock
loading

Impact, shock, and rapid loading cause far higher stresses than those com-
puted by the regular spring formulas. High-carbon spring steels do not 
withstand shock loading as well as do alloy steels.

Corrosion Slight rusting or pitting caused by acids, alkalis, galvanic corrosion, stress 
corrosion cracking, or corrosive atmosphere weakens the material and 
causes higher stresses in the corroded area.

Faulty
heat

treatment

Keeping spring materials at the hardening temperature for longer periods 
than necessary causes an undesirable growth in grain structure, resulting 
in brittleness, even though the hardness may be correct.

Faulty
material

Poor material containing inclusions, seams, slivers, and flat material with 
rough, slit, or torn edges is a cause of early failure. Overdrawn wire, 
improper hardness, and poor grain structure also cause early failure.

Group 
3

High
temperature

High operating temperatures reduce spring temper (or hardness) and lower 
the modulus of elasticity, thereby causing lower loads, reducing the elastic 
limit, and increasing corrosion. Corrosion-resisting or nickel alloys should 
be used.

Low tempera-
ture

Temperatures below −40 degrees F reduce the ability of carbon steels to 
withstand shock loads. Carbon steels become brittle at -70 degrees F. Cor-
rosion-resisting, nickel, or nonferrous alloys should be used.

Friction Close fits on rods or in holes result in a wearing away of material and 
occasional failure. The outside diameters of compression springs expand 
during deflection but they become smaller on torsion springs.

Other causes Enlarged hooks on extension springs increase the stress at the bends. Car-
rying too much electrical current will cause failure. Welding and soldering 
frequently destroy the spring temper. Tool marks, nicks, and cuts often 
raise stresses. Deflecting torsion springs outwardly causes high stresses 
and winding them tightly causes binding on supporting rods. High speed 
of deflection, vibration, and surging due to operation near natural periods 
of vibration or their harmonics cause increased stresses.
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Table 23. Arbor Diameters for Springs Made from Music Wire

Wire
Diam.
(inch)

Spring Outside Diameter (inch)

1⁄16
3⁄32

1⁄8 5⁄32
3⁄16

7⁄32
1⁄4 9⁄32

5⁄16
11⁄32

3⁄8 7⁄16
1⁄2

Arbor Diameter (inch)

0.008 0.039 0.060 0.078 0.093 0.107 0.119 0.129… … … … … …
0.010 0.037 0.060 0.080 0.099 0.115 0.129 0.142 0.154 0.164… … … …
0.012 0.034 0.059 0.081 0.101 0.119 0.135 0.150 0.163 0.177 0.189 0.200… …
0.014 0.031 0.057 0.081 0.102 0.121 0.140 0.156 0.172 0.187 0.200 0.213 0.234…
0.016 0.028 0.055 0.079 0.102 0.123 0.142 0.161 0.178 0.194 0.209 0.224 0.250 0.271

0.018 … 0.053 0.077 0.101 0.124 0.144 0.161 0.182 0.200 0.215 0.231 0.259 0.284

0.020 … 0.049 0.075 0.096 0.123 0.144 0.165 0.184 0.203 0.220 0.237 0.268 0.296

0.022 … 0.046 0.072 0.097 0.122 0.145 0.165 0.186 0.206 0.224 0.242 0.275 0.305

0.024 … 0.043 0.070 0.095 0.120 0.144 0.166 0.187 0.207 0.226 0.245 0.280 0.312

0.026 … … 0.067 0.093 0.118 0.143 0.166 0.187 0.208 0.228 0.248 0.285 0.318

0.028 … … 0.064 0.091 0.115 0.141 0.165 0.187 0.208 0.229 0.250 0.288 0.323

0.030 … … 0.061 0.088 0.113 0.138 0.163 0.187 0.209 0.229 0.251 0.291 0.328

0.032 … … 0.057 0.085 0.111 0.136 0.161 0.185 0.209 0.229 0.251 0.292 0.331

0.034 … … … 0.082 0.109 0.134 0.159 0.184 0.208 0.229 0.251 0.292 0.333

0.036 … … … 0.078 0.106 0.131 0.156 0.182 0.206 0.229 0.250 0.294 0.333

0.038 … … … 0.075 0.103 0.129 0.154 0.179 0.205 0.227 0.251 0.293 0.335

0.041 … … … … 0.098 0.125 0.151 0.176 0.201 0.226 0.250 0.294 0.336

0.0475 … … … … 0.087 0.115 0.142 0.168 0.194 0.220 0.244 0.293 0.337

0.054 … … … … … 0.103 0.132 0.160 0.187 0.212 0.245 0.287 0.336

0.0625 … … … … … … 0.108 0.146 0.169 0.201 0.228 0.280 0.330

0.072 … … … … … … … 0.129 0.158 0.186 0.214 0.268 0.319

0.080 … … … … … … … … 0.144 0.173 0.201 0.256 0.308

0.0915 … … … … … … … … … … 0.181 0.238 0.293

0.1055 … … … … … … … … … … … 0.215 0.271

0.1205 … … … … … … … … … … … … 0.215

0.125 … … … … … … … … … … … … 0.239

Wire
Diam.
(inch)

Spring Outside Diameter (inches)

9⁄16
5⁄8 11⁄16

3⁄4 13⁄16
7⁄8 15⁄16 1 11⁄8 11⁄4 13⁄8 11⁄2 13⁄4 2

Arbor Diameter (inches)

0.022 0.332 0.357 0.380 … … … … … … … … … … …
0.024 0.341 0.367 0.393 0.415 … … … … … … … … … …
0.026 0.350 0.380 0.406 0.430 … … … … … … … … … …
0.028 0.356 0.387 0.416 0.442 0.467 … … … … … … … … …
0.030 0.362 0.395 0.426 0.453 0.481 0.506 … … … … … … … …
0.032 0.367 0.400 0.432 0.462 0.490 0.516 0.540… … … … … … …
0.034 0.370 0.404 0.437 0.469 0.498 0.526 0.552 0.557… … … … … …
0.036 0.372 0.407 0.442 0.474 0.506 0.536 0.562 0.589… … … … … …
0.038 0.375 0.412 0.448 0.481 0.512 0.543 0.572 0.600 0.650… … … … …
0.041 0.378 0.416 0.456 0.489 0.522 0.554 0.586 0.615 0.670 0.718… … … …
0.0475 0.380 0.422 0.464 0.504 0.541 0.576 0.610 0.643 0.706 0.763 0.812… … …
0.054 0.381 0.425 0.467 0.509 0.550 0.589 0.625 0.661 0.727 0.792 0.850 0.906… …
0.0625 0.379 0.426 0.468 0.512 0.556 0.597 0.639 0.678 0.753 0.822 0.889 0.951 1.06 1.17

0.072 0.370 0.418 0.466 0.512 0.555 0.599 0.641 0.682 0.765 0.840 0.911 0.980 1.11 1.22

0.080 0.360 0.411 0.461 0.509 0.554 0.599 0.641 0.685 0.772 0.851 0.930 1.00 1.13 1.26

0.0915 0.347 0.398 0.448 0.500 0.547 0.597 0.640 0.685 0.776 0.860 0.942 1.02 1.16 1.30

0.1055 0.327 0.381 0.433 0.485 0.535 0.586 0.630 0.683 0.775 0.865 0.952 1.04 1.20 1.35

0.1205 0.303 0.358 0.414 0.468 0.520 0.571 0.622 0.673 0.772 0.864 0.955 1.04 1.22 1.38

0.125 0.295 0.351 0.406 0.461 0.515 0.567 0.617 0.671 0.770 0.864 0.955 1.05 1.23 1.39
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STRENGTH AND PROPERTIES OF WIRE ROPE

Strength and Properties of Wire Rope

Wire Rope Construction.—Essentially, a wire rope is made up of a number of strands
laid helically about a metallic or non-metallic core. Each strand consists of a number of
wires also laid helically about a metallic or non-metallic center. Various types of wire rope
have been developed to meet a wide range of uses and operating conditions. These types
are distinguished by the kind of core; the number of strands; the number, sizes, and
arrangement of the wires in each strand; and the way in which the wires and strands are
wound or laid about each other. The following descriptive material is based largely on
information supplied by the Bethlehem Steel Co.

Rope Wire Materials: Materials used in the manufacture of rope wire are, in order of
increasing strength: iron, phosphor bronze, traction steel, plow steel, improved plow steel,
and bridge rope steel. Iron wire rope is largely used for low-strength applications such as
elevator ropes not used for hoisting, and for stationary guy ropes.

Phosphor bronze wire rope is used occasionally for elevator governor-cable rope and for
certain marine applications as life lines, clearing lines, wheel ropes and rigging.

Traction steel wire rope is used primarily as hoist rope for passenger and freight elevators
of the traction drive type, an application for which it was specifically designed.

Ropes made of galvanized wire or wire coated with zinc by the electrodeposition process
are used in certain applications where additional protection against rusting is required. As
will be noted from the tables of wire-rope sizes and strengths, the breaking strength of gal-
vanized wire rope is 10 per cent less than that of ungalvanized (bright) wire rope. Betha-
nized (zinc-coated) wire rope can be furnished to bright wire rope strength when so
specified.

Galvanized carbon steel, tinned carbon steel, and stainless steel are used for small cords
and strands ranging in diameter from 1⁄64 to 3⁄8 inch and larger.

Marline clad wire rope has each strand wrapped with a layer of tarred marline. The clad-
ding provides hand protection for workers and wear protection for the rope.

Rope Cores: Wire-rope cores are made of fiber, cotton, asbestos, polyvinyl plastic, a
small wire rope (independent wire-rope core), a multiple-wire strand (wire-strand core) or
a cold-drawn wire-wound spring.

Fiber: (manila or sisal) is the type of core most widely used when loads are not too great.
It supports the strands in their relative positions and acts as a cushion to prevent nicking of
the wires lying next to the core.

Cotton: is used for small ropes such as sash cord and aircraft cord.

Asbestos cores: can be furnished for certain special operations where the rope is used in
oven operations.

Polyvinyl plastics cores: are offered for use where exposure to moisture, acids, or caus-
tics is excessive.

A wire-strand core: often referred to as WSC, consists of a multiple-wire strand that may
be the same as one of the strands of the rope. It is smoother and more solid than the indepen-
dent wire rope core and provides a better support for the rope strands.

The independent wire rope core, often referred to as IWRC, is a small 6 × 7 wire rope
with a wire-strand core and is used to provide greater resistance to crushing and distortion
of the wire rope. For certain applications it has the advantage over a wire-strand core in that
it stretches at a rate closer to that of the rope itself.

Wire ropes with wire-strand cores are, in general, less flexible than wire ropes with inde-
pendent wire-rope or non-metallic cores.
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Ropes with metallic cores are rated 71⁄2 per cent stronger than those with non-metallic
cores.

Wire-Rope Lay: The lay of a wire rope is the direction of the helical path in which the
strands are laid and, similarly, the lay of a strand is the direction of the helical path in which
the wires are laid. If the wires in the strand or the strands in the rope form a helix similar to
the threads of a right-hand screw, i.e., they wind around to the right, the lay is called right
hand and, conversely, if they wind around to the left, the lay is called left hand. In the reg-
ular lay, the wires in the strands are laid in the opposite direction to the lay of the strands in
the rope. In right-regular lay, the strands are laid to the right and the wires to the left. In left-
regular lay, the strands are laid to the left, the wires to the right. In Lang lay, the wires and
strands are laid in the same direction, i.e., in right Lang lay, both the wires and strands are
laid to the right and in left Lang they are laid to the left.

Alternate lay ropes having alternate right and left laid strands are used to resist distortion
and prevent clamp slippage, but because other advantages are missing, have limited use.

The regular lay wire rope is most widely used and right regular lay rope is customarily
furnished. Regular lay rope has less tendency to spin or untwist when placed under load
and is generally selected where long ropes are employed and the loads handled are fre-
quently removed. Lang lay ropes have greater flexibility than regular lay ropes and are
more resistant to abrasion and fatigue.

In preformed wire ropes the wires and strands are preshaped into a helical form so that
when laid to form the rope they tend to remain in place. In a non-preformed rope, broken
wires tend to “wicker out” or protrude from the rope and strands that are not seized tend to
spring apart. Preforming also tends to remove locked-in stresses, lengthen service life, and
make the rope easier to handle and to spool.

Strand Construction: Various arrangements of wire are used in the construction of wire
rope strands. In the simplest arrangement six wires are grouped around a central wire thus
making seven wires, all of the same size. Other types of construction known as “filler-
wire,” Warrington, Seale, etc. make use of wires of different sizes. Their respective pat-
terns of arrangement are shown diagrammatically in the table of wire weights and
strengths.

Specifying Wire Rope.—In specifying wire rope the following information will be
required: length, diameter, number of strands, number of wires in each strand, type of rope
construction, grade of steel used in rope, whether preformed or not preformed, type of cen-
ter, and type of lay. The manufacturer should be consulted in selecting the best type of wire
rope for a new application.

Properties of Wire Rope.—Important properties of wire rope are strength, wear resis-
tance, flexibility, and resistance to crushing and distortion.

Strength: The strength of wire rope depends upon its size, kind of material of which the
wires are made and their number, the type of core, and whether the wire is galvanized or
not. Strengths of various types and sizes of wire ropes are given in the accompanying tables
together with appropriate factors to apply for ropes with steel cores and for galvanized wire
ropes.

Wear Resistance: When wire rope must pass back and forth over surfaces that subject it
to unusual wear or abrasion, it must be specially constructed to give satisfactory service. 

Such construction may make use of 1) relatively large outer wires;  2) Lang lay in which
wires in each strand are laid in the same direction as the strand;  and  3) flattened strands.

The object in each type is to provide a greater outside surface area to take the wear or
abrasion. From the standpoint of material, improved plow steel has not only the highest
tensile strength but also the greatest resistance to abrasion in regularly stocked wire rope.
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Flexibility: Wire rope that undergoes repeated and severe bending, such as in passing
around small sheaves and drums, must have a high degree of flexibility to prevent prema-
ture breakage and failure due to fatigue. Greater flexibility in wire rope is obtained by

1) using small wires in larger numbers;  2) using Lang lay;  and  3) preforming, that is,
the wires and strands of the rope are shaped during manufacture to fit the position they will
assume in the finished rope.

Resistance to Crushing and Distortion: Where wire rope is to be subjected to transverse
loads that may crush or distort it, care should be taken to select a type of construction that
will stand up under such treatment. 

Wire rope designed for such conditions may have 1) large outer wires to spread the load
per wire over a greater area;  and  2) an independent wire core or a high-carbon cold-drawn
wound spring core.

Standard Classes of Wire Rope.—Wire rope is commonly designated by two figures,
the first indicating the number of strands and the second, the number of wires per strand, as:
6 × 7, a six-strand rope having seven wires per strand, or 8 × 19, an eight-strand rope having
19 wires per strand. When such numbers are used as designations of standard wire rope
classes, the second figure in the designation may be purely nominal in that the number of
wires per strand for various ropes in the class may be slightly less or slightly more than the
nominal as will be seen from the following brief descriptions. (For ropes with a wire strand
core, a second group of two numbers may be used to indicate the construction of the wire
core, as 1 × 21, 1 × 43, and so on.)

6 × 7 Class (Standard Coarse Laid Rope): Wire ropes in this class are for use where
resistance to wear, as in dragging over the ground or across rollers, is an important require-
ment. Heavy hauling, rope transmissions, and well drilling are common applications.
These wire ropes are furnished in right regular lay and occasionally in Lang lay. The cores
may be of fiber, independent wire rope, or wire strand. Since this class is a relatively stiff
type of construction, these ropes should be used with large sheaves and drums. Because of
the small number of wires, a larger factor of safety may be called for.

As shown in Figs. 1a through Figs. 1d, this class includes a 6 × 7 construction with fiber
core: a 6 × 7 construction with 1 × 7 wire strand core (sometimes called 7 × 7); a 6 × 7 con-
struction with 1 × 19 wire strand core; and a 6 × 7 construction with independent wire rope
core. Table 1 provides strength and weight data for this class.

Two special types of wire rope in this class are: aircraft cord, a 6 × 6 or 7 × 7 Bethanized
wire rope of high tensile strength and sash cord, a 6 × 7 iron rope used for a variety of pur-
poses where strength is not an important factor.

Fig. 1a. 
6 × 7 with fiber core

Fig. 1b. 
6 × 7 with 1 × 7 WSC

Fig. 1c. 
6 × 7 with 1 × 19 WSC

Fig. 1d. 
6 × 7 with IWRC
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Table 1. Weights and Strengths of 6 × 7 (Standard Coarse Laid) Wire Ropes,
Preformed and Not Preformed

For ropes with steel cores, add 71⁄2 per cent to above strengths.
For galvanized ropes, deduct 10 per cent from above strengths.
Source: Rope diagrams, Bethlehem Steel Co. All data, U.S. Simplified Practice Recommendation

198–50.

6 × 19 Class (Standard Hoisting Rope): This rope is the most popular and widely used
class. Ropes in this class are furnished in regular or Lang lay and may be obtained pre-
formed or not preformed. Cores may be of fiber, independent wire rope, or wire strand. As
can be seen from Table 2 and Figs. 2a through  2h, there are four common types: 6 × 25
filler wire construction with fiber core (not illustrated), independent wire core, or wire
strand core (1 × 25 or 1 × 43); 6 × 19 Warrington construction with fiber core; 6 × 21 filler
wire construction with fiber core; and 6 × 19, 6 × 21, and 6 × 17 Seale construction with
fiber core.

Table 2. Weights and Strengths of 6 × 19 (Standard Hoisting) Wire Ropes,
Preformed and Not Preformed

The 6 × 25 filler wire with fiber core not illustrated.
For ropes with steel cores, add 71⁄2 per cent to above strengths. 
For galvanized ropes, deduct 10 per cent from above strengths.
Source: Rope diagrams, Bethlehem Steel Co. All data, U.S. Simplified Practice Recommendation

198–50.

6 × 37 Class (Extra Flexible Hoisting Rope): For a given size of rope, the component
wires are of smaller diameter than those in the two classes previously described and hence
have less resistance to abrasion. Ropes in this class are furnished in regular and Lang lay
with fiber core or independent wire rope core, preformed or not preformed.

Diam.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Diam.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Plow
Steel

Mild
Plow
Steel

Impr.
Plow
Steel

Plow
Steel

Mild
Plow
Steel

1⁄4 0.094 2.64 2.30 2.00 3⁄4 0.84 22.7 19.8 17.2
5⁄16 0.15 4.10 3.56 3.10 7⁄8 1.15 30.7 26.7 23.2
3⁄8 0.21 5.86 5.10 4.43 1 1.50 39.7 34.5 30.0
7⁄16 0.29 7.93 6.90 6.00 11⁄8 1.90 49.8 43.3 37.7
1⁄2 0.38 10.3 8.96 7.79 11⁄4 2.34 61.0 53.0 46.1
9⁄16 0.48 13.0 11.3 9.82 13⁄8 2.84 73.1 63.6 55.3
5⁄8 0.59 15.9 13.9 12.0 11⁄2 3.38 86.2 75.0 65.2

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Plow
Steel

Mild
Plow
Steel

Impr.
Plow
Steel

Plow
Steel

Mild
Plow
Steel

1⁄4 0.10 2.74 2.39 2.07 11⁄4 2.50 64.6 56.2 48.8
5⁄16 0.16 4.26 3.71 3.22 13⁄8 3.03 77.7 67.5 58.8
3⁄8 0.23 6.10 5.31 4.62 11⁄2 3.60 92.0 80.0 69.6
7⁄16 0.31 8.27 7.19 6.25 15⁄8 4.23 107 93.4 81.2
1⁄2 0.40 10.7 9.35 8.13 13⁄4 4.90 124 108 93.6
9⁄16 0.51 13.5 11.8 10.2 17⁄8 5.63 141 123 107
5⁄8 0.63 16.7 14.5 12.6 2 6.40 160 139 121
3⁄4 0.90 23.8 20.7 18.0 21⁄8 7.23 179 156 …
7⁄8 1.23 32.2 28.0 24.3 21⁄4 8.10 200 174 …

1 1.60 41.8 36.4 31.6 21⁄2 10.00 244 212 …
11⁄8 2.03 52.6 45.7 39.8 23⁄4 12.10 292 254 …
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Table 3. Weights and Strengths of 6 × 37 (Extra Flexible Hoisting) Wire Ropes,
Preformed and Not Preformed

For ropes with steel cores, add 71⁄2 per cent to above strengths.

For galvanized ropes, deduct 10 per cent from above strengths.
Source: Rope diagrams, Bethlehem Steel Co. All data, U. S. Simplified Practice Recommendation

198-50.

As shown in Table 3 and Figs. 3a through  3h, there are four common types: 6 × 29 filler
wire construction with fiber core and 6 × 36 filler wire construction with independent wire
rope core, a special rope for construction equipment; 6 × 35 (two operations) construction
with fiber core and 6 × 41 Warrington Seale construction with fiber core, a standard crane
rope in this class of rope construction; 6 × 41 filler wire construction with fiber core or
independent wire core, a special large shovel rope usually furnished in Lang lay; and 6 × 46

Fig. 2a. 
6 × 25 filler wire 

with WSC (1 × 25)

Fig. 2b. 
6 × 25 filler wire 

with IWRC

Fig. 2c. 
6 × 19 Seale 

with fiber core

Fig. 2d. 
6 × 21 Seale 

with fiber core

Fig. 2e. 
6 × 25 filler wire 

with WSC (1 × 43)

Fig. 2f. 
6 × 19 Warrington 

with fiber core

Fig. 2g. 
6 × 17 Seale 

with fiber core

Fig. 2h. 
6 × 21 filler wire 
with fiber core

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Plow
Steel

Impr.
Plow
Steel

Plow
Steel

1⁄4 0.10 2.59 2.25 11⁄2 3.49 87.9 76.4

5⁄16 0.16 4.03 3.50 15⁄8 4.09 103 89.3

3⁄8 0.22 5.77 5.02 13⁄4 4.75 119 103

7⁄16 0.30 7.82 6.80 17⁄8 5.45 136 118

1⁄2 0.39 10.2 8.85 2 6.20 154 134

9⁄16 0.49 12.9 11.2 21⁄8 7.00 173 150

5⁄8 0.61 15.8 13.7 21⁄4 7.85 193 168

3⁄4 0.87 22.6 19.6 21⁄2 9.69 236 205

7⁄8 1.19 30.6 26.6 23⁄4 11.72 284 247

1 1.55 39.8 34.6 3 14.0 335 291

11⁄8 1.96 50.1 43.5 31⁄4 16.4 390 339

11⁄4 2.42 61.5 53.5 31⁄2 19.0 449 390

13⁄8 2.93 74.1 64.5 … … … …
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filler wire construction with fiber core or independent wire rope core, a special large shovel
and dredge rope.

8 × 19 Class (Special Flexible Hoisting Rope): This rope is stable and smooth-running,
and is especially suitable, because of its flexibility, for high speed operation with reverse
bends. Ropes in this class are available in regular lay with fiber core.

As shown in Table 4 and Figs. 4a through  4d, there are four common types: 8 × 25 filler
wire construction, the most flexible but the least wear resistant rope of the four types; War-
rington type in 8 × 19 construction, less flexible than the 8 × 25; 8 × 21 filler wire construc-
tion, less flexible than the Warrington; and Seale type in 8 × 19 construction, which has the
greatest wear resistance of the four types but is also the least flexible.

Table 4. Weights and Strengths of 8 × 19 (Special Flexible Hoisting) Wire Ropes,
Preformed and Not Preformed

For ropes with steel cores, add 71⁄2 per cent to above strengths.

For galvanized ropes, deduct 10 per cent from above strengths.

Source: Rope diagrams, Bethlehem Steel Co. All data, U. S. Simplified Practice Recommendation
198-50.

Fig. 3a. 
6 × 29 filler wire 
with fiber core

Fig. 3b. 
6 × 36 filler wire 

with IWRC

Fig. 3c. 
6 × 35 with 
fiber core

Fig. 3d. 
6 × 41 Warrington-Seale 

with fiber core

Fig. 3e. 
6 × 41 filler wire 
with fiber core

Fig. 3f. 
6 × 41 filler wire 

with IWRC

Fig. 3g. 
6 × 46 filler wire 
with fiber core

Fig. 3h. 
6 × 46 filler wire 

with IWRC

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Plow
Steel

Impr.
Plow
Steel

Plow
Steel

1⁄4 0.09 2.35 2.04 3⁄4 0.82 20.5 17.8
5⁄16 0.14 3.65 3.18 7⁄8 1.11 27.7 24.1
3⁄8 0.20 5.24 4.55 1 1.45 36.0 31.3
7⁄16 0.28 7.09 6.17 11⁄8 1.84 45.3 39.4
1⁄2 0.36 9.23 8.02 11⁄4 2.27 55.7 48.4
9⁄16 0.46 11.6 10.1 13⁄8 2.74 67.1 58.3
5⁄8 0.57 14.3 12.4 11⁄2 3.26 79.4 69.1
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Also in this class, but not shown in Table 4 are elevator ropes made of traction steel and
iron.

18 × 7 Non-rotating Wire Rope: This rope is specially designed for use where a mini-
mum of rotating or spinning is called for, especially in the lifting or lowering of free loads
with a single-part line. It has an inner layer composed of 6 strands of 7 wires each laid in left
Lang lay over a fiber core and an outer layer of 12 strands of 7 wires each laid in right reg-
ular lay. The combination of opposing lays tends to prevent rotation when the rope is
stretched. However, to avoid any tendency to rotate or spin, loads should be kept to at least
one-eighth and preferably one-tenth of the breaking strength of the rope. Weights and
strengths are shown in Table 5.

Table 5. Weights and Strengths of Standard 18 × 7 Nonrotating Wire Rope,
Preformed and Not Preformed

For galvanized ropes, deduct 10 per cent from above strengths.
Source: Rope diagrams, sheave and drum diameters, and data for 3⁄16, 1⁄4 and 5⁄16-inch sizes, Bethle-

hem Steel Co. All other data, U. S. Simplified Practice Recommendation 198-50.

Flattened Strand Wire Rope: The wires forming the strands of this type of rope are
wound around triangular centers so that a flattened outer surface is provided with a greater
area than in the regular round rope to withstand severe conditions of abrasion. The triangu-

Fig. 4a. 
8 × 25 filler wire 
with fiber core

Fig. 4b. 
8 × 19 Warrington 

with fiber core

Fig. 4c. 
8 × 21 filler wire 
with fiber core

Fig. 4d. 
8 × 19 Seale 

with fiber core

Fig. 5. 
18 × 7 Non-Rotating Rope

Recommended Sheave and Drum Diameters: Single layer on drum … 36 rope 
diameters. Multiple layers on drum … 48 rope diameters. Mine service … 60 

rope diameters.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Plow
Steel

Impr.
Plow
Steel

Plow
Steel

3⁄16 0.061 1.42 1.24 7⁄8 1.32 29.5 25.7
1⁄4 0.108 2.51 2.18 1 1.73 38.3 33.3
5⁄16 0.169 3.90 3.39 11⁄8 2.19 48.2 41.9
3⁄8 0.24 5.59 4.86 11⁄4 2.70 59.2 51.5
7⁄16 0.33 7.58 6.59 13⁄8 3.27 71.3 62.0
1⁄2 0.43 9.85 8.57 11⁄2 3.89 84.4 73.4
9⁄16 0.55 12.4 10.8 15⁄8 4.57 98.4 85.6
5⁄8 0.68 15.3 13.3 13⁄4 5.30 114 98.8
3⁄4 0.97 21.8 19.0 … … … …
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lar shape of the strands also provides superior resistance to crushing. Flattened strand wire
rope is usually furnished in Lang lay and may be obtained with fiber core or independent
wire rope core. The three types shown in Table 6 and Figs. 6a through  6c are flexible and
are designed for hoisting work.

Table 6. Weights and Strengths of Flattened Strand Wire Rope,
Preformed and Not Preformed

Type H is not in U.S. Simplified Practice Recommendation.
Source: Rope diagrams, Bethlehem Steel Co. All other data, U.S. Simplified Practice Recommen-

dation 198-50.

Flat Wire Rope: This type of wire rope is made up of a number of four-strand rope units
placed side by side and stitched together with soft steel sewing wire. These four-strand
units are alternately right and left lay to resist warping, curling, or rotating in service.
Weights and strengths are shown in Table 7.

Simplified Practice Recommendations.—Because the total number of wire rope types is
large, manufacturers and users have agreed upon and adopted a U.S. Simplified Practice
Recommendation to provide a simplified listing of those kinds and sizes of wire rope
which are most commonly used and stocked. These, then, are the types and sizes which are
most generally available. Other types and sizes for special or limited uses also may be
found in individual manufacturer's catalogs.

Sizes and Strengths of Wire Rope.—The data shown in Tables 1 through 7 have been
taken from U.S. Simplified Practice Recommendation 198-50 but do not include those
wire ropes shown in that Simplified Practice Recommendation which are intended prima-
rily for marine use.

Wire Rope Diameter: The diameter of a wire rope is the diameter of the circle that will
just enclose it, hence when measuring the diameter with calipers, care must be taken to
obtain the largest outside dimension, taken across the opposite strands, rather than the
smallest dimension across opposite “valleys” or “flats.” It is standard practice for the nom-
inal diameter to be the minimum with all tolerances taken on the plus side. Limits for diam-

Fig. 6a. 
6 × 25 with fiber core

Fig. 6b. 
6 × 30 with fiber core

Fig. 6c. 
6 × 27 with fiber core

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Dia.,
Inches

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Impr.
Plow
Steel

Mild
Plow
Steel

Impr.
Plow
Steel

Mild
Plow
Steel

3⁄8a

a These sizes in Type B only. 

0.25 6.71 … 13⁄8 3.40 85.5 …
1⁄2a 0.45 11.8 8.94 11⁄2 4.05 101 …
9⁄16

a 0.57 14.9 11.2 15⁄8 4.75 118 …
5⁄8 0.70 18.3 13.9 13⁄4 5.51 136 …
3⁄4 1.01 26.2 19.8 2 7.20 176 …
7⁄8 1.39 35.4 26.8 21⁄4 9.10 220 …

1 1.80 46.0 34.8 21⁄2 11.2 269 …
11⁄8 2.28 57.9 43.8 23⁄4 13.6 321 …
11⁄4 2.81 71.0 53.7 … … … …
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eter as well as for minimum breaking strength and maximum pitch are given in Federal
Specification for Wire Rope, RR-R—571a.

Wire Rope Strengths: The strength figures shown in the accompanying tables have been
obtained by a mathematical derivation based on actual breakage tests of wire rope and rep-
resent from 80 to 95 per cent of the total strengths of the individual wires, depending upon
the type of rope construction.

Table 7. Weights and Strengths of Standard Flat Wire Rope, Not Preformed

Source: Rope diagram, Bethlehem Steel Co.; all data, U.S. Simplified Practice Recommendation
198–50.

Safe Working Loads and Factors of Safety.—The maximum load for which a wire rope
is to be used should take into account such associated factors as friction, load caused by
bending around each sheave, acceleration and deceleration, and, if a long length of rope is
to be used for hoisting, the weight of the rope at its maximum extension. The condition of
the rope — whether new or old, worn or corroded — and type of attachments should also
be considered.

Factors of safety for standing rope usually range from 3 to 4; for operating rope, from 5 to
12. Where there is the element of hazard to life or property, higher values are used.

Installing Wire Rope.—The main precaution to be taken in removing and installing wire
rope is to avoid kinking which greatly lessens the strength and useful life. Thus, it is pref-
erable when removing wire rope from the reel to have the reel with its axis in a horizontal
position and, if possible, mounted so that it will revolve and the wire rope can be taken off

Flat Wire Rope

This rope consists of a number of 4-strand rope units 
placed side by side and stitched together with soft steel 

sewing wire.

Width
and

Thickness,
Inches

No.
of

Ropes

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs. Width

and
Thickness,

Inches

No.
of

Ropes

Approx.
Weight
per Ft.,
Pounds

Breaking Strength,
Tons of 2000 Lbs.

Plow
Steel

Mild
Plow-
Steel

Plow
Steel

Mild
Plow
Steel

1⁄4 × 11⁄2 7 0.69 16.8 14.6 1⁄2 × 4 9 3.16 81.8 71.2
1⁄4 × 2 9 0.88 21.7 18.8 1⁄2 × 41⁄2 10 3.82 90.9 79.1
1⁄4 × 21⁄2 11 1.15 26.5 23.0 1⁄2 × 5 12 4.16 109 94.9
1⁄4 × 3 13 1.34 31.3 27.2 1⁄2 × 51⁄2 13 4.50 118 103

1⁄2 × 6 14 4.85 127 111
5⁄16 × 11⁄2 5 0.77 18.5 16.0 1⁄2 × 7 16 5.85 145 126
5⁄16 × 2 7 1.05 25.8 22.4
5⁄16 × 21⁄2 9 1.33 33.2 28.8 5⁄8 × 31⁄2 6 3.40 85.8 74.6
5⁄16 × 3 11 1.61 40.5 35.3 5⁄8 × 4 7 3.95 100 87.1
5⁄16 × 31⁄2 13 1.89 47.9 41.7 5⁄8 × 41⁄2 8 4.50 114 99.5
5⁄16 × 4 15 2.17 55.3 48.1 5⁄8 × 5 9 5.04 129 112

5⁄8 × 51⁄2 10 5.59 143 124
3⁄8 × 2 6 1.25 31.4 27.3 5⁄8 × 6 11 6.14 157 137
3⁄8 × 21⁄2 8 1.64 41.8 36.4 5⁄8 × 7 13 7.23 186 162
3⁄8 × 3 9 1.84 47.1 40.9 5⁄8 × 8 15 8.32 214 186
3⁄8 × 31⁄2 11 2.23 57.5 50.0
3⁄8 × 4 12 2.44 62.7 54.6 3⁄4 × 5 8 6.50 165 143
3⁄8 × 41⁄2 14 2.83 73.2 63.7 3⁄4 × 6 9 7.31 185 161
3⁄8 × 5 15 3.03 78.4 68.2 3⁄4 × 7 10 8.13 206 179
3⁄8 × 51⁄2 17 3.42 88.9 77.3 3⁄4 × 8 11 9.70 227 197
3⁄8 × 6 18 3.63 94.1 81.9

7⁄8 × 5 7 7.50 190 165
1⁄2 × 21⁄2 6 2.13 54.5 47.4 7⁄8 × 6 8 8.56 217 188
1⁄2 × 3 7 2.47 63.6 55.4 7⁄8 × 7 9 9.63 244 212
1⁄2 × 31⁄2 8 2.82 72.7 63.3 7⁄8 × 8 10 10.7 271 236
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straight. If the rope is in a coil, it should be unwound with the coil in a vertical position as
by rolling the coil along the ground. Where a drum is to be used, the rope should be run
directly onto it from the reel, taking care to see that it is not bent around the drum in a direc-
tion opposite to that on the reel, thus causing it to be subject to reverse bending. On flat or
smooth-faced drums it is important that the rope be started from the proper end of the drum.
A right lay rope that is being overwound on the drum, that is, it passes over the top of the
drum as it is wound on, should be started from the right flange of the drum (looking at the
drum from the side that the rope is to come) and a left lay rope from the left flange.

When the rope is underwound on the drum, a right lay rope should be started from the left
flange and a left lay rope from the right flange, so that the rope will spool evenly and the
turns will lie snugly together.

Sheaves and drums should be properly aligned to prevent undue wear. The proper posi-
tion of the main or lead sheave for the rope as it comes off the drum is governed by what is
called the fleet angle or angle between the rope as it stretches from drum to sheave and an
imaginary center-line passing through the center of the sheave groove and a point halfway
between the ends of the drum. When the rope is at one end of the drum, this angle should
not exceed one and a half to two degrees. With the lead sheave mounted with its groove on
this center-line, a safe fleet angle is obtained by allowing 30 feet of lead for each two feet
of drum width.

Sheave and Drum Dimensions: Sheaves and drums should be as large as possible to
obtain maximum rope life. However, factors such as the need for lightweight equipment
for easy transport and use at high speeds, may call for relatively small sheaves with conse-
quent sacrifice in rope life in the interest of overall economy. No hard and fast rules can be
laid down for any particular rope if the utmost in economical performance is to be
obtained. Where maximum rope life is of prime importance, the following recommenda-
tions of Federal Specification RR-R-571a for minimum sheave or drum diameters D in
terms of rope diameter d will be of interest. For 6 × 7 rope (six strands of 7 wires each) D =
72d; for 6 × 19 rope, D = 45d; for 6 × 25 rope, D = 45d; for 6 × 29 rope, D = 30d; for 6 × 37
rope, D = 27d; and for 8 × 19 rope, D = 31d.

Too small a groove for the rope it is to carry will prevent proper seating of the rope in the
bottom of the groove and result in uneven distribution of load on the rope. Too large a
groove will not give the rope sufficient side support. Federal specification RR-R-571a rec-
ommends that sheave groove diameters be larger than the nominal rope diameters by the
following minimum amounts: For ropes of 1⁄4- to 5⁄16-inch diameters, 1⁄64 inch larger; for 3⁄8- to
3⁄4-inch diameter ropes, 1⁄32 inch larger; for 13⁄16- to 11⁄8-inch diameter ropes, 3⁄64 inch larger; for
13⁄16- to 11⁄2-inch ropes, 1⁄16 inch larger; for 19⁄16- to 21⁄4-inch ropes, 3⁄32 inch larger; and for 25⁄16

and larger diameter ropes, 1⁄8 inch larger. For new or regrooved sheaves these values should
be doubled; in other words for 1⁄4- to 5⁄16-inch diameter ropes, the groove diameter should be
1⁄32 inch larger, and so on.

Drum or Reel Capacity: The length of wire rope, in feet, that can be spooled onto a drum
or reel, is computed by the following formula, where 

A =depth of rope space on drum, inches: A = (H − D − 2Y) ÷ 2
B =width between drum flanges, inches
D = diameter of drum barrel, inches
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H = diameter of drum flanges, inches

K = factor from Table 8 for size of line selected

Y =depth not filled on drum or reel where winding is to be less than full capacity

L = length of wire rope on drum or reel, feet.

Table 8. Table 8 Factors K Used in Calculating Wire Rope Drum and Reel Capacities

Note: The values of “K” allow for normal oversize of ropes, and the fact that it is practically impos-
sible to “thread-wind” ropes of small diameter. However, the formula is based on uniform rope wind-
ing and will not give correct figures if rope is wound non-uniformly on the reel. The amount of
tension applied when spooling the rope will also affect the length. The formula is based on the same
number of wraps of rope in each layer, which is not strictly correct, but which does not result in
appreciable error unless the width (B) of the reel is quite small compared with the flange diameter
(H).

Example:Find the length in feet of 9⁄16-inch diameter rope required to fill a drum having
the following dimensions: B = 24 inches, D = 18 inches, H = 30 inches,

The above formula and factors K allow for normal oversize of ropes but will not give cor-
rect figures if rope is wound non-uniformly on the reel.

Load Capacity of Sheave or Drum: To avoid excessive wear and groove corrugation, the
radial pressure exerted by the wire rope on the sheave or drum must be kept within certain
maximum limits. The radial pressure of the rope is a function of the rope tension, rope
diameter, and tread diameter of the sheave and can be determined by the following equa-
tion:

where P =Radial pressure in pounds per square inch (see Table 9)

T =Rope tension in pounds

D = Tread diameter of sheave or drum in inches

d =Rope diameter in inches

Rope
Dia.,
In.

Factor
K

Rope
Dia.,
In.

Factor
K

Rope
Dia.,
In.

Factor
K

3⁄32 23.4 1⁄2 0.925 13⁄8 0.127
1⁄8 13.6 9⁄16 0.741 11⁄2 0.107
9⁄64 10.8 5⁄8 0.607 15⁄8 0.0886
5⁄32 8.72 11⁄16 0.506 13⁄4 0.0770
3⁄16 6.14 3⁄4 0.428 17⁄8 0.0675
7⁄32 4.59 13⁄16 0.354 2 0.0597
1⁄4 3.29 7⁄8 0.308 21⁄8 0.0532
5⁄16 2.21 1 0.239 21⁄4 0.0476
3⁄8 1.58 11⁄8 0.191 23⁄8 0.0419
7⁄16 1.19 11⁄4 0.152 21⁄2 0.0380

L A D+( ) A× B× K×=

A 30 18– 0–( ) 2÷ 6 inches= =

L 6 18+( ) 6× 24× 0.741× 2560.0 or 2560 feet= =

P
2T

D d×
-------------=
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Table 9. Maximum Radial Pressures for Drums and Sheaves

According to the Bethlehem Steel Co. the radial pressures shown in Table 9 are recom-
mended as maximums according to the material of which the sheave or drum is made.

Rope Loads due to Bending: When a wire rope is bent around a sheave, the resulting
bending stress sb in the outer wire, and equivalent bending load Pb (amount that direct ten-
sion load on rope is increased by bending) may be computed by the following formulas: sb

= Edw ÷ D; Pb = sbA, where A = d2Q. E is the modulus of elasticity of the wire rope (varies
with the type and condition of rope from 10,000,000 to 14,000,000. An average value of
12,000,000 is frequently used), d is the diameter of the wire rope, dw is the diameter of the
component wire (for 6 × 7 rope, dw = 0.106d; for 6 × 19 rope, 0.063d; for 6 × 37 rope,
0.045d; and for 8 × 19 rope, dw = 0.050d). D is the pitch diameter of the sheave in inches, A
is the metal cross-sectional area of the rope, and Q is a constant, values for which are: 6 × 7
(Fiber Core) rope, 0.380; 6 × 7 (IWRC or WSC), 0.437; 6 × 19 (Fiber Core), 0.405; 6 × 19
(IWRC or WSC), 0.475; 6 × 37 (Fiber Core), 0.400; 6 × 37 (IWRC), 0.470; 8 × 19 (Fiber
Core), 0.370; and Flattened Strand Rope, 0.440.

Example:Find the bending stress and equivalent bending load due to the bending of a 6 ×
19 (Fiber Core) wire rope of 1⁄2-inch diameter around a 24-inch pitch diameter sheave.

Cutting and Seizing of Wire Rope.—Wire rope can be cut with mechanical wire rope
shears, an abrasive wheel, an electric resistance cutter (used for ropes of smaller diameter
only), or an acetylene torch. This last method fuses the ends of the wires in the strands. It is
important that the rope be seized on either side of where the cut is to be made. Any annealed
low carbon steel wire may be used for seizing, the recommended sizes being as follows:
For a wire rope of 1⁄4- to 15⁄16-inch diameter, use a seizing wire of 0.054-inch (No. 17 Steel
Wire Gage); for a rope of 1- to 15⁄8-inch diameter, use a 0.105-inch wire (No. 12); and for
rope of 13⁄4- to 31⁄2-inch diameter, use a 0.135-inch wire (No. 10). Except for preformed wire
ropes, a minimum of two seizings on either side of a cut is recommended. Four seizings
should be used on either side of a cut for Lang lay rope, a rope with a steel core, or a non-
spinning type of rope.

The following method of seizing is given in Federal specification for wire rope, RR-R-
571a. Lay one end of the seizing wire in the groove between two strands of wire rope and
wrap the other end tightly in a close helix over the portion in the groove. A seizing iron

Type of Wire Rope

Drum or Sheave Material

Cast
Iron

Cast
Steel

Manganese
Steela

a 11 to 13 per cent manganese. 

Recommended Maximum Radial Pressures,
Pounds per Square Inch

6 × 7 300b

b These values are for regular lay rope. For Lang lay rope these values may be increased by 15 per
cent. 

550b 1500b

6 × 19 500b 900b 2500b

6 × 37 600 1075 3000
6 × 8 Flattened Strand 450 850 2200
6 × 25 Flattened Strand 800 1450 4000
6 × 30 Flattened Strand 800 1450 4000

dw 0.063 0.5× 0.0315 in.= = A 0.5
2

0.405× 0.101 sq. in.= =

sb 12 000 000,, 0.0315 24÷× 15 750 lbs. per sq. in.,= =

Pb 15 750, 0.101× 1590 lbs.= =
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(round bar 1⁄2 to 5⁄8 inch diameter by 18 inches long) should be used to wrap the seizing
tightly. This bar is placed at right angles to the rope next to the first turn or two of the seiz-
ing wire. The seizing wire is brought around the back of the seizing iron so that it can be
wrapped loosely around the wire rope in the opposite direction to that of the seizing coil.
As the seizing iron is now rotated around the rope it will carry the seizing wire snugly and
tightly into place. When completed, both ends of the seizing should be twisted together
tightly.

Maintenance of Wire Rope.—Heavy abrasion, overloading, and bending around
sheaves or drums that are too small in diameter are the principal reasons for the rapid dete-
rioration of wire rope. Wire rope in use should be inspected periodically for evidence of
wear and damage by corrosion. Such inspections should take place at progressively shorter
intervals over the useful life of the rope as wear tends to accelerate with use. Where wear is
rapid, the outside of a wire rope will show flattened surfaces in a short time.

If there is any hazard involved in the use of the rope, it may be prudent to estimate the
remaining strength and service life. This assessment should be done for the weakest point
where the most wear or largest number of broken wires are in evidence. One way to arrive
at a conclusion is to set an arbitrary number of broken wires in a given strand as an indica-
tion that the rope should be removed from service and an ultimate strength test run on the
worn sample. The arbitrary figure can then be revised and rechecked until a practical work-
ing formula is arrived at. A piece of waste rubbed along the wire rope will help to reveal
broken wires. The effects of corrosion are not easy to detect because the exterior wires may
appear to be only slightly rusty, and the damaging effects of corrosion may be confined to
the hidden inner wires where it cannot be seen. To prevent damage by corrosion, the rope
should be kept well lubricated. Use of zinc coated wire rope may be indicated for some
applications.

Periodic cleaning of wire rope by using a stiff brush and kerosene or with compressed air
or live steam and relubricating will help to lengthen rope life and reduce abrasion and wear
on sheaves and drums. Before storing after use, wire rope should be cleaned and lubricated.

Lubrication of Wire Rope.—Although wire rope is thoroughly lubricated during manu-
facture to protect it against corrosion and to reduce friction and wear, this lubrication
should be supplemented from time to time. Special lubricants are supplied by wire rope
manufacturers. These lubricants vary somewhat with the type of rope application and
operating condition. Where the preferred lubricant can not be obtained from the wire rope
manufacturer, an adhesive type of lubricant similar to that used for open gearing will often
be found suitable. At normal temperatures, some wire rope lubricants may be practically
solid and will require thinning before application. Thinning may be done by heating to 160
to 200 degrees F. or by diluting with gasoline or some other fluid that will allow the lubri-
cant to penetrate the rope. The lubricant may be painted on the rope or the rope may be
passed through a box or tank filled with the lubricant.

Replacement of Wire Rope.—When an old wire rope is to be replaced, all drums and
sheaves should be examined for wear. All evidence of scoring or imprinting of grooves
from previous use should be removed and sheaves with flat spots, defective bearings, and
broken flanges, should be repaired or replaced. It will frequently be found that the area of
maximum wear is located relatively near one end of the rope. By cutting off that portion,
the remainder of the rope may be salvaged for continued use. Sometimes the life of a rope
can be increased by simply changing it end for end at about one-half the estimated normal
life. The worn sections will then no longer come at the points that cause the greatest wear.

Wire Rope Slings and Fittings.—A few of the simpler sling arrangements or hitches as
they are called, are shown in the accompanying illustration. Normally 6 × 19 Class wire
rope is recommended where a diameter in the 1⁄4-inch to 11⁄8-inch range is to be used and 6 ×
37 Class wire rope where a diameter in the 11⁄4-inch and larger range is to be used. However,
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the 6 × 19 Class may be used even in the larger sizes if resistance to abrasion is of primary
importance and the 6 × 37 Class in the smaller sizes if greater flexibility is desired.

Wire Rope Slings and Fittings

The straight lift hitch, shown at A, is a straight connector between crane hook and load.
The basket hitch may be used with two hooks so that the sides are vertical as shown at B

or with a single hook with sides at various angles with the vertical as shown at C, D, and E.
As the angle with the vertical increases, a greater tension is placed on the rope so that for
any given load, a sling of greater lifting capacity must be used.

Straight Lift Basket Hitch Basket Hitch
One leg Vertical. Load capacity 
is 100 pct of a single rope.

Two legs vertical. Load capacity 
is 200 pct of the single rope in the 
Straight Lift Hitch (A).

Two Legs at 30 deg with the ver-
tical. Load capacity is 174 pct of 
the single rope in the Straight 
Lift Hitch (A).

Basket Hitch Basket Hitch Choker Hitch
Two legs at 45 deg with the verti-
cal. Load capacity is 141 pct of 
the single rope in the Straight 
Lift Hitch (A).

Two legs at 60 deg with the verti-
cal. Load capacity is 100 pct of 
the single rope in the Stright Lift 
Hitch (A).

One leg vertical, with slip-
through loop. Rated capacity is 
75 pct of the single rope in the 
Straight Lift Hitch (A).
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The choker hitch, shown at F, is widely used for lifting bundles of items such as bars,
poles, pipe, and similar objects. The choker hitch holds these items firmly  

 but the load must be balanced so that it rides safely. Since additional stress is imposed on
the rope due to the choking action, the capacity of this type of hitch is 25 per cent less than
that of the comparable straight lift. If two choker hitches are used at an angle, these angles
must also be taken into consideration as with the basket hitches.

Wire Rope Fittings

Wire Rope Fittings.—Many varieties of swaged fittings are available for use with wire
rope and several industrial and aircraft types are shown in the accompanying illustration.
Swaged fittings on wire rope have an efficiency (ability to hold the wire rope) of approxi-
mately 100 per cent of the catalogue rope strength. These fittings are attached to the end or
body of the wire rope by the application of high pressure through special dies that cause the

Round Eye Rod Eye

Hoist-Hook

Threaded Stud

Swaged Open Socket

Double-Shank Ball

Fork

Strap-Fork

Industrial Types

Aircraft Types

Clevis

Button-Stop

Swaged Closed Socket

Single-Shank Ball

Strap-Eye

Eye
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material of the fitting to “flow” around the wires and strands of the rope to form a union that
is as strong as the rope itself. The more commonly used types, of swaged fittings range
from 1⁄8- to 5⁄8-inch diameter sizes in industrial types and from the 1⁄16- to 5⁄8-inch sizes in air-
craft types. These fittings are furnished attached to the wire strand, rope, or cable.

Applying Clips and Attaching Sockets.—In attaching U-bolt clips for fastening the end
of a wire rope to form a loop, it is essential that the saddle or base of the clip bears against
the longer or “live” end of the rope loop and the U-bolt against the shorter or “dead” end.
The “U” of the clips should never bear against the live end of the rope because the rope may
be cut or kinked. A wire-rope thimble should be used in the loop eye of the rope to prevent
kinking when rope clips are used. The strength of a clip fastening is usually less than 80
percent of the strength of the rope. Table 10 gives the proper size, number, and spacing for
each size of wire rope.

Table 10. Clips Required for Fastening Wire Rope End

In attaching commercial sockets of forged steel to wire rope ends, the following proce-
dure is recommended. The wire rope is seized at the end and another seizing is applied at a
distance from the end equal to the length of the basket of the socket. As explained in a pre-
vious section, soft iron wire is used and particularly for the larger sizes of wire rope, it is
important to use a seizing iron to secure a tight winding. For large ropes, the seizing should
be several inches long.

The end seizing is now removed and the strands are separated so that the fiber core can be
cut back to the next seizing. The individual wires are then untwisted and “broomed out”
and for the distance they are to be inserted in the socket are carefully cleaned with benzine,
naphtha, or unleaded gasoline. The wires are then dipped into commercial muriatic (hydro-
chloric) acid and left (usually one to three minutes) until the wires are bright and clean or,
if zinc coated, until the zinc is removed. After cleaning, the wires are dipped into a hot soda
solution (1 pound of soda to 4 gallons of water at 175 degrees F. minimum) to neutralize
the acid. The rope is now placed in a vise. A temporary seizing is used to hold the wire ends
together until the socket is placed over the rope end. The temporary seizing is then
removed and the socket located so that the ends of the wires are about even with the upper
end of the basket. The opening around the rope at the bottom of the socket is now sealed
with putty.

A special high grade pure zinc is used to fill the socket. Babbit metal should not be used
as it will not hold properly. For proper fluidity and penetration, the zinc is heated to a tem-
perature in the 830- to 900-degree F. range. If a pyrometer is not available to measure the
temperature of the molten zinc, a dry soft pine stick dipped into the zinc and quickly with-
drawn will show only a slight discoloration and no zinc will adhere to it. If the wood chars,
the zinc is too hot. The socket is now permitted to cool and the resulting joint is ready for
use. When properly prepared, the strength of the joint should be approximately equal to
that of the rope itself.

Rope
Dia.,
In.

U-Bolt
Dia.,
In.

Min.
No. of
Clips

Clip
Spacing,

In.

Rope
Dia.,
In.

U-Bolt
Dia.,
In.

Min.
No. of
Clips

Clip
Spacing,

In.
3⁄16

11⁄32 2 3 11⁄8 11⁄4 5 93⁄4
1⁄4 7⁄16 2 31⁄4 11⁄4 17⁄16 5 103⁄4
5⁄16

1⁄2 2 31⁄4 13⁄8 11⁄2 6 111⁄2
3⁄8 9⁄16 2 4 11⁄2 123⁄32 6 121⁄2
7⁄16

5⁄8 2 41⁄2 15⁄8 13⁄4 6 131⁄4
1⁄2 11⁄16 3 5 13⁄4 115⁄16 7 141⁄2
5⁄8 3⁄4 3 53⁄4 2 21⁄8 8 161⁄2
3⁄4 7⁄8 4 63⁄4 21⁄4 25⁄8 8 161⁄2
7⁄8 1 4 8 21⁄2 27⁄8 8 173⁄4

1 11⁄8 4 83⁄4 … … … …
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Rated Capacities for Improved Plow Steel Wire Rope and Wire Rope Slings (in tons of 2,000 lbs)—Independent Wire Rope Core
Rope

Diameter
(in.)

Vertical Choker 60° Bridle 45°Bridle 30°Bridle

A B C A B C A B C A B C A B C

Single Leg, 6 × 19 Wire Rope
1⁄4 0.59 0.56 0.53 0.44 0.42 0.40 … … … … … … … … …
3⁄8 1.3 1.2 1.1 0.98 0.93 0.86 … … … … … … … … …
1⁄2 2.3 2.2 2.0 1.7 1.6 1.5 … … … … … … … … …
5⁄8 3.6 3.4 3.0 2.7 2.5 2.2 … … … … … … … … …
3⁄4 5.1 4.9 4.2 3.8 3.6 3.1 … … … … … … … … …
7⁄8 6.9 6.6 5.5 5.2 4.9 4.1 … … … … … … … … …

1 9.0 8.5 7.2 6.7 6.4 5.4 … … … … … … … … …
11⁄8 11 10 9.0 8.5 7.8 6.8 … … … … … … … … …

Single Leg, 6 × 37 Wire Rope

11⁄4 13 12 10 9.9 9.2 7.9 … … … … … … … … …
13⁄8 16 15 13 12 11 9.6 … … … … … … … … …
11⁄2 19 17 15 14 13 11 … … … … … … … … …
13⁄4 26 24 20 19 18 15 … … … … … … … … …
2 33 30 26 25 23 20 … … … … … … … … …
21⁄4 41 38 33 31 29 25 … … … … … … … … …

Two-Leg Bridle or Basket Hitch, 6 × 19 Wire Rope Sling
1⁄4 1.2 1.1 1.0 … … … 1.0 0.97 0.92 0.83 0.79 0.75 0.59 0.56 0.53
3⁄8 2.0 2.5 2.3 … … … 2.3 2.1 2.0 1.8 1.8 1.8 1.3 1.2 1.1
1⁄2 4.0 4.4 3.9 … … … 4.0 3.6 3.4 3.2 3.1 2.8 2.3 2.2 2.0
5⁄8 7.2 6.6 6.0 … … … 6.2 5.9 5.2 5.1 4.8 4.2 3.6 3.4 3.0
3⁄4 10 9.7 8.4 … … … 8.9 8.4 7.3 7.2 6.9 5.9 5.1 4.9 4.2
7⁄8 14 13 11 … … … 12 11 9.6 9.8 9.3 7.8 6.9 6.6 5.5

1 18 17 14 … … … 15 15 12 13 12 10 9.0 8.5 7.2
11⁄8 23 21 18 … … … 19 18 16 16 15 13 11 10 9.0

Two-Leg Bridle or Basket Hitch, 6 × 37 Wire Rope Sling

11⁄4 26 24 21 … … … 23 21 18 19 17 15 13 12 10

13⁄8 32 29 25 … … … 28 25 22 22 21 18 16 15 13

11⁄2 38 35 30 … … … 33 30 26 27 25 21 19 17 15

13⁄4 51 47 41 … … … 44 41 35 36 33 29 26 24 20

2 66 61 53 … … … 57 53 46 47 43 37 33 30 26
21⁄4 83 76 66 … … … 72 66 67 58 54 47 41 38 33
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A—socket or swaged terminal attachment; B—mechanical sleeve attachment; C—hand-tucked splice attachment.

Data taken from Longshoring Industry, OSHA Safety and Health Standards Digest, OSHA 2232, 1985.

Rope
Diameter

(in.)

Vertical Choker 60° Bridle 45° Bridle 30° Bridle

A B C A B C A B C A B C A B C

Single Leg, 6 × 19 Wire Rope
1⁄4 0.55 0.51 0.49 0.41 0.38 0.37 … … … … … … … … …
3⁄8 1.2 1.1 1.1 0.91 0.85 0.80 … … … … … … … … …
1⁄2 2.1 2.0 1.8 1.6 1.5 1.4 … … … … … … … … …
5⁄8 3.3 3.1 2.8 2.5 2.3 2.1 … … … … … … … … …
3⁄4 4.8 4.4 3.9 3.6 3.3 2.9 … … … … … … … … …
7⁄8 6.4 5.9 5.1 4.8 4.5 3.9 … … … … … … … … …

1 8.4 7.7 6.7 6.3 5.8 5.0 … … … … … … … … …
11⁄8 10 9.5 8.4 7.9 7.1 6.3 … … … … … … … … …

Single Leg, 6 × 37 Wire Rope

11⁄4 12 11 9.8 9.2 8.3 7.4 … … … … … … … … …
13⁄8 15 13 12 11 10 8.9 … … … … … … … … …
11⁄2 17 16 14 13 12 10 … … … … … … … … …
13⁄4 24 21 19 18 16 14 … … … … … … … … …
2 31 28 25 23 21 18 … … … … … … … … …

Two-Leg Bridle or Basket Hitch, 6 × 19 Wire Rope Sling
1⁄4 1.1 1.0 0.99 … … … 0.95 0.88 0.85 0.77 0.72 0.70 0.55 0.51 0.49
3⁄8 2.4 2.2 2.1 … … … 2.1 1.9 1.8 1.7 1.6 1.5 1.2 1.1 1.1
1⁄2 4.3 3.9 3.7 … … … 3.7 3.4 3.2 3.0 2.8 2.6 2.1 2.0 1.8
5⁄8 6.7 6.2 5.6 … … … 6.2 5.3 4.8 4.7 4.4 4.0 3.3 3.1 2.8
3⁄4 9.5 8.8 7.8 … … … 8.2 7.6 6.8 6.7 6.2 5.5 4.8 4.4 3.9
7⁄8 13 12 10 … … … 11 10 8.9 9.1 8.4 7.3 6.4 5.9 5.1

1 17 15 13 … … … 14 13 11 12 11 9.4 8.4 7.7 6.7
11⁄8 21 19 17 … … … 18 16 14 15 13 12 10 9.5 8.4

Two-Leg Bridle or Basket Hitch, 6 × 37 Wire Rope Sling

11⁄4 25 22 20 … … … 21 19 17 17 16 14 12 11 9.8

13⁄8 30 27 24 … … … 26 23 20 21 19 17 15 13 12

11⁄2 35 32 28 … … … 30 27 24 25 22 20 17 16 14

13⁄4 46 43 39 … … … 41 37 33 34 30 27 24 21 19

2 62 55 49 … … … 53 43 43 43 39 35 31 26 25
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CRANE CHAIN AND HOOKS

Material for Crane Chains.—The best material for crane and hoisting chains is a good
grade of wrought iron, in which the percentage of phosphorus, sulfur, silicon, and other
impurities is comparatively low. The tensile strength of the best grades of wrought iron
does not exceed 46,000 pounds per square inch, whereas mild steel with about 0.15 per
cent carbon has a tensile strength nearly double this amount. The ductility and toughness of
wrought iron, however, is greater than that of ordinary commercial steel, and for this rea-
son it is preferable for chains subjected to heavy intermittent strains, because wrought iron
will always give warning by bending or stretching, before breaking. Another important
reason for using wrought iron in preference to steel is that a perfect weld can be effected
more easily. Heat-treated alloy steel is also widely used for chains. This steel contains car-
bon, 0.30 per cent, max; phosphorus, 0.045 per cent, max; and sulfur, 0.045 per cent, max.
The selection and amounts of alloying elements are left to the individual manufacturers.

Strength of Chains.—When calculating the strength of chains it should be observed that
the strength of a link subjected to tensile stresses is not equal to twice the strength of an iron
bar of the same diameter as the link stock, but is a certain amount less, owing to the bending
action caused by the manner in which the load is applied to the link. The strength is also
reduced somewhat by the weld. The following empirical formula is commonly used for
calculating the breaking load, in pounds, of wrought-iron crane chains:

in which W = breaking load in pounds and D = diameter of bar (in inches) from which links
are made. The working load for chains should not exceed one-third the value of W, and, it
is often one-fourth or one-fifth of the breaking load. When a chain is wound around a cast-
ing and severe bending stresses are introduced, a greater factor of safety should be used.

Care of Hoisting and Crane Chains.—Chains used for hoisting heavy loads are subject
to deterioration, both apparent and invisible. The links wear, and repeated loading causes
localized deformations to form cracks that spread until the links fail. Chain wear can be
reduced by occasional lubrication. The life of a wrought-iron chain can be prolonged by
frequent annealing or normalizing unless it has been so highly or frequently stressed that
small cracks have formed. If this condition is present, annealing or normalizing will not
“heal” the material, and the links will eventually fracture. To anneal a wrought-iron chain,
heat it to cherry-red and allow it to cool slowly. Annealing should be done every six
months, and oftener if the chain is subjected to unusually severe service. 

Maximum Allowable Wear at Any Point of Link

Source:Longshoring Industry, OSHA 2232, 1985.

Chains should be examined periodically for twists, as a twisted chain will wear rapidly.
Any links that have worn excessively should be replaced with new ones, so that every link
will do its full share of work during the life of the chain, without exceeding the limit of
safety. Chains for hoisting purposes should be made with short links, so that they will wrap
closely around the sheaves or drums without bending. The diameter of the winding drums
should be not less than 25 or 30 times the diameter of the iron used for the links. The
accompanying table lists the maximum allowable wear for various sizes of chains.

Chain Size (in.)
Maximum Allowable

Wear (in.) Chain Size (in.)
Maximum Allowable

Wear (in.)
1⁄4 (9⁄32) 3⁄64 1 3⁄16
3⁄8 5⁄64 11⁄8 7⁄32
1⁄2 7⁄64 11⁄4 1⁄4
5⁄8 9⁄64 13⁄8 3⁄32
3⁄4 5⁄32 11⁄2 5⁄16
7⁄8 11⁄64 13⁄4 11⁄32

W 54 000D2,=
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Safe Loads for Ropes and Chains.—Safe loads recommended for wire rope or chain
slings depend not only upon the strength of the sling but also upon the method of applying
it to the load, as shown by the accompanying table giving safe loads as prepared by OSHA.
The loads recommended in this table are more conservative than those usually specified, in
order to provide ample allowance for some unobserved weakness in the sling, or the possi-
bility of excessive strains due to misjudgment or accident.

The working load limit is defined as the maximum load in pounds that should ever be
applied to chain, when the chain is new or in “as new” condition, and when the load is uni-
formly applied in direct tension to a straight length of chain. This limit is also affected by
the number of chains used and their configuration. The accompanying table shows the
working load limit for various configurations of heat-treated alloy steel chain using a 4 to
1 design factor, which conforms to ISO practice.

Protection from Sharp Corners: When the load to be lifted has sharp corners or edges, as
are often encountered  with castings, and with structural steel and other similar objects,
pads or wooden protective pieces should be applied at the corners, to prevent the slings
from being abraded or otherwise damaged where they come in contact with the load. These
precautions are especially important when the slings consist of wire cable or fiber rope,
although they should also be used even when slings are made of chain. Wooden corner-
pieces are often provided for use in hoisting loads with sharp angles. If pads of burlap or
other soft material are used, they should be thick and heavy enough to sustain the pressure,
and distribute it over a considerable area, instead of allowing it to be concentrated directly
at the edges of the part to be lifted.

Strength of Manila Rope

Data from Cordage Institute Rope Specifications for three-strand laid and eight-strand plaited
manila rope (standard construction).

Dia.
(in.)

Circum-
ference

(in.)

Weight
of 100
feet of
Ropea

(lb)

a Average value is shown; maximum is 5 per cent higher. 

New
Rope

Tensile
Strengthb

(lb)

b Based on tests of new and unused rope of standard construction in accordance with Cordage Insti-
tute Standard Test Methods. 

Working
Loadc

(lb)

c These values are for rope in good condition with appropriate splices, in noncritical applications,
and under normal service conditions. These values should be reduced where life, limb, or valuable
propety are involved, or for exceptional service conditions such as shock loads or sustained loads. 

Dia.
(in.)

Circum-
ference

(in.)

Weight
of 100
feet of
Ropea

(lb)

New
Rope

Tensile
Strengthb

(lb)

Working
Loadc

(lb)
3⁄16

5⁄8 1.50 406 41 15⁄16 4 47.8 13,500 1930
1⁄4 3⁄4 2.00 540 54 11⁄2 41⁄2 60.0 16,700 2380
5⁄16 1 2.90 900 90 15⁄8 5 74.5 20,200 2880
3⁄8 11⁄8 4.10 1220 122 13⁄4 51⁄2 89.5 23,800 3400
7⁄16 11⁄4 5.25 1580 176 2 6 108 28,000 4000
1⁄2 11⁄2 7.50 2380 264 21⁄8 61⁄2 125 32,400 4620
9⁄16 13⁄4 10.4 3100 388 21⁄4 7 146 37,000 5300
5⁄8 2 13.3 3960 496 21⁄2 71⁄2 167 41,800 5950
3⁄4 21⁄4 16.7 4860 695 25⁄8 8 191 46,800 6700
13⁄16 21⁄2 19.5 5850 835 27⁄8 81⁄2 215 52,000 7450
7⁄8 23⁄4 22.4 6950 995 3 9 242 57,500 8200

1 3 27.0 8100 1160 31⁄4 10 298 69,500 9950

11⁄16 31⁄4 31.2 9450 1350 31⁄2 11 366 82,000 11,700

11⁄8 31⁄2 36.0 10,800 1540 4 12 434 94,500 13,500

11⁄4 33⁄4 41.6 12,200 1740 … … … … …
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Strength of Nylon and Double Braided Nylon Rope

Data from Cordage Institute Specifications for nylon rope (three-strand laid and eight-strand
plaited, standard construction) and double braided nylon rope.

Dia.
(in.)

Circum-
ference

(in.)

Weight
of 100
feet of
Ropea

(lb)

a Average value is shown. Maximum for nylon rope is 5 per cent higher; tolerance for double braided
nylon rope is ± 5 per cent. 

New Rope
Tensile

Strengthb

(lb)

b Based on tests of new and unused rope of standard construction in accordance with Cordage Insti-
tute Standard Test Methods. For double braided nylon rope these values are minimums and are based
on a large number of tests by various manufacturers; these values represent results two standard devi-
ations below the mean. The minimum tensile strength is determined by the formula 1057 × (linear den-
sity)0.995. 

Working
Loadc

(lb)

c These values are for rope in good condition with appropriate splices, in noncritical applications,
and under normal service conditions. These values should be reduced where life, limb, or valuable
property are involved, or for exceptional service conditions such as shock loads or sustained loads. 

Dia.
(in.)

Circum-
ference

(in.)

Weight
of 100
feet of
Ropea

(lb)

New
Rope

Tensile
Strengtha

(lb)

Working
Loadc

(lb)

Nylon Rope

3⁄16
5⁄8 1.00 900 75 15⁄16 4 45.0 38,800 4,320

1⁄4 3⁄4 1.50 1,490 124 11⁄2 41⁄2 55.0 47,800 5,320

5⁄16 1 2.50 2,300 192 15⁄8 5 66.5 58,500 6,500

3⁄8 11⁄8 3.50 3,340 278 13⁄4 51⁄2 83.0 70,000 7,800

7⁄16 11⁄4 5.00 4,500 410 2 6 95.0 83,000 9,200

1⁄2 11⁄2 6.50 5,750 525 21⁄8 61⁄2 109 95,500 10,600

9⁄16 13⁄4 8.15 7,200 720 21⁄4 7 129 113,000 12,600

5⁄8 2 10.5 9,350 935 21⁄2 71⁄2 149 126,000 14,000

3⁄4 21⁄4 14.5 12,800 1,420 25⁄8 8 168 146,000 16,200

13⁄16 21⁄2 17.0 15,300 1,700 27⁄8 81⁄2 189 162,000 18,000

7⁄8 23⁄4 20.0 18,000 2,000 3 9 210 180,000 20,000

1 3 26.4 22,600 2,520 31⁄4 10 264 226,000 25,200

11⁄16 31⁄4 29.0 26,000 2,880 31⁄2 11 312 270,000 30,000

11⁄8 31⁄2 34.0 29,800 3,320 4 12 380 324,000 36,000

11⁄4 33⁄4 40.0 33,800 3,760 … … … … …

Double Braided Nylon Rope
(Nylon Cover—Nylon Core)

1⁄4 3⁄4 1.56 1,650 150 15⁄16 4 43.1 44,700 5,590

5⁄16 1 2.44 2,570 234 13⁄8 41⁄4 47.3 49,000 6,130

3⁄8 11⁄8 3.52 3,700 336 11⁄2 41⁄2 56.3 58,300 7,290

7⁄16 15⁄16 4.79 5,020 502 15⁄8 5 66.0 68,300 8,540

1⁄2 11⁄2 6.25 6,550 655 13⁄4 51⁄2 76.6 79,200 9,900

9⁄16 13⁄4 7.91 8,270 919 2 6 100 103,000 12,900

5⁄8 2 9.77 10,200 1,130 21⁄8 61⁄2 113 117,000 14,600

3⁄4 21⁄4 14.1 14,700 1,840 21⁄4 7 127 131,000 18,700

13⁄16 21⁄2 16.5 17,200 2,150 21⁄2 71⁄2 156 161,000 23,000

7⁄8 23⁄4 19.1 19,900 2,490 25⁄8 8 172 177,000 25,300

1 3 25.0 26,000 3,250 3 9 225 231,000 33,000

11⁄16 31⁄4 28.2 29,300 3,660 31⁄4 10 264 271,000 38,700

11⁄8 31⁄2 31.6 32,800 4,100 31⁄2 11 329 338,000 48,300

11⁄4 33⁄4 39.1 40,600 5,080 4 12 400 410,000 58,600
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Safe Working Loads in Pounds for Manila Rope and Chains

Data from Longshoring Industry, OSHA Safety and Health Standards Digest, OSHA 2232, 1985.

Diameter of
Rope, or of Rod
or Bar for Chain

Links, Inch

Rope or Chain Vertical Sling at 60° Sling at 45° Sling at 30°

Manila Rope
1⁄4 120 204 170 120
5⁄16 200 346 282 200
3⁄8 270 467 380 270
7⁄16 350 605 493 350
15⁄32 450 775 635 450
1⁄2 530 915 798 530
9⁄16 690 1190 973 690
5⁄8 880 1520 1240 880
3⁄4 1080 1870 1520 1080
13⁄16 1300 2250 1830 1300
7⁄8 1540 2660 2170 1540

1 1800 3120 2540 1800
11⁄16 2000 3400 2800 2000

11⁄8 2400 4200 3400 2400

11⁄4 2700 4600 3800 2700

15⁄16 3000 5200 4200 3000

11⁄2 3600 6200 5000 3600

15⁄8 4500 7800 6400 4500

13⁄4 5200 9000 7400 5200
2 6200 10,800 8800 6200
21⁄8 7200 12,400 10,200 7200

Crane Chain (Wrought Iron)
1⁄4a

a These sizes of wrought chain are no longer manufactured in the United States. 

1060 1835 1500 1060
5⁄16

a 1655 2865 2340 1655
3⁄8 2385 4200 3370 2385
7⁄16

a 3250 5600 4600 3250
1⁄2 4200 7400 6000 4200
9⁄16

a 5400 9200 7600 5400
5⁄8 6600 11,400 9400 6600
3⁄4 9600 16,600 13,400 9600
7⁄8 13,000 22,400 18,400 13,000

1 17,000 29,400 24,000 17,000
11⁄8 20,000 34,600 28,400 20,000

11⁄4 24,800 42,600 35,000 24,800

13⁄8 30,000 51,800 42,200 30,000

11⁄2 35,600 61,600 50,400 35,600

15⁄8 41,800 72,400 59,000 41,800

13⁄4 48,400 84,000 68,600 48,400

17⁄8 55,200 95,800 78,200 55,200
2 63,200 109,600 89,600 63,200

Crane Chain (Alloy Steel)
1⁄4 3240 5640 4540 3240
3⁄8 6600 11,400 9300 6600
1⁄2 11,240 19,500 15,800 11,240
5⁄8 16,500 28,500 23,300 16,500
3⁄4 23,000 39,800 32,400 23,000
7⁄8 28,600 49,800 40,600 28,600

1 38,600 67,000 54,600 38,600
11⁄8 44,400 77,000 63,000 44,400

11⁄4 57,400 99,400 81,000 57,400

13⁄8 67,000 116,000 94,000 67,000

11⁄2 79,400 137,000 112,000 79,400

15⁄8 85,000 147,000 119,000 85,000

13⁄4 95,800 163,000 124,000 95,800
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Working Load Limit for Heat-Treated Alloy Steel Chain, pounds

Source: The Crosby Group.

Loads Lifted by Crane Chains.—To find the approximate weight a chain will lift when
rove as a tackle, multiply the safe load given in the table  by the number of parts or chains
at the movable block, and subtract one-quarter for frictional resistance. To find the size of
chain required for lifting a given weight, divide the weight by the number of chains at the
movable block, and add one-third for friction; next find in the column headed “Average
Safe Working Load” the corresponding load, and then the corresponding size of chain in
the column headed “Size.” With the heavy chain or where the chain is unusually long, the
weight of the chain itself should also be considered.

Chain
Size
(in.)

Single Leg Double Leg Triple and Quad Leg

1⁄4 3,600 6,200 5,050 3,600 9,300 7,600 5,400

3⁄8 6,400 11,000 9,000 6,400 16,550 13,500 9,500

1⁄2 11,400 19,700 16,100 11,400 29,600 24,200 17,100

5⁄8 17,800 30,800 25,150 17,800 46,250 37,750 26,700

3⁄4 25,650 44,400 36,250 25,650 66,650 54,400 38,450

7⁄8 34,900 60,400 49,300 34,900 90,650 74,000 52,350

Size

Standard
Pitch, P
Inches

Average
Weight

per Foot, 
Pounds

Outside
Length, L

Inches

Outside
Width, W

Inches

Average Safe
Working

Load, 
Pounds

Proof
Test,

Poundsa

Approximate
Breaking Load, 

Pounds
1⁄4 25⁄32

3⁄4 15⁄16
7⁄8 1,200 2,500 5,000

5⁄16
27⁄32 1 11⁄2 11⁄16 1,700 3,500 7,000

3⁄8 31⁄32 11⁄2 13⁄4 11⁄4 2,500 5,000 10,000
7⁄16 15⁄32 2 21⁄16 13⁄8 3,500 7,000 14,000
1⁄2 111⁄32 21⁄2 23⁄8 111⁄16 4,500 9,000 18,000
9⁄16 115⁄32 31⁄4 25⁄8 17⁄8 5,500 11,000 22,000
5⁄8 123⁄32 4 3 21⁄16 6,700 14,000 27,000
11⁄16 113⁄16 5 31⁄4 21⁄4 8,100 17,000 32,500
3⁄4 115⁄16 61⁄4 31⁄2 21⁄2 10,000 20,000 40,000
13⁄16 21⁄16 7 33⁄4 211⁄16 10,500 23,000 42,000
7⁄8 23⁄16 8 4 27⁄8 12,000 26,000 48,000
15⁄16 27⁄16 9 43⁄8 31⁄16 13,500 29,000 54,000

1 21⁄2 10 45⁄8 31⁄4 15,200 32,000 61,000

11⁄16 25⁄8 12 47⁄8 35⁄16 17,200 35,000 69,000

11⁄8 23⁄4 13 51⁄8 33⁄4 19,500 40,000 78,000

13⁄16 31⁄16 141⁄2 59⁄16 37⁄8 22,000 46,000 88,000

11⁄4 31⁄8 16 53⁄4 41⁄8 23,700 51,000 95,000

15⁄16 33⁄8 171⁄2 61⁄8 41⁄4 26,000 54,000 104,000

13⁄8 39⁄16 19 67⁄16 49⁄16 28,500 58,000 114,000

17⁄16 311⁄16 211⁄2 611⁄16 43⁄4 30,500 62,000 122,000

11⁄2 37⁄8 23 7 5 33,500 67,000 134,000

19⁄16 4 25 73⁄8 55⁄16 35,500 70,500 142,000

15⁄8 41⁄4 28 73⁄4 51⁄2 38,500 77,000 154,000

111⁄16 41⁄2 30 81⁄8 511⁄16 39,500 79,000 158,000

13⁄4 43⁄4 31 81⁄2 57⁄8 41,500 83,000 166,000

113⁄16 5 33 87⁄8 61⁄16 44,500 89,000 178,000
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Additional Tables

Dimensions of Forged Round Pin, Screw Pin,
and Bolt Type Chain Shackles and Bolt Type Anchor Shackles

All dimensions are in inches. Load limits are in tons of 2000 pounds.
Source:The Crosby Group.

17⁄8 51⁄4 35 91⁄4 63⁄8 47,500 95,000 190,000

115⁄16 51⁄2 38 95⁄8 69⁄16 50,500 101,000 202,000
2 53⁄4 40 10 63⁄4 54,000 108,000 216,000

21⁄16 6 43 103⁄8 615⁄16 57,500 115,000 230,000

21⁄8 61⁄4 47 103⁄4 71⁄8 61,000 122,000 244,000

23⁄16 61⁄2 50 111⁄8 75⁄16 64,500 129,000 258,000

21⁄4 63⁄4 53 111⁄2 75⁄8 68,200 136,500 273,000

23⁄8 67⁄8 581⁄2 117⁄8 8 76,000 152,000 304,000

21⁄2 7 65 121⁄4 83⁄8 84,200 168,500 337,000

25⁄8 71⁄8 70 125⁄8 83⁄4 90,500 181,000 362,000

23⁄4 71⁄4 73 13 91⁄8 96,700 193,500 387,000

27⁄8 71⁄2 76 131⁄2 91⁄2 103,000 206,000 412,000
3 73⁄4 86 14 97⁄8 109,000 218,000 436,000

a Chains tested to U.S. Government and American Bureau of Shipping requirements. 

Working
Load
Limit
(tons)

Nominal
Shackle

Size A B C D E F G H I
1⁄2 1⁄4 7⁄8 15⁄16

5⁄16
11⁄16 … … … … …

3⁄4 5⁄16 11⁄32
17⁄32

3⁄8 13⁄16 … … … … …
1 3⁄8 11⁄4 21⁄32

7⁄16
31⁄32 … … … … …

11⁄2 7⁄16 17⁄16
23⁄32

1⁄2 11⁄16 … … … … …
2 1⁄2 15⁄8 13⁄16

5⁄8 13⁄16 17⁄8 15⁄8 13⁄16
5⁄8 13⁄16

31⁄4 5⁄8 2 11⁄16
3⁄4 19⁄16 23⁄8 2 11⁄16

3⁄4 19⁄16

43⁄4 3⁄4 23⁄8 11⁄4 7⁄8 17⁄8 213⁄16 23⁄8 11⁄4 7⁄8 17⁄8
61⁄2 7⁄8 213⁄16 17⁄16 1 21⁄8 35⁄16 213⁄16 17⁄16 1 21⁄8
81⁄2 1 33⁄16 111⁄16 11⁄8 23⁄8 33⁄4 33⁄16 111⁄16 11⁄8 23⁄8
91⁄2 11⁄8 39⁄16 113⁄16 11⁄4 25⁄8 41⁄4 39⁄16 113⁄16 11⁄4 25⁄8

12 11⁄4 315⁄16 21⁄32 13⁄8 3 411⁄16 315⁄16 21⁄32 13⁄8 3
131⁄2 13⁄8 43⁄8 21⁄4 11⁄2 35⁄16 53⁄16 43⁄8 21⁄4 11⁄2 35⁄16
17 11⁄2 413⁄16 23⁄8 15⁄8 35⁄8 53⁄4 413⁄16 23⁄8 15⁄8 35⁄8
25 13⁄4 53⁄4 27⁄8 2 41⁄8 7 53⁄4 27⁄8 2 41⁄8
35 2 63⁄4 31⁄4 21⁄4 5 73⁄4 63⁄4 31⁄4 21⁄4 5

Size

Standard
Pitch, P
Inches

Average
Weight

per Foot, 
Pounds

Outside
Length, L

Inches

Outside
Width, W

Inches

Average Safe
Working

Load, 
Pounds

Proof
Test,

Poundsa

Approximate
Breaking Load, 

Pounds
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Dimensions of Crane Hooks

Source: The Crosby Group. All dimensions are in inches. Hooks are made of alloy steel, quenched
and tempered. For swivel hooks, the data are for a bail of carbon steel. The ultimate load is four times
the working load limit (capacity). The swivel hook is a positioning device and is not intended to
rotate under load; special load swiveling hooks must be used in such applications.

Eye Hook
Eye Hook With

Latch Assembled

Swivel Hook
Swivel Hook

With Latch Assembled
Capacity of Hook in Tons (tons of 2000 lbs)

1.1 1.65 2.2 3.3 4.95 7.7 12.1 16.5 24.2 33 40.7 49.5

Dimensions for Eye Hooks

A 1.47 1.75 2.03 2.41 2.94 3.81 4.69 5.38 6.62 7.00 8.50 9.31

B 0.75 0.91 1.12 1.25 1.56 2.00 2.44 2.84 3.50 3.50 4.50 4.94

D 2.88 3.19 3.62 4.09 4.94 6.50 7.56 8.69 11.00 13.62 14.06 15.44

E 0.94 1.03 1.06 1.22 1.50 1.88 2.25 2.50 3.38 4.00 4.25 4.75

G 0.75 0.84 1.00 1.12 1.44 1.81 2.25 2.59 3.00 3.66 4.56 5.06

H 0.81 0.94 1.16 1.31 1.62 2.06 2.62 2.94 3.50 4.62 5.00 5.50

K 0.56 0.62 0.75 0.84 1.12 1.38 1.62 1.94 2.38 3.00 3.75 4.12

L 4.34 4.94 5.56 6.40 7.91 10.09 12.44 13.94 17.09 19.47 24.75 27.38

R 3.22 3.66 4.09 4.69 5.75 7.38 9.06 10.06 12.50 14.06 18.19 20.12

T 0.81 0.81 0.84 1.19 1.38 1.78 2.12 2.56 2.88 3.44 3.88 4.75

O 0.88 0.97 1.00 1.12 1.34 1.69 2.06 2.25 3.00 3.62 3.75 4.25

Dimensions for Swivel Hooks

A 2 2.50 3 3 3.50 4.50 5 5.63 7 7 … …
B 0.94 1.31 1.63 1.56 1.75 2.31 2.38 2.69 4.19 4.19 … …
C 1.25 1.50 1.75 1.75 2 2.50 2.75 3.13 4 4 … …
D 2.88 3.19 3.63 4.09 4.94 6.5 7.56 8.69 11 13.63 … …
E 0.94 1.03 1.06 1.22 1.5 1.88 2.25 2.5 3.38 4 … …
L 5.56 6.63 7.63 8.13 9.59 12.41 14.50 15.88 21.06 23.22 … …
R 4.47 5.28 6.02 6.38 7.41 9.59 11.13 12.03 16.56 18.06 … …
S 0.38 0.50 0.63 0.63 0.75 1 1.13 1.25 1.5 1.5 … …
T 0.81 0.81 0.84 1.19 1.38 1.78 2.13 2.56 2.88 3.44 … …
O 0.88 0.97 1 1.13 1.34 1.69 2.06 2.25 3 3.63 … …
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Hot Dip Galvanized, Forged Steel Eye-bolts

All dimensions are in inches. Safe loads are in tons of 2000 pounds.
Source:The Crosby Group.

REGULAR PATTERN

Shank
Eye

Diam.
Safe

Loada

(tons)

a The ultimate or breaking load is 5 times the safe working load. 

Shank
Eye

Diam.
Safe

Loada

(tons)D C A B D C A B

1⁄4 2 1⁄2 1 0.25 3⁄4 41⁄2 11⁄2 3 2.6

1⁄4 4 1⁄2 1 0.25 3⁄4 6 11⁄2 3 2.6

5⁄16 21⁄4 5⁄8 11⁄4 0.4 3⁄4 8 11⁄2 3 2.6

5⁄16 41⁄4 5⁄8 11⁄4 0.4 3⁄4 10 11⁄2 3 2.6

3⁄8 21⁄2 3⁄4 11⁄2 0.6 3⁄4 10 11⁄2 3 2.6

3⁄8 41⁄2 3⁄4 11⁄2 0.6 3⁄4 10 11⁄2 3 2.6

3⁄8 6 3⁄4 11⁄2 0.6 7⁄8 5 13⁄4 31⁄2 3.6

1⁄2 31⁄4 1 2 1.1 7⁄8 8 13⁄4 31⁄2 3.6

1⁄2 6 1 2 1.1 7⁄8 10 13⁄4 31⁄2 3.6

1⁄2 8 1 2 1.1 1 6 2 4 5

1⁄2 10 1 2 1.1 1 9 2 4 5

1⁄2 12 1 2 1.1 1 10 2 4 5

5⁄8 4 11⁄4 21⁄2 1.75 1 10 2 4 5

5⁄8 6 11⁄4 21⁄2 1.75 11⁄4 8 21⁄2 5 7.6

5⁄8 8 11⁄4 21⁄2 1.75 11⁄4 10 21⁄2 5 7.6

5⁄8 10 11⁄4 21⁄2 1.75 11⁄4 10 21⁄2 5 7.6

5⁄8 12 11⁄4 21⁄2 1.75 … … … … …

SHOULDER PATTERN

1⁄4 2 1⁄2 7⁄8 0.25 5⁄8 6 11⁄4 21⁄4 1.75

1⁄4 4 1⁄2 7⁄8 0.25 3⁄4 41⁄2 11⁄2 23⁄4 2.6

5⁄16 21⁄4 5⁄8 11⁄8 0.4 3⁄4 6 11⁄2 23⁄4 2.6

5⁄16 41⁄4 5⁄8 11⁄8 0.4 7⁄8 5 13⁄4 31⁄4 3.6

3⁄8 21⁄2 3⁄4 13⁄8 0.6 1 6 2 33⁄4 5

3⁄8 41⁄2 3⁄4 13⁄8 0.6 1 9 2 33⁄4 5

1⁄2 31⁄4 1 13⁄4 1.1 11⁄4 8 21⁄2 41⁄2 7.6

1⁄2 6 1 13⁄4 1.1 11⁄4 12 21⁄2 41⁄2 7.6

5⁄8 4 11⁄4 21⁄4 1.75 11⁄2 15 3 51⁄2 10.7
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Eye Nuts and Lift Eyes

All dimensions are in inches. Data for eye nuts are for hot dip galvanized, quenched, and tempered
forged steel. Data for lifting eyes are for quenched and tempered forged steel.

Source:The Crosby Group.

Eye Nuts

The general function of eye nuts is similar to that of eye-
bolts. Eye nuts are utilized for a variety of applications in 

either the swivel or tapped design.

M A C D E F S T

Working
Load Limit

(lbs)*
1⁄4 11⁄4 3⁄4 11⁄16

21⁄32
1⁄2 1⁄4 111⁄16 520

5⁄16 11⁄4 3⁄4 11⁄16
21⁄32

1⁄2 1⁄4 111⁄16 850
3⁄8 15⁄8 1 11⁄4 3⁄4 9⁄16

5⁄16 21⁄16 1,250
7⁄16 2 11⁄4 11⁄2 1 13⁄16

3⁄8 21⁄2 1,700
1⁄2 2 11⁄4 11⁄2 1 13⁄16

3⁄8 21⁄2 2,250
5⁄8 21⁄2 11⁄2 2 13⁄16 1 1⁄2 33⁄16 3,600
3⁄4 3 13⁄4 23⁄8 13⁄8 11⁄8 5⁄8 37⁄8 5,200
7⁄8 31⁄2 2 25⁄8 15⁄8 15⁄16

3⁄4 45⁄16 7,200
1 4 21⁄4 31⁄16 17⁄8 19⁄16

7⁄8 5 10,000

11⁄8 4 21⁄4 31⁄16 17⁄8 19⁄16
7⁄8 5 12,300

11⁄4 41⁄2 21⁄2 31⁄2 115⁄16 17⁄8 1 53⁄4 15,500

13⁄8 5 23⁄4 33⁄4 2 2 11⁄8 61⁄4 18,500

11⁄2 55⁄8 31⁄8 4 23⁄8 21⁄4 11⁄4 63⁄4 22,500
2 7 4 61⁄4 4 33⁄8 11⁄2 10 40,000

Lifting Eyes

A C D E F G H L S T

Working
Load Limit
Threaded

(lbs)*

11⁄4 3⁄4 11⁄16
19⁄32

1⁄2 3⁄8 5⁄16
11⁄16

1⁄4 23⁄8 850

15⁄8 1 11⁄4 3⁄4 9⁄16
1⁄2 3⁄8 15⁄16

5⁄16 3 1,250
2 11⁄4 11⁄2 1 13⁄16

5⁄8 1⁄2 11⁄4 3⁄8 33⁄4 2,250

21⁄2 11⁄2 2 13⁄16 1 11⁄16
5⁄8 11⁄2 1⁄2 411⁄16 3,600

3 13⁄4 23⁄8 13⁄8 11⁄8 7⁄8 3⁄4 13⁄4 5⁄8 55⁄8 5,200

31⁄2 2 25⁄8 15⁄8 15⁄16
15⁄16

7⁄8 2 3⁄4 65⁄16 7,200
4 21⁄4 31⁄16 17⁄8 19⁄16 11⁄16 1 21⁄16

7⁄8 71⁄16 10,000

41⁄2 21⁄2 31⁄2 115⁄16 17⁄8 11⁄4 11⁄8 21⁄2 1 81⁄4 12,500

55⁄8 31⁄8 4 23⁄8 23⁄8 11⁄2 13⁄8 215⁄16 11⁄4 911⁄16 18,000
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Minimum Sheave- and Drum-Groove Dimensions for Wire Rope Applications

All dimensions are in inches. Data taken from Wire Rope Users Manual, 2nd ed., American Iron
and Steel Institute, Washington, D. C. The values given in this table are applicable to grooves in
sheaves and drums but are not generally suitable for pitch design, since other factors may be
involved.

Winding Drum Scores for Chain

All dimensions are in inches.

Nominal
Rope

Diameter

Groove Radius Nominal
Rope

Diameter

Groove Radius

New Worn New Worn
1⁄4 0.135 0.129 23⁄8 1.271 1.199
5⁄16 0.167 0.160 21⁄2 1.338 1.279
3⁄8 0.201 0.190 25⁄8 1.404 1.339
7⁄16 0.234 0.220 23⁄4 1.481 1.409
1⁄2 0.271 0.256 27⁄8 1.544 1.473
9⁄16 0.303 0.288 3 1.607 1.538
5⁄8 0.334 0.320 31⁄8 1.664 1.598
3⁄4 0.401 0.380 31⁄4 1.731 1.658
7⁄8 0.468 0.440 33⁄8 1.807 1.730

1 0.543 0.513 31⁄2 1.869 1.794

11⁄8 0.605 0.577 33⁄4 1.997 1.918

11⁄4 0.669 0.639 4 2.139 2.050

13⁄8 0.736 0.699 41⁄4 2.264 2.178

11⁄2 0.803 0.759 41⁄2 2.396 2.298

15⁄8 0.876 0.833 43⁄4 2.534 2.434

13⁄4 0.939 0.897 5 2.663 2.557

17⁄8 1.003 0.959 51⁄4 2.804 2.691

2 1.085 1.025 51⁄2 2.929 2.817

21⁄8 1.137 1.079 53⁄4 3.074 2.947

21⁄4 1.210 1.153 6 3.198 3.075

Chain
Size A B C D

Chain
Size A B C D

3⁄8 11⁄2 3⁄16
9⁄16

3⁄16
3⁄8 11⁄4 11⁄32

3⁄16 1
7⁄16 111⁄16

7⁄32
5⁄8 9⁄32

7⁄16 17⁄16
3⁄8 7⁄32 11⁄8

1⁄2 17⁄8 1⁄4 11⁄16
5⁄16

1⁄2 19⁄16
7⁄16

1⁄4 11⁄4
9⁄16 21⁄16

9⁄32
3⁄4 11⁄32

9⁄16 13⁄4 15⁄32
9⁄32 13⁄8

5⁄8 25⁄16
5⁄16

13⁄16
3⁄8 5⁄8 17⁄8 17⁄32

5⁄16 11⁄2
11⁄16 21⁄2 11⁄32

7⁄8 13⁄32
11⁄16 21⁄16

9⁄16
11⁄32 15⁄8

3⁄4 211⁄16
3⁄8 15⁄16

7⁄16
3⁄4 23⁄16

5⁄8 3⁄8 13⁄4
13⁄16 27⁄8 13⁄32 1 15⁄32

13⁄16 23⁄8 21⁄32
13⁄32 17⁄8

7⁄8 31⁄8 7⁄16 11⁄16
1⁄2 7⁄8 21⁄2 23⁄32

7⁄16 2
15⁄16 35⁄16

15⁄32 11⁄8 17⁄32
15⁄16 211⁄16

3⁄4 15⁄32 21⁄8
1 31⁄2 1⁄2 13⁄16

9⁄16 1 213⁄16
13⁄16

1⁄2 21⁄4
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STANDARDS FOR DRAWINGS 606

DRAFTING PRACTICES

American National Standard Drafting Practices

Several American National Standards for use in preparing engineering drawings and
related documents are referred to for use.

Sizes of Drawing Sheets.—Recommended trimmed sheet sizes, based on ANSI Y14.1-
1980 (R1987), are shown in the following table.

The standard sizes shown by the left-hand section of the table are based on the dimen-
sions of the commercial letter head, 81⁄2 × 11 inches, in general use in the United States. The
use of the basic sheet size 81⁄2 × 11 inches and its multiples permits filing of small tracings
and folded blueprints in commercial standard letter files with or without correspondence.
These sheet sizes also cut without unnecessary waste from the present 36-inch rolls of
paper and cloth.

For drawings made in the metric system of units or for foreign correspondence, it is rec-
ommended that the metric standard trimmed sheet sizes be used. (Right-hand section of

table.) These sizes are based on the width-to-length ratio of 1 to .

Line Conventions and Drawings.—American National Standard Y14.2M-1979
(R1987) establishes line and lettering practices for engineering drawings. The line conven-
tions and the symbols for section lining are as shown on pages 607 and  608.

Approximate width of THICK lines for metric drawings are 0.6 mm, and for inch draw-
ings, 0.032 inch. Approximate width of THIN lines for metric drawings are 0.3 mm, and
for inch drawings, 0.016 inch. These approximate line widths are intended to differentiate
between THICK and THIN lines and are not values for control of acceptance or rejection
of the drawings.

Surface-Texture Symbols.—A detailed explanation of the use of surface-texture sym-
bols from American National Standard Y14.36M-1996 begins on page705.

Geometric Dimensioning and Tolerancing.—ANSI/ASME Y14.5M-1994, “Dimen-
sioning and Tolerancing,” covers dimensioning, tolerancing, and similar practices for
engineering drawings and related documentation. The mathematical definitions of dimen-
sioning and tolerancing principles are given in the standard ANSI/ASME
Y14.5.1M-1994. ISO standards ISO 8015 and ISO 26921 contain a detailed explanation of
ISO geometric dimensioning and tolerancing practices.

Geometric dimensioning and tolerancing provides a comprehensive system for sym-
bolically defining the geometrical tolerance zone within which features must be contained.
It provides an accurate transmission of design specifications among the three primary
users of engineering drawings; design, manufacturing and quality assurance.

Some techniques introduced in ANSI/ASME Y14.5M-1994 have been accepted by ISO.
These techniques include projected tolerance zone, three-plane datum concept, total
runout tolerance, multiple datums, and datum targets. Although this Standard follows ISO
practice closely, there are still differences between ISO and U.S. practice. (A comparison
of the symbols used in ISO standards and Y14.5M is given on page609.)

Size, inches Metric Size, mm

A 81⁄2 × 11 D 22 × 34 A0 841 × 1189 A3 297 × 420

B 11 × 17 E 34 × 44 A1 594 × 841 A4 210 × 297

C 17 × 22 F 28 × 40 A2 420 × 594

2
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American National Standard for Engineering Drawings 
 ANSI/ASME Y14.2M-1992

Visible Line

Hidden Line

Section Line

Center Line

Symmetry Line

Dimension
Line
Extension
Line
And Leader

Cutting-Plane
Line or
Viewing-Plane
Line

Break Line

Phantom Line

Stitch Line

Chain Line

THICK

THIN

THIN

THIN

THIN

THIN

Leader

Extension Line

Dimension Line

3.50

THICK

THICK

Long Breaks

THICK

THIN

Short Breaks

THIN

THIN
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

THIN

THICK
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American National Standard Symbols for Section Lining 
 ANSI Y14.2M-1979 (R1987)

Cast and Malleable 
iron (Also for gen-
eral use of all mate-
rials)

Titanium and refrac-
tory material

Steel
Electric windings, 
electro magnets, 
resistance, etc.

Bronze, brass, cop-
per, and composi-
tions

Concrete

White metal, zinc, 
lead, babbitt, and 
alloys

Marble, slate, glass, 
porcelain, etc.

Magnesium, alumi-
num, and aluminum 
alloys

Earth

Rubber, plastic 
electrical insulation Rock

Cork, felt, fabric, 
leather, fiber Sand

Sound insulation Water and other liq-
uids

Thermal insulation Wood-across grain
Wood-with grain
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609
Comparison of ANSI and ISO Geometric Symbols  ASME Y14.5M-1994

Symbol for ANSI Y14.5 ISO Symbol for ANSI Y14.5 ISO Symbol for ANSI Y14.5 ISO

Straightness Circular Runouta

a Arrowheads may be filled in. 

Feature Control Frame

Flatness Total Runouta Datum Featurea

Circularity At Maximum Material Condition All Around - Profile

Cylindricity At Least Material Condition Conical Taper

Profile of a Line Regardless of Feature Size NONE NONE Slope

Profile of a Surface Projected Tolerance Zone Counterbore/Spotface

Angularity Diameter Countersink

Perpendicularity Basic Dimension Depth/Deep

Parallelism Reference Dimension (50) (50) Square (Shape)

Position Datum Target Dimension Not to Scale 15 15

Concentricity/Coaxiality Target Point Number of Times/Places 8X 8X

Symmetry Dimension Origin Arc Length

Radius R R Spherical Radius SR SR Sperical Diameter
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One major area of disagreement is the ISO “principle of independency” versus the “Tay-
lor principle.” Y14.5M and standard U.S. practice both follow the Taylor principle, in
which a geometric tolerancing zone may not extend beyond the boundary (or envelope) of
perfect form at MMC (maximum material condition). This boundary is prescribed to con-
trol variations as well as the size of individual features. The U.S. definition of indepen-
dency further defines features of size as being independent and not required to maintain a
perfect relationship with other features. The envelope principle is optional in treatment of
these principles. A summary of the application of ANSI/ASME geometric control symbols
and their use with basic dimensions and modifiers is given in Table 1. 

Table 1. Application of Geometric Control Symbols

Five types of geometric control, when datums are indicated, when basic dimensions are required,
and when MMC and LMC modifiers may be used.

ANSI/ASME Y14.5M features metric SI units (the International System of Units), but
customary units may be used without violating any principles. On drawings where all
dimensions are either in millimeters or in inches, individual identification of linear units is
not required. However, the drawing should contain a note stating UNLESS OTHERWISE
SPECIFIED, ALL DIMENSIONS ARE IN MILLIMETERS (or IN INCHES, as applica-
ble). According to this Standard, all dimensions are applicable at a temperature of 20 C (68
F) unless otherwise specified. Compensation may be made for measurements taken at
other temperatures.

Angular units are expressed in degrees and decimals of a degree (35.4) or in degrees (°),
minutes (′), and seconds (″), as in 35° 25′ 10″.A 90-degree angle is implied where center
lines and depicting features are shown on a drawing at right angles and no angle is speci-
fied. A 90-degree BASIC angle applies where center lines of features in a pattern or surface
shown at right angles on a drawing are located or defined by basic dimensions and no angle
is specified.

Definitions.—The following terms are defined as their use applies to ANSI/ASME
Y14.5M.

Datum Feature: The feature of a part that is used to establish a datum.
Datum Identifier: The graphic symbol on a drawing used to indicate the datum feature.
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Fig. 1. Datum Feature Symbol

Datum Plane: The individual theoretical planes of the reference frame derived from a
specified datum feature. A datum is the origin from which the location or other geometric
characteristics of features of a part are established.

Datum Reference Frame: Sufficient features on a part are chosen to position the part in
relationship to three planes. The three planes are mutually perpendicular and together
called the datum reference frame. The planes follow an order of precedence and allow the
part to be immobilized. This immobilization in turn creates measurable relationships
among features.

Datum Simulator: Formed by the datum feature contacting a precision surface such as a
surface plate, gage surface or by a mandrel contacting the datum. Thus, the plane formed
by contact restricts motion and constitutes the specific reference surface from which mea-
surements are taken and dimensions verified. The datum simulator is the practical embod-
iment of the datum feature during manufacturing and quality assurance. 

Datum Target: A specified point, line, or area on a part, used to establish a datum.
Degrees of Freedom: The six directions of movement or translation are called degrees of

freedom in a three-dimensional environment. They are up-down, left-right, fore-aft, roll,
pitch and yaw.

Fig. 2. Degrees of Freedom (Movement) That Must be Controlled,
Depending on the Design Requirements.
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Dimension, Basic: A numerical value used to describe the theoretically exact size, orien-
tation, location, or optionally, profile, of a feature or datum or datum target. Basic dimen-
sions are indicated by a rectangle around the dimension and are not toleranced directly or
by default. The specific dimensional limits are determined by the permissible variations as
established by the tolerance zone specified in the feature control frame. A dimension is
only considered basic for the geometric control to which it is related.

Fig. 3. Basic Dimensions

Dimension Origin: Symbol used to indicate the origin and direction of a dimension
between two features. The dimension originates from the symbol with the dimension toler-
ance zone being applied at the other feature. 

Fig. 4. Dimension Origin Symbol

Dimension, Reference: A dimension, usually without tolerance, used for information
purposes only. Considered to be auxiliary information and not governing production or
inspection operations. A reference dimension is a repeat of a dimension or is derived from
a calculation or combination of other values shown on the drawing or on related drawings.

Feature Control Frame: Specification on a drawing that indicates the type of geometric
control for the feature, the tolerance for the control, and the related datums, if applicable.

Fig. 5. Feature Control Frame and Datum Order of Precedence

Feature: The general term applied to a physical portion of a part, such as a surface, hole,
pin, tab, or slot.

Least Material Condition (LMC): The condition in which a feature of size contains the
least amount of material within the stated limits of size, for example, upper limit or maxi-
mum hole diameter and lower limit or minimum shaft diameter.
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Limits, Upper and Lower (UL and LL): The arithmetic values representing the maxi-
mum and minimum size allowable for a dimension or tolerance. The upper limit represents
the maximum size allowable. The lower limit represents the minimum size allowable.

Maximum Material Condition (MMC): The condition in which a feature of size contains
the maximum amount of material within the stated limits of size. For example, the lower
limit of a hole is the minimum hole diameter. The upper limit of a shaft is the maximum
shaft diameter.

Position: Formerly called true position, position is the theoretically exact location of a
feature established by basic dimensions.

Regardless of Feature Size (RFS): The term used to indicate that a geometric tolerance
or datum reference applies at any increment of size of the feature within its tolerance limits.
RFS is the default condition unless MMC or LMC is specified. The concept is now the
default in ANSI/ASME Y14.5M-1994, unless specifically stated otherwise. Thus the sym-
bol for RFS is no longer supported in ANSI/ASME Y14.5M-1994.

Size, Actual: The term indicating the size of a feature as produced.

Size, Feature of: A feature that can be described dimensionally. May include a cylindri-
cal or spherical surface, or a set of two opposed parallel surfaces associated with a size
dimension.

Tolerance Zone Symmetry: In geometric tolerancing, the tolerance value stated in the
feature control frame is always a single value. Unless otherwise specified, it is assumed
that the boundaries created by the stated tolerance are bilateral and equidistant about the
perfect form control specified. However, if desired, the tolerance may be specified as uni-
lateral or unequally bilateral. (See Figs. 6 through 8)

Tolerance, Bilateral: A tolerance where variation is permitted in both directions from
the specified dimension. Bilateral tolerances may be equal or unequal.

Tolerance, Geometric: The general term applied to the category of tolerances used to
control form, profile, orientation, location, and runout.

Tolerance, Unilateral: A tolerance where variation is permitted in only one direction
from the specified dimension.

True Geometric Counterpart: The theoretically perfect plane of a specified datum fea-
ture.

Virtual Condition: A constant boundary generated by the collective effects of the feature
size, its specified MMC or LMC material condition, and the geometric tolerance for that
condition.

Fig. 6. Application of a bilateral geometric tolerance 
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Fig. 7. Application of a unilateral geometric tolerance zone outside perfect form

Fig. 8. Application of a unilateral geometric tolerance zone inside a perfect form

Datum Referencing.—A datum indicates the origin of a dimensional relationship
between a toleranced feature and a designated feature or features on a part. The designated
feature serves as a datum feature, whereas its true geometric counterpart establishes the
datum plane. Because measurements cannot be made from a true geometric counterpart,
which is theoretical, a datum is assumed to exist in, and be simulated by the associated pro-
cessing equipment.

For example, machine tables and surface plates, although not true planes, are of such
quality that they are used to simulate the datums from which measurements are taken and
dimensions are verified. When magnified, flat surfaces of manufactured parts are seen to
have irregularities, so that contact is made with a datum plane formed at a number of sur-
face extremities or high points.

Sufficient datum features, those most important to the design of the part, are chosen to
position the part in relation to a set of three mutually perpendicular planes, the datum refer-
ence frame. This reference frame exists only in theory and not on the part. Therefore, it is
necessary to establish a method for simulating the theoretical reference frame from exist-
ing features of the part. This simulation is accomplished by positioning the part on appro-
priate datum features to adequately relate the part to the reference frame and to restrict the
degrees of freedom of the part in relation to it.

These reference frame planes are simulated in a mutually perpendicular relationship to
provide direction as well as the origin for related dimensions and measurements. Thus,
when the part is positioned on the datum reference frame (by physical contact between
each datum feature and its counterpart in the associated processing equipment), dimen-
sions related to the datum reference frame by a feature control frame are thereby mutually
perpendicular. This theoretical reference frame constitutes the three-plane dimensioning
system used for datum referencing.
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Fig. 9. Datum target symbols

Depending on the degrees of freedom that must be controlled, a simple reference frame
may suffice. At other times, additional datum reference frames may be necessary where
physical separation occurs or the functional relationship. Depending on the degrees of
freedom that must be controlled, a single datum of features require that datum reference
frames be applied at specific locations on the part. Each feature control frame must contain
the datum feature references that are applicable.

Datum Targets: Datum targets are used to establish a datum plane. They may be points,
lines or surface areas. Datum targets are used when the datum feature contains irregulari-
ties, the surface is blocked by other features or the entire surface cannot be used. Examples
where datum targets may be indicated include uneven surfaces, forgings and castings,
weldments, non-planar surfaces or surfaces subject to warping or distortion. The datum
target symbol is located outside the part outline with a leader directed to the target point,
area or line. The targets are dimensionally located on the part using basic or toleranced
dimensions. If basic dimensions are used, established tooling or gaging tolerances apply.
A solid leader line from the symbol to the target is used for visible or near side locations
with a dashed leader line used for hidden or far side locations. The datum target symbol is
divided horizontally into two halves. The top half contains the target point area if applica-
ble; the bottom half contains a datum feature identifying letter and target number. Target
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numbers indicate the quantity required to define a primary, secondary, or tertiary datum. If
indicating a target point or target line, the top half is left blank. Datum targets and datum
features may be combined to form the datum reference frame, Fig. 9. 

Datum Target points: A datum target point is indicated by the symbol “X,” which is
dimensionally located on a direct view of the surface. Where there is no direct view, the
point location is dimensioned on multiple views. 

Datum Target Lines: A datum target line is dimensionally located on an edge view of the
surface using a phantom line on the direct view. Where there is no direct view, the location
is dimensioned on multiple views. Where the length of the datum target line must be con-
trolled, its length and location are dimensioned.

Datum Target Areas: Where it is determined that an area or areas of flat contact are nec-
essary to ensure establishment of the datum, and where spherical or pointed pins would be
inadequate, a target area of the desired shape is specified. Examples include the need to
span holes, finishing irregularities, or rough surface conditions. The datum target area may
be indicated with the “X” symbol as with a datum point, but the area of contact is specified
in the upper half of the datum target symbol. Datum target areas may additionally be spec-
ified by defining controlling dimensions and drawing the contact area on the feature with
section lines inside a phantom outline of the desired shape.
Positional Tolerance.—A positional tolerance defines a zone within which the center,
axis, or center plane of a feature of size is permitted to vary from true (theoretically exact)
position. Basic dimensions establish the true position from specified datum features and
between interrelated features. A positional tolerance is indicated by the position symbol, a
tolerance, and appropriate datum references placed in a feature control frame.

Modifiers: In certain geometric tolerances, modifiers in the form of additional symbols
may be used to further refine the level of control. The use of the MMC and LMC modifiers
has been common practice for many years. However, several new modifiers were intro-
duced with the 1994 U.S. national standard. Some of the new modifiers include free state,
tangent plane and statistical tolerancing, Fig. 10.

Fig. 10. Tolerance modifiers

Projected Tolerance Zone: Application of this concept is recommended where any vari-
ation in perpendicularity of the threaded or press-fit holes could cause fasteners such as
screws, studs, or pins to interfere with mating parts. An interference with subsequent parts
can occur even though the hole axes are inclined within allowable limits. This interference
occurs because, without a projected tolerance zone, a positional tolerance is applied only to
the depth of threaded or press-fit holes. Unlike the floating fastener application involving
clearance holes only, the attitude of a fixed fastener is restrained by the inclination of the
produced hole into which it assembles.

Fig. 11. Projected tolerance zone callout
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With a projected tolerance zone equal to the thickness of the mating part, the inclinational
error is accounted for in both parts. The minimum extent and direction of the projected tol-
erance zone is shown as a value in the feature control frame. The zone may be shown in a
drawing view as a dimensioned value with a heavy chain line drawn closely adjacent to an
extension of the center line of the hole. 

Fig. 12. Projected tolerance zone application

Statistical Tolerance: The statistical tolerancing symbol is a modifier that may be used to
indicate that a tolerance is controlled statistically as opposed to being controlled arithmet-
ically. With arithmetic control, assembly tolerances are typically divided arithmetically
among the individual components of the assembly. This division results in the assumption
that assemblies based on “worst case” conditions would be guaranteed to fit because the
worst case set of parts fit — so that anything better would fit as well. 

When this technique is restrictive, statistical tolerancing, via the symbol, may be speci-
fied in the feature control frame as a method of increasing tolerances for individual parts.
This procedure may reduce manufacturing costs because its use changes the assumption
that statistical process control may make a statistically significant quantity of parts fit, but
not absolutely all. The technique should only be used when sound statistical methods are
employed.
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Tangent Plane: When it is desirable to control the surface of a feature by the contacting
or high points of the surface, a tangent plane symbol is added as a modifier to the tolerance
in the feature control frame, Fig. 13.

Fig. 13. Tangent plane modifier

Free State: The free state modifier symbol is used when the geometric tolerance applies
to the feature in its “free state,” or after removal of any forces used in the manufacturing
process. With removal of forces the part may distort due to gravity, flexibility, spring back,
or other release of internal stresses developed during fabrication. Typical applications
include parts with extremely thin walls and non-rigid parts made of rubber or plastics. The
modifier is placed in the tolerance portion of the feature control frame and follows any
other modifier.

The above examples are just a few of the numerous concepts and related symbols cov-
ered by ANSI/ASME Y14.5M-1994. Refer to the standard for a complete discussion with
further examples of the application of geometric dimensioning and tolerancing principles.
Checking Drawings.—In order that the drawings may have a high standard of excellence,
a set of instructions, as given in the following, has been issued to the checkers, and also to
the draftsmen and tracers in the engineering department of a well-known machine-build-
ing company.

Inspecting a New Design: When a new design is involved, first inspect the layouts care-
fully to see that the parts function correctly under all conditions, that they have the proper
relative proportions, that the general design is correct in the matters of strength, rigidity,
bearing areas, appearance, convenience of assembly, and direction of motion of the parts,
and that there are no interferences. Consider the design as a whole to see if any improve-
ments can be made. If the design appears to be unsatisfactory in any particular, or improve-
ments appear to be possible, call the matter to the attention of the chief engineer.

Checking for Strength: Inspect the design of the part being checked for strength, rigidity,
and appearance by comparing it with other parts for similar service whenever possible,
giving preference to the later designs in such comparison, unless the later designs are
known to be unsatisfactory. If there is any question regarding the matter, compute the
stresses and deformations or find out whether the chief engineer has approved the stresses
or deformations that will result from the forces applied to the part in service. In checking
parts that are to go on a machine of increased size, be sure that standard parts used in similar
machines and proposed for use on the larger machine, have ample strength and rigidity
under the new and more severe service to which they will be put.

Materials Specified: Consider the kind of material required for the part and the various
possibilities of molding, forging, welding, or otherwise forming the rough part from this
material. Then consider the machining operations to see whether changes in form or design
will reduce the number of operations or the cost of machining.

See that parts are designed with reference to the economical use of material, and when-
ever possible, utilize standard sizes of stock and material readily obtainable from local
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dealers. In the case of alloy steel, special bronze, and similar materials, be sure that the
material can be obtained in the size required.

Method of Making Drawing: Inspect the drawing to see that the projections and sections
are made in such a way as to show most clearly the form of the piece and the work to be
done on it. Make sure that any worker looking at the drawing will understand what the
shape of the piece is and how it is to be molded or machined. Make sure that the delineation
is correct in every particular, and that the information conveyed by the drawing as to the
form of the piece is complete.

Checking Dimensions: Check all dimensions to see that they are correct. Scale all dimen-
sions and see that the drawing is to scale. See that the dimensions on the drawing agree with
the dimensions scaled from the lay-out. Wherever any dimension is out of scale, see that
the dimension is so marked. Investigate any case where the dimension, the scale of the
drawing, and the scale of the lay-out do not agree. All dimensions not to scale must be
underlined on the tracing. In checking dimensions, note particularly the following points:

See that all figures are correctly formed and that they will print clearly, so that the work-
ers can easily read them correctly.

See that the overall dimensions are given.
See that all witness lines go to the correct part of the drawing.
See that all arrow points go to the correct witness lines.
See that proper allowance is made for all fits.
See that the tolerances are correctly given where necessary.
See that all dimensions given agree with the corresponding dimensions of adjacent parts.
Be sure that the dimensions given on a drawing are those that the machinist will use, and

that the worker will not be obliged to do addition or subtraction to obtain the necessary
measurements for machining or checking his work.

Avoid strings of dimensions where errors can accumulate. It is generally better to give a
number of dimensions from the same reference surface or center line.

When holes are to be located by boring on a horizontal spindle boring machine or other
similar machine, give dimensions to centers of bored holes in rectangular coordinates and
from the center lines of the first hole to be bored, so that the operator will not be obliged to
add measurements or transfer gages.

Checking Assembly: See that the part can readily be assembled with the adjacent parts. If
necessary, provide tapped holes for eyebolts and cored holes for tongs, lugs, or other meth-
ods of handling.

Make sure that, in being assembled, the piece will not interfere with other pieces already
in place and that the assembly can be taken apart without difficulty.

Check the sum of a number of tolerances; this sum must not be great enough to permit
two pieces that should not be in contact to come together.

Checking Castings: In checking castings, study the form of the pattern, the methods of
molding, the method of supporting and venting the cores, and the effect of draft and rough
molding on clearances.

Avoid undue metal thickness, and especially avoid thick and thin sections in the same
casting.

Indicate all metal thicknesses, so that the molder will know what chaplets to use for sup-
porting the cores.

See that ample fillets are provided, and that they are properly dimensioned.
See that the cores can be assembled in the mold without crushing or interference.
See that swelling, shrinkage, or misalignment of cores will not make trouble in machin-

ing.
See that the amount of extra material allowed for finishing is indicated.
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See that there is sufficient extra material for finishing on large castings to permit them to
be “cleaned up,” even though they warp. In such castings, make sure that the metal thick-
ness will be sufficient after finishing, even though the castings do warp.

Make sure that sufficient sections are shown so that the pattern makers and molders will
not be compelled to make assumptions about the form of any part of the casting. These
details are particularly important when a number of sections of the casting are similar in
form, while others differ slightly.

Checking Machined Parts: Study the sequences of operations in machining and see that
all finish marks are indicated.

See that the finish marks are placed on the lines to which dimensions are given.
See that methods of machining are indicated where necessary.
Give all drill, reamer, tap, and rose bit sizes.
See that jig and gage numbers are indicated at the proper places.
See that all necessary bosses, lugs, and openings are provided for lifting, handling,

clamping, and machining the piece.
See that adequate wrench room is provided for all nuts and bolt heads.
Avoid special tools, such as taps, drills, reamers, etc., unless such tools are specifically

authorized.
Where parts are right- and left-hand, be sure that the hand is correctly designated. When

possible, mark parts as symmetrical, so as to avoid having them right- and left-hand, but do
not sacrifice correct design or satisfactory operation on this account.

When heat-treatment is required, the heat-treatment should be specified.
Check the title, size of machine, the scale, and the drawing number on both the drawing

and the drawing record card.
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ALLOWANCES AND TOLERANCES FOR FITS

Limits and Fits.—Fits between cylindrical parts, i.e., cylindrical fits, govern the proper
assembly and performance of many mechanisms. Clearance fits permit relative freedom of
motion between a shaft and a hole—axially, radially, or both. Interference fits secure a cer-
tain amount of tightness between parts, whether these are meant to remain permanently
assembled or to be taken apart from time to time. Or again, two parts may be required to fit
together snugly—without apparent tightness or looseness. The designer's problem is to
specify these different types of fits in such a way that the shop can produce them. Establish-
ing the specifications requires the adoption of two manufacturing limits for the hole and
two for the shaft, and, hence, the adoption of a manufacturing tolerance on each part.

In selecting and specifying limits and fits for various applications, it is essential in the
interests of interchangeable manufacturing that 1) standard definitions of terms relating to
limits and fits be used;  2) preferred basic sizes be selected wherever possible to reduce
material and tooling costs;  3) limits be based upon a series of preferred tolerances and
allowances;  and  4) a uniform system of applying tolerances (preferably unilateral) be
used. These principles have been incorporated in both the American and British standards
for limits and fits. Information about these standards is given beginning on page627.

Basic Dimensions.—The basic size of a screw thread or machine part is the theoretical or
nominal standard size from which variations are made. For example, a shaft may have a
basic diameter of 2 inches, but a maximum variation of minus 0.010 inch may be permit-
ted. The minimum hole should be of basic size wherever the use of standard tools repre-
sents the greatest economy. The maximum shaft should be of basic size wherever the use
of standard purchased material, without further machining, represents the greatest econ-
omy, even though special tools are required to machine the mating part.
Tolerances.—Tolerance is the amount of variation permitted on dimensions or surfaces
of machine parts. The tolerance is equal to the difference between the maximum and mini-
mum limits of any specified dimension. For example, if the maximum limit for the diame-
ter of a shaft is 2.000 inches and its minimum limit 1.990 inches, the tolerance for this
diameter is 0.010 inch. The extent of these tolerances is established by determining the
maximum and minimum clearances required on operating surfaces. As applied to the fit-
ting of machine parts, the word tolerance means the amount that duplicate parts are
allowed to vary in size in connection with manufacturing operations, owing to unavoidable
imperfections of workmanship. Tolerance may also be defined as the amount that dupli-
cate parts are permitted to vary in size to secure sufficient accuracy without unnecessary
refinement. The terms “tolerance” and “allowance” are often used interchangeably, but,
according to common usage, allowance is a difference in dimensions prescribed to secure
various classes of fits between different parts.

Unilateral and Bilateral Tolerances.—The term “unilateral tolerance” means that the
total tolerance, as related to a basic dimension, is in one direction only. For example, if the
basic dimension were 1 inch and the tolerance were expressed as 1.000 − 0.002, or as 1.000
+ 0.002, these would be unilateral tolerances because the total tolerance in each is in one
direction. On the contrary, if the tolerance were divided, so as to be partly plus and partly
minus, it would be classed as “bilateral.”

is an example of bilateral tolerance, because the total tolerance of 0.002 is given in two
directions—plus and minus.

When unilateral tolerances are used, one of the three following methods should be used
to express them:

Thus,
+0.001

1.000
−0.001
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1) Specify, limiting dimensions only as
 Diameter of hole: 2.250, 2.252
 Diameter of shaft: 2.249, 2.247
2) One limiting size may be specified with its tolerances as
 Diameter of hole: 2.250 + 0.002, −0.000
 Diameter of shaft: 2.249 + 0.000, −0.002
3) The nominal size may be specified for both parts, with a notation showing both allow-

ance and tolerance, as
 Diameter of hole: 21⁄4 + 0.002, −0.000
 Diameter of shaft: 21⁄4 − 0.001, −0.003
Bilateral tolerances should be specified as such, usually with plus and minus tolerances

of equal amount. An example of the expression of bilateral tolerances is

Application of Tolerances.—According to common practice, tolerances are applied in
such a way as to show the permissible amount of dimensional variation in the direction that
is less dangerous. When a variation in either direction is equally dangerous, a bilateral tol-
erance should be given. When a variation in one direction is more dangerous than a varia-
tion in another, a unilateral tolerance should be given in the less dangerous direction.

For nonmating surfaces, or atmospheric fits, the tolerances may be bilateral, or unilat-
eral, depending entirely upon the nature of the variations that develop in manufacture. On
mating surfaces, with few exceptions, the tolerances should be unilateral.

Where tolerances are required on the distances between holes, usually they should be
bilateral, as variation in either direction is normally equally dangerous. The variation in the
distance between shafts carrying gears, however, should always be unilateral and plus;
otherwise, the gears might run too tight. A slight increase in the backlash between gears is
seldom of much importance.

One exception to the use of unilateral tolerances on mating surfaces occurs when tapers
are involved; either bilateral or unilateral tolerances may then prove advisable, depending
upon conditions. These tolerances should be determined in the same manner as the toler-
ances on the distances between holes. When a variation either in or out of the position of
the mating taper surfaces is equally dangerous, the tolerances should be bilateral. When a
variation in one direction is of less danger than a variation in the opposite direction, the tol-
erance should be unilateral and in the less dangerous direction.
Locating Tolerance Dimensions.—Only one dimension in the same straight line can be
controlled within fixed limits. That dimension is the distance between the cutting surface
of the tool and the locating or registering surface of the part being machined. Therefore, it
is incorrect to locate any point or surface with tolerances from more than one point in the
same straight line.

Every part of a mechanism must be located in each plane. Every operating part must be
located with proper operating allowances. After such requirements of location are met, all
other surfaces should have liberal clearances. Dimensions should be given between those
points or surfaces that it is essential to hold in a specific relation to each other. This restric-
tion applies particularly to those surfaces in each plane that control the location of other
component parts. Many dimensions are relatively unimportant in this respect. It is good
practice to establish a common locating point in each plane and give, as far as possible, all
such dimensions from these common locating points. The locating points on the drawing,
the locatingor registering points used for machining the surfaces and the locating points for
measuring should all be identical.

The initial dimensions placed on component drawings should be the exact dimensions
that would be used if it were possible to work without tolerances. Tolerances should be

+0.001
2 ± 0.001 or 2

−0.001
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given in that direction in which variations will cause the least harm or danger. When a vari-
ation in either direction is equally dangerous, the tolerances should be of equal amount in
both directions, or bilateral. The initial clearance, or allowance, between operating parts
should be as small as the operation of the mechanism will permit. The maximum clearance
should be as great as the proper functioning of the mechanism will permit.

Direction of Tolerances on Gages.—The extreme sizes for all plain limit gages shall not
exceed the extreme limits of the part to be gaged. All variations in the gages, whatever their
cause or purpose, shall bring these gages within these extreme limits.

The data for gage tolerances on page656 cover gages to inspect workpieces held to toler-
ances in the American National Standard ANSI B4.4M-1981.

Allowance for Forced Fits.—The allowance per inch of diameter usually ranges from
0.001 inch to 0.0025 inch, 0.0015 being a fair average. Ordinarily the allowance per inch
decreases as the diameter increases; thus the total allowance for a diameter of 2 inches
might be 0.004 inch, whereas for a diameter of 8 inches the total allowance might not be
over 0.009 or 0.010 inch. The parts to be assembled by forced fits are usually made cylin-
drical, although sometimes they are slightly tapered. The advantages of the taper form are
that the possibility of abrasion of the fitted surfaces is reduced; that less pressure is
required in assembling; and that the parts are more readily separated when renewal is
required. On the other hand, the taper fit is less reliable, because if it loosens, the entire fit
is free with but little axial movement. Some lubricant, such as white lead and lard oil mixed
to the consistency of paint, should be applied to the pin and bore before assembling, to
reduce the tendency toward abrasion.

Pressure for Forced Fits.—The pressure required for assembling cylindrical parts
depends not only upon the allowance for the fit, but also upon the area of the fitted surfaces,
the pressure increasing in proportion to the distance that the inner member is forced in. The
approximate ultimate pressure in tons can be determined by the use of the following for-
mula in conjunction with the accompanying table of “Pressure Factors.” Assuming that A
= area of surface in contact in “fit”; a = total allowance in inches; P = ultimate pressure
required, in tons; F = pressure factor based upon assumption that the diameter of the hub is
twice the diameter of the bore, that the shaft is of machine steel, and that the hub is of cast
iron:

Pressure Factors
Diameter,

Inches
Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

Diameter,
Inches

Pressure
Factor

1 500 31⁄2 132 6 75 9 48.7 14 30.5

11⁄4 395 33⁄4 123 61⁄4 72 91⁄2 46.0 141⁄2 29.4

11⁄2 325 4 115 61⁄2 69 10 43.5 15 28.3

13⁄4 276 41⁄4 108 63⁄4 66 101⁄2 41.3 151⁄2 27.4

2 240 41⁄2 101 7 64 11 39.3 16 26.5

21⁄4 212 43⁄4 96 71⁄4 61 111⁄2 37.5 161⁄2 25.6

21⁄2 189 5 91 71⁄2 59 12 35.9 17 24.8

23⁄4 171 51⁄4 86 73⁄4 57 121⁄2 34.4 171⁄2 24.1

3 156 51⁄2 82 8 55 13 33.0 18 23.4

31⁄4 143 53⁄4 78 81⁄2 52 131⁄2 31.7 … …

P
A a× F×

2
----------------------=
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Allowance for Given Pressure.—By transposing the preceding formula, the approxi-

mate allowance for a required ultimate tonnage can be determined. Thus, . The

average ultimate pressure in tons commonly used ranges from 7 to 10 times the diameter in
inches.

Expansion Fits.—In assembling certain classes of work requiring a very tight fit, the
inner member is contracted by sub-zero cooling to permit insertion into the outer member
and a tight fit is obtained as the temperature rises and the inner part expands. To obtain the
sub-zero temperature, solid carbon dioxide or “dry ice” has been used but its temperature
of about 109 degrees F. below zero will not contract some parts sufficiently to permit inser-
tion in holes or recesses. Greater contraction may be obtained by using high purity liquid
nitrogen which has a temperature of about 320 degrees F. below zero. During a tempera-
ture reduction from 75 degrees F. to −321 degrees F., the shrinkage per inch of diameter
varies from about 0.002 to 0.003 inch for steel; 0.0042 inch for aluminum alloys; 0.0046
inch for magnesium alloys; 0.0033 inch for copper alloys; 0.0023 inch for monel metal;
and 0.0017 inch for cast iron (not alloyed). The cooling equipment may vary from an insu-
lated bucket to a special automatic unit, depending upon the kind and quantity of work.
One type of unit is so arranged that parts are precooled by vapors from the liquid nitrogen
before immersion. With another type, cooling is entirely by the vapor method.

Shrinkage Fits.—General practice seems to favor a smaller allowance for shrinkage fits
than for forced fits, although in many shops the allowances are practically the same for
each, and for some classes of work, shrinkage allowances exceed those for forced fits. The
shrinkage allowance also varies to a great extent with the form and construction of the part
that has to be shrunk into place. The thickness or amount of metal around the hole is the
most important factor. The way in which the metal is distributed also has an influence on
the results. Shrinkage allowances for locomotive driving wheel tires adopted by the Amer-
ican Railway Master Mechanics Association are as follows:

Whether parts are to be assembled by forced or shrinkage fits depends upon conditions.
For example, to press a tire over its wheel center, without heating, would ordinarily be a
rather awkward and difficult job. On the other hand, pins, etc., are easily and quickly
forced into place with a hydraulic press and there is the additional advantage of knowing
the exact pressure required in assembling, whereas there is more or less uncertainty con-
nected with a shrinkage fit, unless the stresses are calculated. Tests to determine the differ-
ence in the quality of shrinkage and forced fits showed that the resistance of a shrinkage fit
to slippage for an axial pull was 3.66 times greater than that of a forced fit, and in rotation
or torsion, 3.2 times greater. In each comparative test, the dimensions and allowances were
the same.

Allowances for Shrinkage Fits.—The most important point to consider when calculating
shrinkage fits is the stress in the hub at the bore, which depends chiefly upon the shrinkage
allowance. If the allowance is excessive, the elastic limit of the material will be exceeded
and permanent set will occur, or, in extreme conditions, the ultimate strength of the metal
will be exceeded and the hub will burst. The intensity of the grip of the fit and the resistance
to slippage depends mainly upon the thickness of the hub; the greater the thickness, the
stronger the grip, and vice versa. Assuming the modulus of elasticity for steel to be
30,000,000, and for cast iron, 15,000,000, the shrinkage allowance per inch of nominal
diameter can be determined by the following formula, in which A = allowance per inch of
diameter; T = true tangential tensile stress at inner surface of outer member; C = factor
taken from one of the accompanying tables, Factors for Calculating Shrinkage Fit Allow-
ances.

Center diameter, inches 38 44 50 56 62 66

Allowances, inches 0.040 0.047 0.053 0.060 0.066 0.070

a
2P
AF
-------=
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For a cast-iron hub and steel shaft:

(1)

When both hub and shaft are of steel:

(2)

If the shaft is solid, the factor C is taken from Table 1; if it is hollow and the hub is of steel,
factor C is taken from Table 2; if it is hollow and the hub is of cast iron, the factor is taken
from Table 3.

Table 1. Factors for Calculating Shrinkage Fit Allowances

Values of factor C for solid steel shafts of nominal diameter D1, and hubs of steel or cast iron of
nominal external and internal diameters D2 and D1, respectively.

Example 1:A steel crank web 15 inches outside diameter is to be shrunk on a 10-inch
solid steel shaft. Required the allowance per inch of shaft diameter to produce a maximum
tensile stress in the crank of 25,000 pounds per square inch, assuming the stresses in the
crank to be equivalent to those in a ring of the diameter given.

The ratio of the external to the internal diameters equals 15 ÷ 10 = 1.5; T = 25,000 pounds;
from Table 1, C = 0.227. Substituting in Formula (2):

Example 2:Find the allowance per inch of diameter for a 10-inch shaft having a 5-inch
axial through hole, other conditions being the same as in Example 1.

The ratio of external to internal diameters of the hub equals 15 ÷ 10 = 1.5, as before, and
the ratio of external to internal diameters of the shaft equals 10 ÷ 5 = 2. From Table 2, we
find that factor C = 0.455; T = 25,000 pounds. Substituting these values in Formula (2):

The allowance is increased, as compared with Example 1, because the hollow shaft is
more compressible.

Ratio of

Diameters Steel
Hub

Cast-iron
Hub

Ratio of

Diameters Steel
Hub

Cast-iron
Hub

1.5 0.227 0.234 2.8 0.410 0.432

1.6 0.255 0.263 3.0 0.421 0.444

1.8 0.299 0.311 3.2 0.430 0.455

2.0 0.333 0.348 3.4 0.438 0.463

2.2 0.359 0.377 3.6 0.444 0.471

2.4 0.380 0.399 3.8 0.450 0.477

2.6 0.397 0.417 4.0 0.455 0.482

A
T 2 C+( )

30 000 000,,
---------------------------=

A
T 1 C+( )

30 000 000,,
---------------------------=

D2

D1
------

D2

D1
------

A
25 000, 1 0.227+( )×

30 000 000,,
--------------------------------------------------- 0.001 inch= =

A
25 000 1 0.455+( ),

30 000 000,,
--------------------------------------------- 0.0012 inch= =
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Table 2. Factors for Calculating Shrinkage Fit Allowances

Values of factor C for hollow steel shafts and cast-iron hubs.
Notation as in Table 1.

Table 3. Factors for Calculating Shrinkage Fit Allowances

Values of factor C for hollow steel shafts of external and internal diameters D1 and D0, respec-
tively, and steel hubs of nominal external diameter D2.

C C C

1.5

2.0 0.468

2.4

2.0 0.798

3.4

2.0 0.926

2.5 0.368 2.5 0.628 2.5 0.728

3.0 0.322 3.0 0.549 3.0 0.637

3.5 0.296 3.5 0.506 3.5 0.587

1.6

2.0 0.527

2.6

2.0 0.834

3.6

2.0 0.941

2.5 0.414 2.5 0.656 2.5 0.740

3.0 0.362 3.0 0.574 3.0 0.647

3.5 0.333 3.5 0.528 3.5 0.596

1.8

2.0 0.621

2.8

2.0 0.864

3.8

2.0 0.953

2.5 0.488 2.5 0.679 2.5 0.749

3.0 0.427 3.0 0.594 3.0 0.656

3.5 0.393 3.5 0.547 3.5 0.603

2.0

2.0 0.696

3.0

2.0 0.888

4.0

2.0 0.964

2.5 0.547 2.5 0.698 2.5 0.758

3.0 0.479 3.0 0.611 3.0 0.663

3.5 0.441 3.5 0.562 3.5 0.610

2.2

2.0 0.753

3.2

2.0 0.909

…

… …
2.5 0.592 2.5 0.715 … …
3.0 0.518 3.0 0.625 … …
3.5 0.477 3.5 0.576 … …

C C C

1.5

2.0 0.455

2.4

2.0 0.760

3.4

2.0 0.876

2.5 0.357 2.5 0.597 2.5 0.689

3.0 0.313 3.0 0.523 3.0 0.602
3.5 0.288 3.5 0.481 3.5 0.555

1.6

2.0 0.509

2.6

2.0 0.793

3.6

2.0 0.888

2.5 0.400 2.5 0.624 2.5 0.698
3.0 0.350 3.0 0.546 3.0 0.611

3.5 0.322 3.5 0.502 3.5 0.562

1.8

2.0 0.599

2.8

2.0 0.820

3.8

2.0 0.900
2.5 0.471 2.5 0.645 2.5 0.707

3.0 0.412 3.0 0.564 3.0 0.619

3.5 0.379 3.5 0.519 3.5 0.570

2.0

2.0 0.667

3.0

2.0 0.842

4.0

2.0 0.909

2.5 0.524 2.5 0.662 2.5 0.715

3.0 0.459 3.0 0.580 3.0 0.625
3.5 0.422 3.5 0.533 3.5 0.576

2.2

2.0 0.718

3.2

2.0 0.860

…

… …
2.5 0.565 2.5 0.676 … …
3.0 0.494 3.0 0.591 … …
3.5 0.455 3.5 0.544 … …

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------

D2

D1
------

D1

D0
------
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Example 3:If the crank web in Example 1 is of cast iron and 4000 pounds per square inch
is the maximum tensile stress in the hub, what is the allowance per inch of diameter?

In Table 1, we find that C = 0.234. Substituting in Formula (1), for cast-iron hubs, A =
0.0003 inch, which, owing to the lower tensile strength of cast iron, is endout one-third the
shrinkage allowance in Example 1, although the stress is two-thirds of the elastic limit.

Temperatures for Shrinkage Fits.—The temperature to which the outer member in a
shrinkage fit should be heated for clearance in assembling the parts depends on the total
expansion required and on the coefficient α of linear expansion of the metal (i.e., the
increase in length of any section of the metal in any direction for an increase in temperature
of 1 degree F). The total expansion in diameter that is required consists of the total allow-
ance for shrinkage and an added amount for clearance. The value of the coefficient α is, for
nickel-steel, 0.000007; for steel in general, 0.0000065; for cast iron, 0.0000062. As an
example, take an outer member of steel to be expanded 0.005 inch per inch of internal
diameter, 0.001 being the shrinkage allowance and the remainder for clearance. Then

The value t is the number of degrees F that the temperature of the member must be raised
above that of the room temperature.

ANSI Standard Limits and Fits (ANSI B4.1-1967 (R1994)).—This American National
Standard for Preferred Limits and Fits for Cylindrical Parts presents definitions of terms
applying to fits between plain (non threaded) cylindrical parts and makes recommenda-
tions on preferred sizes, allowances, tolerances, and fits for use wherever they are applica-
ble. This standard is in accord with the recommendations of American-British-Canadian
(ABC) conferences up to a diameter of 20 inches. Experimental work is being carried on
with the objective of reaching agreement in the range above 20 inches. The recommenda-
tions in the standard are presented for guidance and for use where they might serve to
improve and simplify products, practices, and facilities. They should have application for
a wide range of products.

As revised in 1967, and reaffirmed in 1979, the definitions in ANSI B4.1 have been
expanded and some of the limits in certain classes have been changed.

Factors Affecting Selection of Fits.—Many factors, such as length of engagement, bear-
ing load, speed, lubrication, temperature, humidity, and materials must be taken into con-
sideration in the selection of fits for a particular application, and modifications in the ANSI
recommendations may be required to satisfy extreme conditions. Subsequent adjustments
may also be found desirable as a result of experience in a particular application to suit crit-
ical functional requirements or to permit optimum manufacturing economy.

Definitions.—The following terms are defined in this standard:
 Nominal Size: The nominal size is the designation used for the purpose of general iden-

tification.
 Dimension: A dimension is a geometrical characteristic such as diameter, length, angle,

or center distance.
 Size: Size is a designation of magnitude. When a value is assigned to a dimension, it is

referred to as the size of that dimension. (It is recognized that the words “dimension” and
“size” are both used at times to convey the meaning of magnitude.)

 Allowance: An allowance is a prescribed difference between the maximum material
limits of mating parts. (See definition of Fit). It is a minimum clearance (positive allow-
ance) or maximum interference (negative allowance) between such parts.

D2

D1
------ 1.5= T 4000=

α t°× 0.005=

t
0.005

0.0000065
------------------------- 769 degrees F= =
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 Tolerance: A tolerance is the total permissible variation of a size. The tolerance is the
difference between the limits of size.

 Basic Size: The basic size is that size from which the limits of size are derived by the
application of allowances and tolerances.

 Design Size: The design size is the basic size with allowance applied, from which the
limits of size are derived by the application of tolerances. Where there is no allowance, the
design size is the same as the basic size.

 Actual Size: An actual size is a measured size.

 Limits of Size: The limits of size are the applicable maximum and minimum sizes.

 Maximum Material Limit: A maximum material limit is that limit of size that provides
the maximum amount of material for the part. Normally it is the maximum limit of size of
an external dimension or the minimum limit of size of an internal dimension.*

Minimum Material Limit: A minimum material limit is that limit of size that provides the
minimum amount of material for the part. Normally it is the minimum limit of size of an
external dimension or the maximum limit of size of an internal dimension.*

 Tolerance Limit: A tolerance limit is the variation, positive or negative, by which a size
is permitted to depart from the design size.

 Unilateral Tolerance: A unilateral tolerance is a tolerance in which variation is permit-
ted in only one direction from the design size.

 Bilateral Tolerance: A bilateral tolerance is a tolerance in which variation is permitted
in both directions from the design size.

 Unilateral Tolerance System: A design plan that uses only unilateral tolerances is
known as a Unilateral Tolerance System.

 Bilateral Tolerance System: A design plan that uses only bilateral tolerances is known
as a Bilateral Tolerance System.

 Fit: Fit is the general term used to signify the range of tightness that may result from the
application of a specific combination of allowances and tolerances in the design of mating
parts.

 Actual Fit: The actual fit between two mating parts is the relation existing between them
with respect to the amount of clearance or interference that is present when they are assem-
bled. (Fits are of three general types: clearance, transition, and interference.)

 Clearance Fit: A clearance fit is one having limits of size so specified that a clearance
always results when mating parts are assembled.

 Interference Fit: An interference fit is one having limits of size so specified that an inter-
ference always results when mating parts are assembled.

 Transition Fit: A transition fit is one having limits of size so specified that either a clear-
ance or an interference may result when mating parts are assembled.

 Basic Hole System: A basic hole system is a system of fits in which the design size of the
hole is the basic size and the allowance, if any, is applied to the shaft.

 Basic Shaft System: A basic shaft system is a system of fits in which the design size of the
shaft is the basic size and the allowance, if any, is applied to the hole.
* An example of exceptions: an exterior corner radius where the maximum radius is the minimum mate-
rial limit and the minimum radius is the maximum material limit. 
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Preferred Basic Sizes.—In specifying fits, the basic size of mating parts may be chosen
from the decimal series or the fractional series in the following table.

Table 1. Preferred Basic Sizes

All dimensions are in inches.

Preferred Series of Tolerances and Allowances (In thousandths of an inch)

Standard Tolerances.—The series of standard tolerances shown in Table 1 are so
arranged that for any one grade they represent approximately similar production difficul-
ties throughout the range of sizes. This table provides a suitable range from which appro-
priate tolerances for holes and shafts can be selected and enables standard gages to be used.
The tolerances shown in Table 1 have been used in the succeeding tables for different
classes of fits.

Decimal Fractional

0.010 2.00 8.50 1⁄64 0.015625 21⁄4 2.2500 91⁄2 9.5000

0.012 2.20 9.00 1⁄32 0.03125 21⁄2 2.5000 10 10.0000

0.016 2.40 9.50 1⁄16 0.0625 23⁄4 2.7500 101⁄2 10.5000

0.020 2.60 10.00 3⁄32 0.09375 3 3.0000 11 11.0000

0.025 2.80 10.50 1⁄8 0.1250 31⁄4 3.2500 111⁄2 11.5000

0.032 3.00 11.00 5⁄32 0.15625 31⁄2 3.5000 12 12.0000

0.040 3.20 11.50 3⁄16 0.1875 33⁄4 3.7500 121⁄2 12.5000

0.05 3.40 12.00 1⁄4 0.2500 4 4.0000 13 13.0000

0.06 3.60 12.50 5⁄16 0.3125 41⁄4 4.2500 131⁄2 13.5000

0.08 3.80 13.00 3⁄8 0.3750 41⁄2 4.5000 14 14.0000

0.10 4.00 13.50 7⁄16 0.4375 43⁄4 4.7500 141⁄2 14.5000

0.12 4.20 14.00 1⁄2 0.5000 5 5.0000 15 15.0000

0.16 4.40 14.50 9⁄16 0.5625 51⁄4 5.2500 151⁄2 15.5000

0.20 4.60 15.00 5⁄8 0.6250 51⁄2 5.5000 16 16.0000

0.24 4.80 15.50 11⁄16 0.6875 53⁄4 5.7500 161⁄2 16.5000

0.30 5.00 16.00 3⁄4 0.7500 6 6.0000 17 17.0000

0.40 5.20 16.50 7⁄8 0.8750 61⁄2 6.5000 171⁄2 17.5000

0.50 5.40 17.00 1 1.0000 7 7.0000 18 18.0000

0.60 5.60 17.50 11⁄4 1.2500 71⁄2 7.5000 181⁄2 18.5000

0.80 5.80 18.00 11⁄2 1.5000 8 8.0000 19 19.0000

1.00 6.00 18.50 13⁄4 1.7500 81⁄2 8.5000 191⁄2 19.5000

1.20 6.50 19.00 2 2.0000 9 9.0000 20 20.0000

1.40 7.00 19.50 … … … … … …
1.60 7.50 20.00 … … … … … …
1.80 8.00 … … … … … … …

0.1 1 10 100 0.3 3 30 …
… 1.2 12 125 … 3.5 35 …

0.15 1.4 14 … 0.4 4 40 …
… 1.6 16 160 … 4.5 45 …
… 1.8 18 … 0.5 5 50 …
0.2 2 20 200 0.6 6 60 …
… 2.2 22 … 0.7 7 70 …

0.25 2.5 25 250 0.8 8 80 …
… 2.8 28 … 0.9 9 … …
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Table 1. ANSI Standard Tolerances  ANSI B4.1-1967 (R1987)

Table 2. Relation of Machining Processes to Tolerance Grades

Nominal
Size,

Inches

Grade

4 5 6 7 8 9 10 11 12 13

Over To Tolerances in thousandths of an incha

a All tolerances above heavy line are in accordance with American-British-Canadian (ABC) agree-
ments. 

0 0.12 0.12 0.15 0.25 0.4 0.6 1.0 1.6 2.5 4 6

0.12 0.24 0.15 0.20 0.3 0.5 0.7 1.2 1.8 3.0 5 7

0.24 0.40 0.15 0.25 0.4 0.6 0.9 1.4 2.2 3.5 6 9

0.40 0.71 0.2 0.3 0.4 0.7 1.0 1.6 2.8 4.0 7 10

0.71 1.19 0.25 0.4 0.5 0.8 1.2 2.0 3.5 5.0 8 12

1.19 1.97 0.3 0.4 0.6 1.0 1.6 2.5 4.0 6 10 16

1.97 3.15 0.3 0.5 0.7 1.2 1.8 3.0 4.5 7 12 18

3.15 4.73 0.4 0.6 0.9 1.4 2.2 3.5 5 9 14 22

4.73 7.09 0.5 0.7 1.0 1.6 2.5 4.0 6 10 16 25

7.09 9.85 0.6 0.8 1.2 1.8 2.8 4.5 7 12 18 28

9.85 12.41 0.6 0.9 1.2 2.0 3.0 5.0 8 12 20 30

12.41 15.75 0.7 1.0 1.4 2.2 3.5 6 9 14 22 35

15.75 19.69 0.8 1.0 1.6 2.5 4 6 10 16 25 40

19.69 30.09 0.9 1.2 2.0 3 5 8 12 20 30 50

30.09 41.49 1.0 1.6 2.5 4 6 10 16 25 40 60

41.49 56.19 1.2 2.0 3 5 8 12 20 30 50 80

56.19 76.39 1.6 2.5 4 6 10 16 25 40 60 100

76.39 100.9 2.0 3 5 8 12 20 30 50 80 125

100.9 131.9 2.5 4 6 10 16 25 40 60 100 160

131.9 171.9 3 5 8 12 20 30 50 80 125 200

171.9 200 4 6 10 16 25 40 60 100 160 250

MACHINING
OPERATION

TOLERANCE GRADES
4 5 6 7 8 9 10 11 12 13

This chart may be used as a 
general guide to determine the 
machining processes that will 
under normal conditions, pro-
duce work withen the toler-
ance grades indicated. 

(See also Relation of Surface 
Roughness to Tolerances start-
ing on page 702.

Lapping & Honing

Cylindrical Grinding

Surface Grinding

Diamond Turning

Diamond Boring

Broaching

Reaming

Turning

Boring

Milling

Planing & Shaping

Drilling
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ANSI Standard Fits.—Tables 3 through 9 inclusive show a series of standard types and
classes of fits on a unilateral hole basis, such that the fit produced by mating parts in any
one class will produce approximately similar performance throughout the range of sizes.
These tables prescribe the fit for any given size, or type of fit; they also prescribe the stan-
dard limits for the mating parts that will produce the fit. The fits listed in these tables con-
tain all those that appear in the approved American-British-Canadian proposal.

Selection of Fits: In selecting limits of size for any application, the type of fit is deter-
mined first, based on the use or service required from the equipment being designed; then
the limits of size of the mating parts are established, to insure that the desired fit will be
produced.

Theoretically, an infinite number of fits could be chosen, but the number of standard fits
shown in the accompanying tables should cover most applications.

Designation of Standard Fits: Standard fits are designated by means of the following
symbols which, facilitate reference to classes of fit for educational purposes. The symbols
are not intended to be shown on manufacturing drawings; instead, sizes should be speci-
fied on drawings.

The letter symbols used are as follows:
RC =Running or Sliding Clearance Fit
LC = Locational Clearance Fit
LT = Transition Clearance or Interference Fit
LN = Locational Interference Fit
FN = Force or Shrink Fit

These letter symbols are used in conjunction with numbers representing the class of fit;
thus FN 4 represents a Class 4, force fit.

Each of these symbols (two letters and a number) represents a complete fit for which the
minimum and maximum clearance or interference and the limits of size for the mating
parts are given directly in the tables.
Description of Fits.—The classes of fits are arranged in three general groups: running and
sliding fits, locational fits, and force fits.

Running and Sliding Fits (RC): Running and sliding fits, for which limits of clearance
are given in Table 2, are intended to provide a similar running performance, with suitable
lubrication allowance, throughout the range of sizes. The clearances for the first two
classes, used chiefly as slide fits, increase more slowly with the diameter than for the other
classes, so that accurate location is maintained even at the expense of free relative motion.

These fits may be described as follows:
RC 1 Close sliding fits are intended for the accurate location of parts that must assemble

without perceptible play.
RC 2 Sliding fits are intended for accurate location, but with greater maximum clearance

than class RC 1. Parts made to this fit move and turn easily but are not intended to run
freely, and in the larger sizes may seize with small temperature changes.

RC 3 Precision running fits are about the closest fits that can be expected to run freely,
and are intended for precision work at slow speeds and light journal pressures, but are not
suitable where appreciable temperature differences are likely to be encountered.

RC 4 Close running fits are intended chiefly for running fits on accurate machinery with
moderate surface speeds and journal pressures, where accurate location and minimum play
are desired.

RC 5 and RC 6 Medium running fits are intended for higher running speeds, or heavy
journal pressures, or both.

RC 7 Free running fits are intended for use where accuracy is not essential, or where
large temperature variations are likely to be encountered, or under both these conditions.
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RC 8 and RC 9 Loose running fits are intended for use where wide commercial tolerances
may be necessary, together with an allowance, on the external member.

Locational Fits  (LC, LT, and LN): Locational fits are fits intended to determine only the
location of the mating parts; they may provide rigid or accurate location, as with interfer-
ence fits, or provide some freedom of location, as with clearance fits. Accordingly, they are
divided into three groups: clearance fits (LC), transition fits (LT), and interference fits
(LN).

These are described as follows:

LC Locational clearance fits are intended for parts which are normally stationary, but
that can be freely assembled or disassembled. They range from snug fits for parts requiring
accuracy of location, through the medium clearance fits for parts such as spigots, to the
looser fastener fits where freedom of assembly is of prime importance.

LT Locational transition fits are a compromise between clearance and interference fits,
for applications where accuracy of location is important, but either a small amount of clear-
ance or interference is permissible.

LN Locational interference fits are used where accuracy of location is of prime impor-
tance, and for parts requiring rigidity and alignment with no special requirements for bore
pressure. Such fits are not intended for parts designed to transmit frictional loads from one
part to another by virtue of the tightness of fit. These conditions are covered by force fits.

Force Fits: (FN): Force or shrink fits constitute a special type of interference fit, nor-
mally characterized by maintenance of constant bore pressures throughout the range of
sizes. The interference therefore varies almost directly with diameter, and the difference
between its minimum and maximum value is small, to maintain the resulting pressures
within reasonable limits.

These fits are described as follows:

FN 1 Light drive fits are those requiring light assembly pressures, and produce more or
less permanent assemblies. They are suitable for thin sections or long fits, or in cast-iron
external members.

FN 2 Medium drive fits are suitable for ordinary steel parts, or for shrink fits on light sec-
tions. They are about the tightest fits that can be used with high-grade cast-iron external
members.

FN 3 Heavy drive fits are suitable for heavier steel parts or for shrink fits in medium sec-
tions.

FN 4 and FN 5 Force fits are suitable for parts that can be highly stressed, or for shrink fits
where the heavy pressing forces required are impractical.

Graphical Representation of Limits and Fits.—A visual comparison of the hole and
shaft tolerances and the clearances or interferences provided by the various types and
classes of fits can be obtained from the diagrams on page633. These diagrams have been
drawn to scale for a nominal diameter of 1 inch.

Use of Standard Fit Tables.—Example 1:A Class RC 1 fit is to be used in assembling a
mating hole and shaft of 2-inch nominal diameter. This class of fit was selected because the
application required accurate location of the parts with no perceptible play (see Descrip-
tion of Fits, RC 1 close sliding fits). From the data in Table 2, establish the limits of size and
clearance of the hole and shaft.

Maximum hole = 2 + 0.0005 = 2.0005; minimum hole = 2 inches

Maximum shaft = 2 − 0.0004 = 1.9996; minimum shaft = 2 − 0.0007 = 1.9993 inches

Minimum clearance = 0.0004; maximum clearance = 0.0012 inch
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Graphical Representation of ANSI Standard Limits and Fits

Diagrams show disposition of hole and shaft tolerances (in thousandths of an inch) with
respect to basic size (0) for a diameter of 1 inch.
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634Table 3. American National Standard Running and Sliding Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class RC 1 Class RC 2 Class RC 3 Class RC 4

Clear-
ancea

a Pairs of values shown represent minimum and maximum amounts of clearance resulting from application of standard tolerance limits. 

Standard
Tolerance Limits

Clearancea

Standard
Tolerance Limits

Clearancea

Standard
Tolerance Limits

Clearancea

Standard
Tolerance Limits

Hole
H5

Shaft
g4

Hole
H6

Shaft
g5

Hole
H7

Shaft
f6

Hole
H8

Shaft
f7

Over To Values shown below are in thousandths of an inch

0 – 0.12
0.1 +0.2 −0.1 0.1 +0.25 −0.1 0.3 +0.4 −0.3 0.3 +0.6 −0.3
0.45 0 −0.25 0.55 0 −0.3 0.95 0 −0.55 1.3 0 −0.7

0.12 – 0.24
0.15 +0.2 −0.15 0.15 +0.3 −0.15 0.4 +0.5 −0.4 0.4 +0.7 −0.4
0.5 0 −0.3 0.65 0 −0.35 1.12 0 −0.7 1.6 0 −0.9

0.24 – 0.40
0.2 +0.25 −0.2 0.2 +0.4 −0.2 0.5 +0.6 −0.5 0.5 +0.9 −0.5
0.6 0 −0.35 0.85 0 −0.45 1.5 0 −0.9 2.0 0 −1.1

0.40 – 0.71
0.25 +0.3 −0.25 0.25 +0.4 −0.25 0.6 +0.7 −0.6 0.6 +1.0 −0.6
0.75 0 −0.45 0.95 0 −0.55 1.7 0 −1.0 2.3 0 −1.3

0.71 – 1.19
0.3 +0.4 −0.3 0.3 +0.5 −0.3 0.8 +0.8 −0.8 0.8 +1.2 −0.8
0.95 0 −0.55 1.2 0 −0.7 2.1 0 −1.3 2.8 0 −1.6

1.19 – 1.97
0.4 +0.4 −0.4 0.4 +0.6 −0.4 1.0 +1.0 −1.0 1.0 +1.6 −1.0
1.1 0 −0.7 1.4 0 −0.8 2.6 0 −1.6 3.6 0 −2.0

1.97 – 3.15
0.4 +0.5 −0.4 0.4 +0.7 −0.4 1.2 +1.2 −1.2 1.2 +1.8 −1.2
1.2 0 −0.7 1.6 0 −0.9 3.1 0 −1.9 4.2 0 −2.4

3.15 – 4.73
0.5 +0.6 −0.5 0.5 +0.9 −0.5 1.4 +1.4 −1.4 1.4 +2.2 −1.4
1.5 0 −0.9 2.0 0 −1.1 3.7 0 −2.3 5.0 0 −2.8

4.73 – 7.09
0.6 +0.7 −0.6 0.6 +1.0 −0.6 1.6 +1.6 −1.6 1.6 +2.5 −1.6
1.8 0 −1.1 2.3 0 −1.3 4.2 0 −2.6 5.7 0 −3.2

7.09 – 9.85
0.6 +0.8 −0.6 0.6 +1.2 −0.6 2.0 +1.8 −2.0 2.0 +2.8 −2.0
2.0 0 −1.2 2.6 0 −1.4 5.0 0 −3.2 6.6 0 −3.8

9.85 – 12.41
0.8 +0.9 −0.8 0.8 +1.2 −0.8 2.5 +2.0 −2.5 2.5 +3.0 −2.5
2.3 0 −1.4 2.9 0 −1.7 5.7 0 −3.7 7.5 0 −4.5

12.41 – 15.75
1.0 +1.0 −1.0 1.0 +1.4 −1.0 3.0 +2.2 −3.0 3.0 +3.5 −3.0
2.7 0 −1.7 3.4 0 −2.0 6.6 0 −4.4 8.7 0 −5.2

15.75 – 19.69
1.2 +1.0 −1.2 1.2 +1.6 −1.2 4.0 +2.5 −4.0 4.0 +4.0 −4.0
3.0 0 −2.0 3.8 0 −2.2 8.1 0 −5.6 10.5 0 −6.5
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Tolerance limits given in body of table are added to or subtracted from basic size (as indicated by + or − sign) to obtain maximum and minimum sizes of mating parts.
All data above heavy lines are in accord with ABC agreements. Symbols H5, g4, etc. are hole and shaft designations in ABC system. Limits for sizes above 19.69

inches are also given in the ANSI Standard.

Table 4. American National Standard Running and Sliding Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class RC 5 Class RC 6 Class RC 7 Class RC 8 Class RC 9

Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits

Hole
H8

Shaft
e7

Hole
H9

Shaft
e8

Hole
H9

Shaft
d8

Hole
H10

Shaft
c9

Hole
H11 Shaft

Over To Values shown below are in thousandths of an inch

0 – 0.12
0.6 +0.6 − 0.6 0.6 +1.0 − 0.6 1.0 +1.0 − 1.0 2.5 +1.6 − 2.5 4.0 +2.5 − 4.0
1.6 0 − 1.0 2.2 0 − 1.2 2.6 0 − 1.6 5.1 0 − 3.5 8.1 0 − 5.6

0.12 – 0.24
0.8 +0.7 − 0.8 0.8 +1.2 − 0.8 1.2 +1.2 − 1.2 2.8 +1.8 − 2.8 4.5 +3.0 − 4.5
2.0 0 − 1.3 2.7 0 − 1.5 3.1 0 − 1.9 5.8 0 − 4.0 9.0 0 − 6.0

0.24 – 0.40
1.0 +0.9 − 1.0 1.0 +1.4 − 1.0 1.6 +1.4 − 1.6 3.0 +2.2 − 3.0 5.0 +3.5 − 5.0
2.5 0 − 1.6 3.3 0 − 1.9 3.9 0 − 2.5 6.6 0 − 4.4 10.7 0 − 7.2

0.40 – 0.71
1.2 +1.0 − 1.2 1.2 +1.6 − 1.2 2.0 +1.6 − 2.0 3.5 +2.8 − 3.5 6.0 +4.0 − 6.0
2.9 0 − 1.9 3.8 0 − 2.2 4.6 0 − 3.0 7.9 0 − 5.1 12.8 0 − 8.8

0.71 – 1.19
1.6 +1.2 − 1.6 1.6 +2.0 − 1.6 2.5 +2.0 − 2.5 4.5 +3.5 − 4.5 7.0 +5.0 − 7.0
3.6 0 − 2.4 4.8 0 − 2.8 5.7 0 − 3.7 10.0 0 − 6.5 15.5 0 −10.5

1.19 – 1.97
2.0 +1.6 − 2.0 2.0 +2.5 − 2.0 3.0 +2.5 − 3.0 5.0 +4.0 − 5.0 8.0 +6.0 − 8.0
4.6 0 − 3.0 6.1 0 − 3.6 7.1 0 − 4.6 11.5 0 − 7.5 18.0 0 −12.0

1.97 – 3.15
2.5 +1.8 − 2.5 2.5 +3.0 − 2.5 4.0 +3.0 − 4.0 6.0 +4.5 − 6.0 9.0 +7.0 − 9.0
5.5 0 − 3.7 7.3 0 − 4.3 8.8 0 − 5.8 13.5 0 − 9.0 20.5 0 −13.5

3.15 – 4.73
3.0 +2.2 − 3.0 3.0 +3.5 − 3.0 5.0 +3.5 − 5.0 7.0 +5.0 − 7.0 10.0 +9.0 −10.0
6.6 0 − 4.4 8.7 0 − 5.2 10.7 0 − 7.2 15.5 0 −10.5 24.0 0 −15.0

4.73 – 7.09
3.5 +2.5 − 3.5 3.5 +4.0 − 3.5 6.0 +4.0 − 6.0 8.0 +6.0 − 8.0 12.0 +10.0 −12.0
7.6 0 − 5.1 10.0 0 − 6.0 12.5 0 − 8.5 18.0 0 −12.0 28.0 0 −18.0

7.09 – 9.85
4.0 +2.8 − 4.0 4.0 +4.5 − 4.0 7.0 +4.5 − 7.0 10.0 +7.0 −10.0 15.0 +12.0 −15.0
8.6 0 − 5.8 11.3 0 − 6.8 14.3 0 − 9.8 21.5 0 −14.5 34.0 0 −22.0

9.85 – 12.41
5.0 +3.0 − 5.0 5.0 +5.0 − 5.0 8.0 +5.0 − 8.0 12.0 +8.0 −12.0 18.0 +12.0 −18.0

10.0 0 − 7.0 13.0 0 − 8.0 16.0 0 −11.0 25.0 0 −17.0 38.0 0 −26.0

12.41 – 15.75
6.0 +3.5 − 6.0 6.0 +6.0 − 6.0 10.0 +6.0 −10.0 14.0 +9.0 −14.0 22.0 +14.0 −22.0

11.7 0 − 8.2 15.5 0 − 9.5 19.5 0 −13.5 29.0 0 −20.0 45.0 0 −31.0

15.75 – 19.69
8.0 +4.0 − 8.0 8.0 +6.0 − 8.0 12.0 +6.0 −12.0 16.0 +10.0 −16.0 25.0 +16.0 −25.0

14.5 0 −10.5 18.0 0 −12.0 22.0 0 −16.0 32.0 0 −22.0 51.0 0 −35.0
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636Table 5. American National Standard Clearance Locational Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class LC 1 Class LC 2 Class LC 3 Class LC 4 Class LC 5

Clear-
ancea

a Pairs of values shown represent minimum and maximum amounts of interference resulting from application of standard tolerance limits. 

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits
Clear-
ancea

Standard
Tolerance

Limits

Hole
H6

Shaft
h5

Hole
H7

Shaft
h6

Hole
H8

Shaft
h7

Hole
H10

Shaft
h9

Hole
H7

Shaft
g6

Over To Values shown below are in thousandths of an inch

0– 0.12
0 +0.25 0 0 +0.4 0 0 +0.6 0 0 +1.6 0 0.1 +0.4 −0.1
0.45 0 −0.2 0.65 0 −0.25 1 0 −0.4 2.6 0 −1.0 0.75 0 −0.35

0.12– 0.24
0 +0.3 0 0 +0.5 0 0 +0.7 0 0 +1.8 0 0.15 +0.5 −0.15
0.5 0 −0.2 0.8 0 −0.3 1.2 0 −0.5 3.0 0 −1.2 0.95 0 −0.45

0.24– 0.40
0 +0.4 0 0 +0.6 0 0 +0.9 0 0 +2.2 0 0.2 +0.6 −0.2
0.65 0 −0.25 1.0 0 −0.4 1.5 0 −0.6 3.6 0 −1.4 1.2 0 −0.6

0.40– 0.71
0 +0.4 0 0 +0.7 0 0 +1.0 0 0 +2.8 0 0.25 +0.7 −0.25
0.7 0 −0.3 1.1 0 −0.4 1.7 0 −0.7 4.4 0 −1.6 1.35 0 −0.65

0.71– 1.19
0 +0.5 0 0 +0.8 0 0 +1.2 0 0 +3.5 0 0.3 +0.8 −0.3
0.9 0 −0.4 1.3 0 −0.5 2 0 −0.8 5.5 0 −2.0 1.6 0 −0.8

1.19– 1.97
0 +0.6 0 0 +1.0 0 0 +1.6 0 0 +4.0 0 0.4 +1.0 −0.4
1.0 0 −0.4 1.6 0 −0.6 2.6 0 −1 6.5 0 −2.5 2.0 0 −1.0

1.97– 3.15
0 +0.7 0 0 +1.2 0 0 +1.8 0 0 +4.5 0 0.4 +1.2 −0.4
1.2 0 −0.5 1.9 0 −0.7 3 0 −1.2 7.5 0 −3 2.3 0 −1.1

3.15– 4.73
0 +0.9 0 0 +1.4 0 0 +2.2 0 0 +5.0 0 0.5 +1.4 −0.5
1.5 0 −0.6 2.3 0 −0.9 3.6 0 −1.4 8.5 0 −3.5 2.8 0 −1.4

4.73– 7.09
0 +1.0 0 0 +1.6 0 0 +2.5 0 0 +6.0 0 0.6 +1.6 −0.6
1.7 0 −0.7 2.6 0 −1.0 4.1 0 −1.6 10.0 0 −4 3.2 0 −1.6

7.09– 9.85
0 +1.2 0 0 +1.8 0 0 +2.8 0 0 +7.0 0 0.6 +1.8 −0.6
2.0 0 −0.8 3.0 0 −1.2 4.6 0 −1.8 11.5 0 −4.5 3.6 0 −1.8

9.85– 12.41
0 +1.2 0 0 +2.0 0 0 +3.0 0 0 +8.0 0 0.7 +2.0 −0.7
2.1 0 −0.9 3.2 0 −1.2 5 0 −2.0 13.0 0 −5 3.9 0 −1.9

12.41– 15.75
0 +1.4 0 0 +2.2 0 0 +3.5 0 0 +9.0 0 0.7 +2.2 −0.7
2.4 0 −1.0 3.6 0 −1.4 5.7 0 −2.2 15.0 0 −6 4.3 0 −2.1

15.75– 19.69
0 +1.6 0 0 +2.5 0 0 +4 0 0 +10.0 0 0.8 +2.5 −0.8
2.6 0 −1.0 4.1 0 −1.6 6.5 0 −2.5 16.0 0 −6 4.9 0 −2.4
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Tolerance limits given in body of table are added or subtracted to basic size (as indicated by + or − sign) to obtain maximum and minimum sizes of mating parts.
All data above heavy lines are in accordance with American-British-Canadian (ABC) agreements. Symbols H6, H7, s6, etc. are hole and shaft designations in ABC

system. Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI Standard.

Table 6. American National Standard Clearance Locational Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class LC 6 Class LC 7 Class LC 8 Class LC 9 Class LC 10 Class LC 11

Clear-
ancea

Std.
Tolerance

Limits
Clear-
ancea

Std.
Tolerance

Limits
Clear-
ancea

Std.
Tolerance

Limits
Clear-
ancea

Std.
Tolerance

Limits
Clear-
ancea

Std.
Tolerance

Limits
Clear-
ancea

Std.
Tolerance

Limits

Hole
H9

Shaft
f8

Hole
H10

Shaft
e9

Hole
H10

Shaft
d9

Hole
H11

Shaft
c10

Hole
H12 Shaft

Hole
H13 Shaft

Over To Values shown below are in thousandths of an inch

0 – 0.12
0.3 +1.0 −0.3 0.6 +1.6 − 0.6 1.0 +1.6 − 1.0 2.5 +2.5 − 2.5 4 +4 − 4 5 +6 − 5
1.9 0 −0.9 3.2 0 − 1.6 2.0 0 − 2.0 6.6 0 − 4.1 12 0 − 8 17 0 − 11

0.12 − 0.24
0.4 +1.2 −0.4 0.8 +1.8 − 0.8 1.2 +1.8 − 1.2 2.8 +3.0 − 2.8 4.5 +5 − 4.5 6 +7 − 6
2.3 0 −1.1 3.8 0 − 2.0 4.2 0 − 2.4 7.6 0 − 4.6 14.5 0 − 9.5 20 0 −13

0.24 − 0.40
0.5 +1.4 −0.5 1.0 +2.2 − 1.0 1.6 +2.2 − 1.6 3.0 +3.5 − 3.0 5 +6 − 5 7 +9 − 7
2.8 0 −1.4 4.6 0 − 2.4 5.2 0 − 3.0 8.7 0 − 5.2 17 0 −11 25 0 −16

0.40 – 0.71
0.6 +1.6 −0.6 1.2 +2.8 − 1.2 2.0 +2.8 − 2.0 3.5 +4.0 − 3.5 6 +7 − 6 8 +10 − 8
3.2 0 −1.6 5.6 0 − 2.8 6.4 0 − 3.6 10.3 0 − 6.3 20 0 −13 28 0 −18

0.71 – 1.19
0.8 +2.0 −0.8 1.6 +3.5 − 1.6 2.5 +3.5 − 2.5 4.5 +5.0 − 4.5 7 +8 − 7 10 +12 −10
4.0 0 −2.0 7.1 0 − 3.6 8.0 0 − 4.5 13.0 0 − 8.0 23 0 −15 34 0 −22

1.19 – 1.97
1.0 +2.5 −1.0 2.0 +4.0 − 2.0 3.6 +4.0 − 3.0 5.0 +6 − 5.0 8 +10 − 8 12 +16 −12
5.1 0 −2.6 8.5 0 − 4.5 9.5 0 − 5.5 15.0 0 − 9.0 28 0 −18 44 0 −28

1.97 – 3.15
1.2 +3.0 −1.0 2.5 +4.5 − 2.5 4.0 +4.5 − 4.0 6.0 +7 − 6.0 10 +12 −10 14 +18 −14
6.0 0 −3.0 10.0 0 − 5.5 11.5 0 − 7.0 17.5 0 −10.5 34 0 −22 50 0 −32

3.15 – 4.73
1.4 +3.5 −1.4 3.0 +5.0 − 3.0 5.0 +5.0 − 5.0 7 +9 − 7 11 +14 −11 16 +22 −16
7.1 0 −3.6 11.5 0 − 6.5 13.5 0 − 8.5 21 0 −12 39 0 −25 60 0 −38

4.73 – 7.09
1.6 +4.0 −1.6 3.5 +6.0 − 3.5 6 +6 − 6 8 +10 − 8 12 +16 −12 18 +25 −18
8.1 0 −4.1 13.5 0 − 7.5 16 0 −10 24 0 −14 44 0 −28 68 0 −43

7.09 − 9.85
2.0 +4.5 −2.0 4.0 +7.0 − 4.0 7 +7 − 7 10 +12 −10 16 +18 −16 22 +28 −22
9.3 0 −4.8 15.5 0 − 8.5 18.5 0 −11.5 29 0 −17 52 0 −34 78 0 −50

9.85 – 12.41
2.2 +5.0 −2.2 4.5 +8.0 − 4.5 7 +8 − 7 12 +12 −12 20 +20 −20 28 +30 −28

10.2 0 −5.2 17.5 0 − 9.5 20 0 −12 32 0 −20 60 0 −40 88 0 −58

12.41 – 15.75
2.5 +6.0 −2.5 5.0 +9.0 − 5 8 +9 − 8 14 +14 −14 22 +22 −22 30 +35 −30

12.0 0 −6.0 20.0 0 −11 23 0 −14 37 0 −23 66 0 −44 100 0 −65

15.75 – 19.69
2.8 +6.0 −2.8 5.0 +10.0 − 5 9 +10 − 9 16 +16 −16 25 +25 −25 35 +40 −35

12.8 0 −6.8 21.0 0 −11 25 0 −15 42 0 −26 75 0 −50 115 0 −75
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638Table 7. ANSI Standard Transition Locational Fits ANSI B4.1-1967 (R1987)

All data above heavy lines are in accord with ABC agreements. Symbols H7, js6, etc., are hole and shaft designations in the ABC system.

Nominal
Size Range,

Inches

Class LT 1 Class LT 2 Class LT 3 Class LT 4 Class LT 5 Class LT 6

Fita

a Pairs of values shown represent maximum amount of interference (−) and maximum amount of clearance (+) resulting from application of standard tolerance limits. 

Std.
Tolerance

Limits

Fita

Std.
Tolerance

Limits

Fita

Std.
Tolerance

Limits

Fita

Std.
Tolerance

Limits

Fita

Std.
Tolerance

Limits

Fita

Std.
Tolerance

Limits

Hole
H7

Shaft
js6

Hole
H8

Shaft
js7

Hole
H7

Shaft
k6

Hole
H8

Shaft
k7

Hole
H7

Shaft
n6

Hole
H7

Shaft
n7

Over To Values shown below are in thousandths of an inch

0 – 0.12
−0.12 +0.4 +0.12 −0.2 +0.6 +0.2 −0.5 +0.4 +0.5 −0.65 +0.4 +0.65
+0.52 0 −0.12 +0.8 0 −0.2 +0.15 0 +0.25 +0.15 0 +0.25

0.12 – 0.24
−0.15 +0.5 +0.15 −0.25 +0.7 +0.25 −0.6 +0.5 +0.6 −0.8 +0.5 +0.8
+0.65 0 −0.15 +0.95 0 −0.25 +0.2 0 +0.3 +0.2 0 +0.3

0.24 – 0.40
−0.2 +0.6 +0.2 −0.3 +0.9 +0.3 −0.5 +0.6 +0.5 −0.7 +0.9 +0.7 −0.8 +0.6 +0.8 −1.0 +0.6 +1.0
+0.8 0 −0.2 +1.2 0 −0.3 +0.5 0 +0.1 +0.8 0 +0.1 +0.2 0 +0.4 +0.2 0 +0.4

0.40 – 0.71
−0.2 +0.7 +0.2 −0.35 +1.0 +0.35 −0.5 +0.7 +0.5 −0.8 +1.0 +0.8 −0.9 +0.7 +0.9 −1.2 +0.7 +1.2
+0.9 0 −0.2 +1.35 0 −0.35 +0.6 0 +0.1 +0.9 0 +0.1 +0.2 0 +0.5 +0.2 0 +0.5

0.71 – 1.19
−0.25 +0.8 +0.25 −0.4 +1.2 +0.4 −0.6 +0.8 +0.6 −0.9 +1.2 +0.9 −1.1 +0.8 +1.1 −1.4 +0.8 +1.4
+1.05 0 −0.25 +1.6 0 −0.4 +0.7 0 +0.1 +1.1 0 +0.1 +0.2 0 +0.6 +0.2 0 +0.6

1.19 – 1.97
−0.3 +1.0 +0.3 −0.5 +1.6 +0.5 −0.7 +1.0 +0.7 −1.1 +1.6 +1.1 −1.3 +1.0 +1.3 −1.7 +1.0 +1.7
+1.3 0 −0.3 +2.1 0 −0.5 +0.9 0 +0.1 +1.5 0 +0.1 +0.3 0 +0.7 +0.3 0 +0.7

1.97 – 3.15
−0.3 +1.2 +0.3 −0.6 +1.8 +0.6 −0.8 +1.2 +0.8 −1.3 +1.8 +1.3 −1.5 +1.2 +1.5 −2.0 +1.2 +2.0
+1.5 0 −0.3 +2.4 0 −0.6 +1.1 0 +0.1 +1.7 0 +0.1 +0.4 0 +0.8 +0.4 0 +0.8

3.15 – 4.73
−0.4 +1.4 +0.4 −0.7 +2.2 +0.7 −1.0 +1.4 +1.0 −1.5 +2.2 +1.5 −1.9 +1.4 +1.9 −2.4 +1.4 +2.4
+1.8 0 −0.4 +2.9 0 −0.7 +1.3 0 +0.1 +2.1 0 +0.1 +0.4 0 +1.0 +0.4 0 +1.0

4.73 – 7.09
−0.5 +1.6 +0.5 −0.8 +2.5 +0.8 −1.1 +1.6 +1.1 −1.7 +2.5 +1.7 −2.2 +1.6 +2.2 −2.8 +1.6 +2.8
+2.1 0 −0.5 +3.3 0 −0.8 +1.5 0 +0.1 +2.4 0 +0.1 +0.4 0 +1.2 +0.4 0 +1.2

7.09 – 9.85
−0.6 +1.8 +0.6 −0.9 +2.8 +0.9 −1.4 +1.8 +1.4 −2.0 +2.8 +2.0 −2.6 +1.8 +2.6 −3.2 +1.8 +3.2
+2.4 0 −0.6 +3.7 0 −0.9 +1.6 0 +0.2 +2.6 0 +0.2 +0.4 0 +1.4 +0.4 0 +1.4

9.85 – 12.41
−0.6 +2.0 +0.6 −1.0 +3.0 +1.0 −1.4 +2.0 +1.4 −2.2 +3.0 +2.2 −2.6 +2.0 +2.6 −3.4 +2.0 +3.4
+2.6 0 −6.6 +4.0 0 −1.0 +1.8 0 +0.2 +2.8 0 +0.2 +0.6 0 +1.4 +0.6 0 +1.4

12.41 – 15.75
−0.7 +2.2 +0.7 −1.0 +3.5 +1.0 −1.6 +2.2 +1.6 −2.4 +3.5 +2.4 −3.0 +2.2 +3.0 −3.8 +2.2 +3.8
+2.9 0 −0.7 +4.5 0 −1.0 +2.0 0 +0.2 +3.3 0 +0.2 +0.6 0 +1.6 +0.6 0 +1.6

15.75 – 19.69
−0.8 +2.5 +0.8 −1.2 +4.0 +1.2 −1.8 +2.5 +1.8 −2.7 +4.0 +2.7 −3.4 +2.5 +3.4 −4.3 +2.5 +4.3
+3.3 0 −0.8 +5.2 0 −1.2 +2.3 0 +0.2 +3.8 0 +0.2 +0.7 0 +1.8 +0.7 0 +1.8
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Table 8. ANSI Standard Interference Location Fits ANSI B4.1-1967 (R1987)

All data in this table are in accordance with American-British-Canadian (ABC) agreements.

Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI
Standard.

Symbols H7, p6, etc., are hole and shaft designations in the ABC system.

Tolerance limits given in body of table are added or subtracted to basic size (as indicated by + or −
sign) to obtain maximum and minimum sizes of mating parts.

Nominal
Size Range,

Inches

Class LN 1 Class LN 2 Class LN 3

Limits
of Inter-
ference

Standard
Limits

Lim-
its
of 

Inter-
fer-
ence

Standard
Limits

Limits
of Inter-
ference

Standard
Limits

Hole
H6

Shaft
n5

Hole
H7

Shaft
p6

Hole
H7

Shaft
r6

Over To Values shown below are given in thousandths of an inch

0– 0.12 0 +0.25 +0.45 0 +0.4 +0.65 0.1 +0.4 +0.75

0.45 0 +0.25 0.65 0 +0.4 0.75 0 +0.5

0.12– 0.24 0 +0.3 +0.5 0 +0.5 +0.8 0.1 +0.5 +0.9

0.5 0 +0.3 0.8 0 +0.5 0.9 0 +0.6

0.24– 0.40 0 +0.4 +0.65 0 +0.6 +1.0 0.2 +0.6 +1.2

0.65 0 +0.4 1.0 0 +0.6 1.2 0 +0.8

0.40– 0.71 0 +0.4 +0.8 0 +0.7 +1.1 0.3 +0.7 +1.4

0.8 0 +0.4 1.1 0 +0.7 1.4 0 +1.0

0.71– 1.19 0 +0.5 +1.0 0 +0.8 +1.3 0.4 +0.8 +1.7

1.0 0 +0.5 1.3 0 +0.8 1.7 0 +1.2

1.19– 1.97 0 +0.6 +1.1 0 +1.0 +1.6 0.4 +1.0 +2.0

1.1 0 +0.6 1.6 0 +1.0 2.0 0 +1.4

1.97– 3.15 0.1 +0.7 +1.3 0.2 +1.2 +2.1 0.4 +1.2 +2.3

1.3 0 +0.8 2.1 0 +1.4 2.3 0 +1.6

3.15– 4.73 0.1 +0.9 +1.6 0.2 +1.4 +2.5 0.6 +1.4 +2.9

1.6 0 +1.0 2.5 0 +1.6 2.9 0 +2.0

4.73– 7.09 0.2 +1.0 +1.9 0.2 +1.6 +2.8 0.9 +1.6 +3.5

1.9 0 +1.2 2.8 0 +1.8 3.5 0 +2.5

7.09– 9.85 0.2 +1.2 +2.2 0.2 +1.8 +3.2 1.2 +1.8 +4.2

2.2 0 +1.4 3.2 0 +2.0 4.2 0 +3.0

9.85– 12.41 0.2 +1.2 +2.3 0.2 +2.0 +3.4 1.5 +2.0 +4.7

2.3 0 +1.4 3.4 0 +2.2 4.7 0 +3.5

12.41– 15.75 0.2 +1.4 +2.6 0.3 +2.2 +3.9 2.3 +2.2 +5.9

2.6 0 +1.6 3.9 0 +2.5 5.9 0 +4.5

15.75– 19.69 0.2 +1.6 +2.8 0.3 +2.5 +4.4 2.5 +2.5 +6.6

2.8 0 +1.8 4.4 0 +2.8 6.6 0 +5.0
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640Table 9. ANSI Standard Force and Shrink Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

Inter-
fer-

encea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits

Hole
H6 Shaft

Hole
H7

Shaft
s6

Hole
H7

Shaft
t6

Hole
H7

Shaft
u6

Hole
H8

Shaft
x7

Over To Values shown below are in thousandths of an inch

0– 0.12
0.05 +0.25 +0.5 0.2 +0.4 +0.85 0.3 +0.4 +0.95 0.3 +0.6 +1.3
0.5 0 +0.3 0.85 0 +0.6 0.95 0 +0.7 1.3 0 +0.9

0.12– 0.24
0.1 +0.3 +0.6 0.2 +0.5 +1.0 0.4 +0.5 +1.2 0.5 +0.7 +1.7
0.6 0 +0.4 1.0 0 +0.7 1.2 0 +0.9 1.7 0 +1.2

0.24– 0.40
0.1 +0.4 +0.75 0.4 +0.6 +1.4 0.6 +0.6 +1.6 0.5 +0.9 +2.0

0.75 0 +0.5 1.4 0 +1.0 1.6 0 +1.2 2.0 0 +1.4

0.40– 0.56
0.1 +0.4 +0.8 0.5 +0.7 +1.6 0.7 +0.7 +1.8 0.6 +1.0 +2.3
0.8 0 +0.5 1.6 0 +1.2 1.8 0 +1.4 2.3 0 +1.6

0.56– 0.71
0.2 +0.4 +0.9 0.5 +0.7 +1.6 0.7 +0.7 +1.8 0.8 +1.0 +2.5
0.9 0 +0.6 1.6 0 +1.2 1.8 0 +1.4 2.5 0 +1.8

0.71– 0.95
0.2 +0.5 +1.1 0.6 +0.8 +1.9 0.8 +0.8 +2.1 1.0 +1.2 +3.0
1.1 0 +0.7 1.9 0 +1.4 2.1 0 +1.6 3.0 0 +2.2

0.95– 1.19
0.3 +0.5 +1.2 0.6 +0.8 +1.9 0.8 +0.8 +2.1 +1.0 +0.8 +2.3 1.3 +1.2 +3.3
1.2 0 +0.8 1.9 0 +1.4 2.1 0 +1.6 2.3 0 +1.8 3.3 0 +2.5

1.19– 1.58
0.3 +0.6 +1.3 0.8 +1.0 +2.4 1.0 +1.0 +2.6 1.5 +1.0 +3.1 1.4 +1.6 +4.0
1.3 0 +0.9 2.4 0 +1.8 2.6 0 +2.0 3.1 0 +2.5 4.0 0 +3.0

1.58– 1.97
0.4 +0.6 +1.4 0.8 +1.0 +2.4 1.2 +1.0 +2.8 1.8 +1.0 +3.4 2.4 +1.6 +5.0
1.4 0 +1.0 2.4 0 +1.8 2.8 0 +2.2 3.4 0 +2.8 5.0 0 +4.0

1.97– 2.56
0.6 +0.7 +1.8 0.8 +1.2 +2.7 1.3 +1.2 +3.2 2.3 +1.2 +4.2 3.2 +1.8 +6.2
1.8 0 +1.3 2.7 0 +2.0 3.2 0 +2.5 4.2 0 +3.5 6.2 0 +5.0

2.56– 3.15
0.7 +0.7 +1.9 1.0 +1.2 +2.9 1.8 +1.2 +3.7 2.8 +1.2 +4.7 4.2 +1.8 +7.2
1.9 0 +1.4 2.9 0 +2.2 3.7 0 +3.0 4.7 0 +4.0 7.2 0 +6.0

3.15– 3.94
0.9 +0.9 +2.4 1.4 +1.4 +3.7 2.1 +1.4 +4.4 3.6 +1.4 +5.9 4.8 +2.2 +8.4
2.4 0 +1.8 3.7 0 +2.8 4.4 0 +3.5 5.9 0 +5.0 8.4 0 +7.0

3.94– 4.73
1.1 +0.9 +2.6 1.6 +1.4 +3.9 2.6 +1.4 +4.9 4.6 +1.4 +6.9 5.8 +2.2 +9.4
2.6 0 +2.0 3.9 0 +3.0 4.9 0 +4.0 6.9 0 +6.0 9.4 0 +8.0
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All data above heavy lines are in accordance with American-British-Canadian (ABC) agreements. Symbols H6, H7, s6, etc., are hole and shaft designations in the
ABC system. Limits for sizes above 19.69 inches are not covered by ABC agreements but are given in the ANSI standard.

4.73– 5.52
1.2 +1.0 +2.9 1.9 +1.6 +4.5 3.4 +1.6 +6.0 5.4 +1.6 +8.0 7.5 +2.5 +11.6
2.9 0 +2.2 4.5 0 +3.5 6.0 0 +5.0 8.0 0 +7.0 11.6 0 +10.0

5.52– 6.30
1.5 +1.0 +3.2 2.4 +1.6 +5.0 3.4 +1.6 +6.0 5.4 +1.6 +8.0 9.5 +2.5 +13.6
3.2 0 +2.5 5.0 0 +4.0 6.0 0 +5.0 8.0 0 +7.0 13.6 0 +12.0

6.30– 7.09
1.8 +1.0 +3.5 2.9 +1.6 +5.5 4.4 +1.6 +7.0 6.4 +1.6 +9.0 9.5 +2.5 +13.6
3.5 0 +2.8 5.5 0 +4.5 7.0 0 +6.0 9.0 0 +8.0 13.6 0 +12.0

7.09– 7.88
1.8 +1.2 +3.8 3.2 +1.8 +6.2 5.2 +1.8 +8.2 7.2 +1.8 +10.2 11.2 +2.8 +15.8
3.8 0 +3.0 6.2 0 +5.0 8.2 0 +7.0 10.2 0 +9.0 15.8 0 +14.0

7.88– 8.86
2.3 +1.2 +4.3 3.2 +1.8 +6.2 5.2 +1.8 +8.2 8.2 +1.8 +11.2 13.2 +2.8 +17.8
4.3 0 +3.5 6.2 0 +5.0 8.2 0 +7.0 11.2 0 +10.0 17.8 0 +16.0

8.86– 9.85
2.3 +1.2 +4.3 4.2 +1.8 +7.2 6.2 +1.8 +9.2 10.2 +1.8 +13.2 13.2 +2.8 +17.8
4.3 0 +3.5 7.2 0 +6.0 9.2 0 +8.0 13.2 0 +12.0 17.8 0 +16.0

9.85– 11.03
2.8 +1.2 +4.9 4.0 +2.0 +7.2 7.0 +2.0 +10.2 10.0 +2.0 +13.2 15.0 +3.0 +20.0
4.9 0 +4.0 7.2 0 +6.0 10.2 0 +9.0 13.2 0 +12.0 20.0 0 +18.0

11.03– 12.41
2.8 +1.2 +4.9 5.0 +2.0 +8.2 7.0 +2.0 +10.2 12.0 +2.0 +15.2 17.0 +3.0 +22.0
4.9 0 +4.0 8.2 0 +7.0 10.2 0 +9.0 15.2 0 +14.0 22.0 0 +20.0

12.41– 13.98
3.1 +1.4 +5.5 5.8 +2.2 +9.4 7.8 +2.2 +11.4 13.8 +2.2 +17.4 18.5 +3.5 +24.2
5.5 0 +4.5 9.4 0 +8.0 11.4 0 +10.0 17.4 0 +16.0 24.2 0 +22.0

13.98– 15.75
3.6 +1.4 +6.1 5.8 +2.2 +9.4 9.8 +2.2 +13.4 15.8 +2.2 +19.4 21.5 +3.5 +27.2
6.1 0 +5.0 9.4 0 +8.0 13.4 0 +12.0 19.4 0 +18.0 27.2 0 +25.0

15.75– 17.72
4.4 +1.6 +7.0 6.5 +2.5 +10.6 +9.5 +2.5 +13.6 17.5 +2.5 +21.6 24.0 +4.0 +30.5
7.0 0 +6.0 10.6 0 +9.0 13.6 0 +12.0 21.6 0 +20.0 30.5 0 +28.0

17.72– 19.69
4.4 +1.6 +7.0 7.5 +2.5 +11.6 11.5 +2.5 +15.6 19.5 +2.5 +23.6 26.0 +4.0 +32.5
7.0 0 +6.0 11.6 0 +10.0 15.6 0 +14.0 23.6 0 +22.0 32.5 0 +30.0

a Pairs of values shown represent minimum and maximum amounts of interference resulting from application of standard tolerance limits. 

Table 9. (Continued) ANSI Standard Force and Shrink Fits  ANSI B4.1-1967 (R1987)

Nominal
Size Range,

Inches

Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

Inter-
fer-

encea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits Inter-
feren-

cea

Standard
Tolerance

Limits

Hole
H6 Shaft

Hole
H7

Shaft
s6

Hole
H7

Shaft
t6

Hole
H7

Shaft
u6

Hole
H8

Shaft
x7

Over To Values shown below are in thousandths of an inch
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Modified Standard Fits.—Fits having the same limits of clearance or interference as
those shown in Tables 3 to 7 may sometimes have to be produced by using holes or shafts
having limits of size other than those shown in these tables. These modifications may be
accomplished by using either a Bilateral Hole (System B) or a Basic Shaft System (Symbol
S). Both methods will result in nonstandard holes and shafts.

Bilateral Hole Fits: (Symbol B): The common situation is where holes are produced with
fixed tools such as drills or reamers; to provide a longer wear life for such tools, a bilateral
tolerance is desired.

The symbols used for these fits are identical with those used for standard fits except that
they are followed by the letter B. Thus, LC 4B is a clearance locational fit, Class 4, except
that it is produced with a bilateral hole.

The limits of clearance or interference are identical with those shown in Tables 3 to 7 for
the corresponding fits.

The hole tolerance, however, is changed so that the plus limit is that for one grade finer
than the value shown in the tables and the minus limit equals the amount by which the plus
limit was lowered. The shaft limits are both lowered by the same amount as the lower limit
of size of the hole. The finer grade of tolerance required to make these modifications may
be obtained from Table 1. For example, an LC 4B fit for a 6-inch diameter hole would have
tolerance limits of + 4.0, − 2.0 ( + 0.0040 inch, − 0.0020 inch); the shaft would have toler-
ance limits of − 2.0, − 6.0 ( − 0.0020 inch, − 0.0060 inch).

Basic Shaft Fits: (Symbol S): For these fits, the maximum size of the shaft is basic. The
limits of clearance or interference are identical with those shown in Tables 3 to 7 for the
corresponding fits and the symbols used for these fits are identical with those used for stan-
dard fits except that they are followed by the letter S. Thus, LC 4S is a clearance locational
fit, Class 4, except that it is produced on a basic shaft basis.

The limits for hole and shaft as given in Tables 3 to 7 are increased for clearance fits
(decreased for transition or interference fits) by the value of the upper shaft limit; that is, by
the amount required to change the maximum shaft to the basic size.

American National Standard Preferred Metric Limits and Fits.—Th is  s tandard
ANSI B4.2-1978 (R1994) describes the ISO system of metric limits and fits for mating
parts as approved for general engineering usage in the United States. 

It establishes: 1) the designation symbols used to define dimensional limits on drawings,
material stock, related tools, gages, etc.;  2) the preferred basic sizes (first and second
choices);  3) the preferred tolerance zones (first, second, and third choices);  4)  the pre-
ferred limits and fits for sizes (first choice only) up to and including 500 millimeters;  and

5) the definitions of related terms.
The general terms “hole” and “shaft” can also be taken to refer to the space containing or

contained by two parallel faces of any part, such as the width of a slot, or the thickness of a
key.

Definitions.—The most important terms relating to limits and fits are shown in Fig. 1 and
are defined as follows:

 Basic Size: The size to which limits of deviation are assigned. The basic size is the same
for both members of a fit. For example, it is designated by the numbers 40 in 40H7.

 Deviation: The algebraic difference between a size and the corresponding basic size.
 Upper Deviation: The algebraic difference between the maximum limit of size and the

corresponding basic size.
 Lower Deviation: The algebraic difference between the minimum limit of size and the

corresponding basic size.
 Fundamental Deviation: That one of the two deviations closest to the basic size. For

example, it is designated by the letter H in 40H7.
 Tolerance: The difference between the maximum and minimum size limits on a part.
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 Tolerance Zone: A zone representing the tolerance and its position in relation to the
basic size.

Fig. 1. Illustration of Definitions

 International Tolerance Grade: (IT): A group of tolerances that vary depending on the
basic size, but that provide the same relative level of accuracy within a given grade. For
example, it is designated by the number 7 in 40H7 or as IT7.

 Hole Basis: The system of fits where the minimum hole size is basic. The fundamental
deviation for a hole basis system is H.

 Shaft Basis: The system of fits where the maximum shaft size is basic. The fundamental
deviation for a shaft basis system is h.

 Clearance Fit: The relationship between assembled parts when clearance occurs under
all tolerance conditions.

 Interference Fit: The relationship between assembled parts when interference occurs
under all tolerance conditions.

 Transition Fit: The relationship between assembled parts when either a clearance or an
interference fit can result, depending on the tolerance conditions of the mating parts.

Tolerances Designation.—An “International Tolerance grade” establishes the magni-
tude of the tolerance zone or the amount of part size variation allowed for external and
internal dimensions alike (see Fig. 1). Tolerances are expressed in grade numbers that are
consistent with International Tolerance grades identified by the prefix IT, such as IT6,
IT11, etc. A smaller grade number provides a smaller tolerance zone.

A fundamental deviation establishes the position of the tolerance zone with respect to the
basic size (see Fig. 1). Fundamental deviations are expressed by tolerance position letters.
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Capital letters are used for internal dimensions and lowercase or small letters for external
dimensions.

Symbols.—By combining the IT grade number and the tolerance position letter, the toler-
ance symbol is established that identifies the actual maximum and minimum limits of the
part. The toleranced size is thus defined by the basic size of the part followed by a symbol
composed of a letter and a number, such as 40H7, 40f7, etc.

A fit is indicated by the basic size common to both components, followed by a symbol
corresponding to each component, the internal part symbol preceding the external part
symbol, such as 40H8/f7.

Some methods of designating tolerances on drawings are:
A) 40H8

B) 40H8 

C)  40H8

The values in parentheses indicate reference only.

Table 10. American National Standard Preferred Metric Sizes 
 ANSI B4.2-1978 (R1994)

Preferred Metric Sizes.—American National Standard ANSI B32.4M-1980 (R1994),
presents series of preferred metric sizes for round, square, rectangular, and hexagonal

Basic Size,
mm

Basic Size,
mm

Basic Size,
mm

Basic Size,
mm

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1st
Choice

2nd
Choice

1 … 6 … 40 … 250 …

… 1.1 … 7 … 45 … 280

1.2 … 8 … 50 … 300 …

… 1.4 … 9 … 55 … 350

1.6 … 10 … 60 … 400 …

… 1.8 … 11 … 70 … 450

2 … 12 … 80 … 500 …

… 2.2 … 14 … 90 … 550

2.5 … 16 … 100 … 600 …

… 2.8 … 18 … 110 … 700

3 … 20 … 120 … 800 …

… 3.5 … 22 … 140 … 900

4 … 25 … 160 … 1000 …

… 4.5 … 28 … 180 … …

5 … 30 … 200 … … …

… 5.5 … 35 … 220 … …

40.039

40.000 
 

40.039

40.000 
 
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metal products. Table 10 gives preferred metric diameters from 1 to 320 millimeters for
round metal products. Wherever possible, sizes should be selected from the Preferred
Series shown in the table. A Second Preference series is also shown. A Third Preference
Series not shown in the table is: 1.3, 2.1, 2.4, 2.6, 3.2, 3.8, 4.2, 4.8, 7.5, 8.5, 9.5, 36, 85, and
95.

Most of the Preferred Series of sizes are derived from the American National Standard
“10 series” of preferred numbers (see American National Standard for Preferred Numbers
on page 19). Most of the Second Preference Series are derived from the “20 series” of pre-
ferred numbers. Third Preference sizes are generally from the “40 series” of preferred
numbers.

For preferred metric diameters less than 1 millimeter, preferred across flat metric sizes of
square and hexagon metal products, preferred across flat metric sizes of rectangular metal
products, and preferred metric lengths of metal products, reference should be made to the
Standard.

Preferred Fits.—First-choice tolerance zones are used to establish preferred fits in the
Standard for Preferred Metric Limits and Fits, ANSI B4.2, as shown in Figs. 2 and  3. A
complete listing of first-, second-, and third- choice tolerance zones is given in the Stan-
dard.

Fig. 2. Preferred Hole Basis Fits

Hole basis fits have a fundamental deviation of H on the hole, and shaft basis fits have a
fundamental deviation of h on the shaft and are shown in Fig. 2 for hole basis and Fig. 3 for
shaft basis fits. A description of both types of fits, that have the same relative fit condition,
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is given in Table 11. Normally, the hole basis system is preferred; however, when a com-
mon shaft mates with several holes, the shaft basis system should be used.

The hole basis and shaft basis fits shown in Table 11 are combined with the first-choice
sizes shown in Table 10 to form Tables 12, 13, 14, and 15, where specific limits as well as
the resultant fits are tabulated.

If the required size is not tabulated in Tables 12 through 15 then the preferred fit can be
calculated from numerical values given in an appendix of ANSI B4.2-1978 (R1984). It is
anticipated that other fit conditions may be necessary to meet special requirements, and a
preferred fit can be loosened or tightened simply by selecting a standard tolerance zone as
given in the Standard. Information on how to calculate limit dimensions, clearances, and
interferences, for nonpreferred fits and sizes can also be found in an appendix of this Stan-
dard.

Fig. 3. Preferred Shaft Basis Fits

h6

Maximum
interference
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Table 11. Description of Preferred Fits

ISO SYMBOL
DESCRIPTIONHole

Basis
Shaft
Basis

C
le

ar
an

ce
Fi

ts

H11/c11 C11/h11 Loose running fit for wide commercial tolerances or allowances on external 
members.

↑
More Clearance

H9/d9 D9/h9 Free running fit not for use where accuracy is essential, but good for large tem-
perature variations, high running speeds, or heavy journal pressures.

H8/f7 F8/h7 Close Running fit for running on accurate machines and for accurate moderate 
speeds and journal pressures.

H7/g6 G7/h6 Sliding fit not intended to run freely, but to move and turn freely and locate accu-
rately.

H7/h6 H7/h6 Locational clearance fit provides snug fit for locating stationary parts; but can be 
freely assembled and disassembled.

T
ra

ns
it

io
n

F
its

H7/k6 K7/h6 Locational transition fit for accurate location, a compromise between clearance 
and interferance.

More Interferance
↓

H7/n6 N7/h6 Locational transition fit for more accurate location where greater interferance is 
permissible.

In
te

rf
er

en
ce

F
its

H7/p6a

a Transition fit for basic sizes in range from 0 through 3 mm. 

P7/h6 Locational interference fit for parts requiring rigidity and alignment with prime 
accuracy of location but without special bore pressure requirements.

H7/s6 S7/h6 Medium drive fit for ordinary steel parts or shrink fits on light sections, the tight-
est fit usable with cast iron.

H7/u6 U7/h6 Force fit suitable for parts which can be highly stressed or for shrink fits where 
the heavy pressing forces required are impractical.
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648Table 12. American National Standard Preferred Hole Basis Metric Clearance Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
H11

Shaft
C11 Fitb

Hole
H9

Shaft
d9 Fitb

Hole
H8

Shaft
f7 Fitb

Hole
H7

Shaft
g6 Fitb

Hole
H7

Shaft
h6 Fitb

1 Max 1.060 0.940 0.180 1.025 0.980 0.070 1.014 0.994 0.030 1.010 0.998 0.018 1.010 1.000 0.016

Min 1.000 0.880 0.060 1.000 0.995 0.020 1.000 0.984 0.006 1.000 0.992 0.002 1.000 0.994 0.000

1.2 Max 1.260 1.140 0.180 1.225 1.180 0.070 1.214 1.194 0.030 1.210 1.198 0.018 1.210 1.200 0.016

Min 1.200 1.080 0.060 1.200 1.155 0.020 1.200 1.184 0.006 1.200 1.192 0.002 1.200 1.194 0.000

1.6 Max 1.660 1.540 0.180 1.625 1.580 0.070 1.614 1.594 0.030 1.610 1.598 0.018 1.610 1.600 0.016

Min 1.600 1.480 0.060 1.600 1.555 0.020 1.600 1.584 0.006 1.600 1.592 0.002 1.600 1.594 0.000

2 Max 2.060 1.940 0.180 2.025 1.980 0.070 2.014 1.994 0.030 2.010 1.998 0.018 2.010 2.000 0.016

Min 2.000 1.880 0.060 2.000 1.955 0.020 2.000 1.984 0.006 2.000 1.992 0.002 2.000 1.994 0.000

2.5 Max 2.560 2.440 0.180 2.525 2.480 0.070 2.514 2.494 0.030 2.510 2.498 0.018 2.510 2.500 0.016

Min 2.500 2.380 0.060 2.500 2.455 0.020 2.500 2.484 0.006 2.500 2.492 0.002 2.500 2.494 0.000

3 Max 3.060 2.940 0.180 3.025 2.980 0.070 3.014 2.994 0.030 3.010 2.998 0.018 3.010 3.000 0.016

Min 3.000 2.880 0.060 3.000 2.955 0.020 3.000 2.984 0.006 3.000 2.992 0.002 3.000 2.994 0.000

4 Max 4.075 3.930 0.220 4.030 3.970 0.090 4.018 3.990 0.040 4.012 3.996 0.024 4.012 4.000 0.020

Min 4.000 3.855 0.070 4.000 3.940 0.030 4.000 3.978 0.010 4.000 3.988 0.004 4.000 3.992 0.000

5 Max 5.075 4.930 0.220 5.030 4.970 0.090 5.018 4.990 0.040 5.012 4.996 0.024 5.012 5.000 0.020

Min 5.000 4.855 0.070 5.000 4.940 0.030 5.000 4.978 0.010 5.000 4.988 0.004 5.000 4.992 0.000

6 Max 6.075 5.930 0.220 6.030 5.970 0.090 6.018 5.990 0.040 6.012 5.996 0.024 6.012 6.000 0.020

Min 6.000 5.855 0.070 6.000 5.940 0.030 6.000 5.978 0.010 6.000 5.988 0.004 6.000 5.992 0.000

8 Max 8.090 7.920 0.260 8.036 7.960 0.112 8.022 7.987 0.050 8.015 7.995 0.029 8.015 8.000 0.024

Min 8.000 7.830 0.080 8.000 7.924 0.040 8.000 7.972 0.013 8.000 7.986 0.005 8.000 7.991 0.000

10 Max 10.090 9.920 0.260 10.036 9.960 0.112 10.022 9.987 0.050 10.015 9.995 0.029 10.015 10.000 0.024

Min 10.000 9.830 0.080 10.000 9.924 0.040 10.000 9.972 0.013 10.000 9.986 0.005 10.000 9.991 0.000

12 Max 12.110 11.905 0.315 12.043 11.956 0.136 12.027 11.984 0.061 12.018 11.994 0.035 12.018 12.000 0.029

Min 12.000 11.795 0.095 12.000 11.907 0.050 12.000 11.966 0.016 12.000 11.983 0.006 12.000 11.989 0.000

16 Max 16.110 15.905 0.315 16.043 15.950 0.136 16.027 15.984 0.061 16.018 15.994 0.035 16.018 16.000 0.029

Min 16.000 15.795 0.095 16.000 15.907 0.050 16.000 15.966 0.016 16.000 15.983 0.006 16.000 15.989 0.000

20 Max 20.130 19.890 0.370 20.052 19.935 0.169 20.033 19.980 0.074 20.021 19.993 0.041 20.021 20.000 0.034

Min 20.000 19.760 0.110 20.000 19.883 0.065 20.000 19.959 0.020 20.000 19.980 0.007 20.000 19.987 0.000

25 Max 25.130 24.890 0.370 25.052 24.935 0.169 25.033 24.980 0.074 25.021 24.993 0.041 25.021 25.000 0.034

Min 25.000 24.760 0.110 25.000 24.883 0.065 25.000 24.959 0.020 25.000 24.980 0.007 25.000 24.987 0.000
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All dimensions are in millimeters.

30 Max 30.130 29.890 0.370 30.052 29.935 0.169 30.033 29.980 0.074 30.021 29.993 0.041 30.021 30.000 0.034

Min 30.000 29.760 0.110 30.000 29.883 0.065 30.000 29.959 0.020 30.000 29.980 0.007 30.000 29.987 0.000

40 Max 40.160 39.880 0.440 40.062 39.920 0.204 40.039 39.975 0.089 40.025 39.991 0.050 40.025 40.000 0.041

Min 40.000 39.720 0.120 40.000 39.858 0.080 40.000 39.950 0.025 40.000 39.975 0.009 40.000 39.984 0.000

50 Max 50.160 49.870 0.450 50.062 49.920 0.204 50.039 49.975 0.089 50.025 49.991 0.050 50.025 50.000 0.041

Min 50.000 49.710 0.130 50.000 49.858 0.080 50.000 49.950 0.025 50.000 49.975 0.009 50.000 49.984 0.000

60 Max 60.190 59.860 0.520 60.074 59.900 0.248 60.046 59.970 0.106 60.030 59.990 0.059 60.030 60.000 0.049

Min 60.000 59.670 0.140 60.000 59.826 0.100 60.000 59.940 0.030 60.000 59.971 0.010 60.000 59.981 0.000

80 Max 80.190 79.850 0.530 80.074 79.900 0.248 80.046 79.970 0.106 80.030 79.990 0.059 80.030 80.000 0.049

Min 80.000 79.660 0.150 80.000 79.826 0.100 80.000 79.940 0.030 80.000 79.971 0.010 80.000 79.981 0.000

100 Max 100.220 99.830 0.610 100.087 99.880 0.294 100.054 99.964 0.125 100.035 99.988 0.069 100.035 100.000 0.057

Min 100.000 99.610 0.170 100.000 99.793 0.120 100.000 99.929 0.036 100.000 99.966 0.012 100.000 99.978 0.000

120 Max 120.220 119.820 0.620 120.087 119.880 0.294 120.054 119.964 0.125 120.035 119.988 0.069 120.035 120.000 0.057

Min 120.000 119.600 0.180 120.000 119.793 0.120 120.000 119.929 0.036 120.000 119.966 0.012 120.000 119.978 0.000

160 Max 160.250 159.790 0.710 160.100 159.855 0.345 160.063 159.957 0.146 160.040 159.986 0.079 160.040 160.000 0.065

Min 160.000 159.540 0.210 160.000 159.755 0.145 160.000 159.917 0.043 160.000 159.961 0.014 160.000 159.975 0.000

200 Max 200.290 199.760 0.820 200.115 199.830 0.400 200.072 199.950 0.168 200.046 199.985 0.090 200.046 200.000 0.075

Min 200.000 199.470 0.240 200.000 199.715 0.170 200.000 199.904 0.050 200.000 199.956 0.015 200.000 199.971 0.000

250 Max 250.290 249.720 0.860 250.115 249.830 0.400 250.072 249.950 0.168 250.046 249.985 0.090 250.046 250.000 0.075

Min 250.000 249.430 0.280 250.000 249.715 0.170 250.000 249.904 0.050 250.000 249.956 0.015 250.000 249.971 0.000

300 Max 300.320 299.670 0.970 300.130 299.810 0.450 300.081 299.944 0.189 300.052 299.983 0.101 300.052 300.000 0.084

Min 300.000 299.350 0.330 300.000 299.680 0.190 300.000 299.892 0.056 300.000 299.951 0.017 300.000 299.968 0.000

400 Max 400.360 399.600 1.120 400.140 399.790 0.490 400.089 399.938 0.208 400.057 399.982 0.111 400.057 400.000 0.093

Min 400.000 399.240 0.400 400.000 399.650 0.210 400.000 399.881 0.062 400.000 399.946 0.018 400.000 399.964 0.000

500 Max 500.400 499.520 1.280 500.155 499.770 0.540 500.097 499.932 0.228 500.063 499.980 0.123 500.063 500.000 0.103

Min 500.000 499.120 0.480 500.000 499.615 0.230 500.000 499.869 0.068 500.000 499.940 0.020 500.000 499.960 0.000

a The sizes shown are first-choice basic sizes (see Table 10). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R1984). 
b All fits shown in this table have clearance. 

Table 12. (Continued) American National Standard Preferred Hole Basis Metric Clearance Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
H11

Shaft
C11 Fitb

Hole
H9

Shaft
d9 Fitb

Hole
H8

Shaft
f7 Fitb

Hole
H7

Shaft
g6 Fitb

Hole
H7

Shaft
h6 Fitb
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Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
H7

Shaft
k6 Fitb

Hole
H7

Shaft
n6 Fitb

Hole
H7

Shaft
p6 Fitb

Hole
H7

Shaft
s6 Fitb

Hole
H7

Shaft
u6 Fitb

1 Max 1.010 1.006 +0.010 1.010 1.010 +0.006 1.010 1.012 +0.004 1.010 1.020 −0.004 1.010 1.024 −0.008

Min 1.000 1.000 −0.006 1.000 1.004 −0.010 1.000 1.006 −0.012 1.000 1.014 −0.020 1.000 1.018 −0.024

1.2 Max 1.210 1.206 +0.010 1.210 1.210 +0.006 1.210 1.212 +0.004 1.210 1.220 −0.004 1.210 1.224 −0.008

Min 1.200 1.200 −0.006 1.200 1.204 −0.010 1.200 1.206 −0.012 1.200 1.214 −0.020 1.200 1.218 −0.024

1.6 Max 1.610 1.606 +0.010 1.610 1.610 +0.006 1.610 1.612 +0.004 1.610 1.620 −0.004 1.610 1.624 −0.008

Min 1.600 1.600 −0.006 1.600 1.604 −0.010 1.600 1.606 −0.012 1.600 1.614 −0.020 1.600 1.618 −0.024

2 Max 2.010 2.006 +0.010 2.010 2.010 +0.006 2.010 2.012 +0.004 2.010 2.020 −0.004 2.010 2.024 −0.008

Min 2.000 2.000 −0.006 2.000 2.004 −0.010 2.000 2.006 −0.012 2.000 2.014 −0.020 2.000 2.018 −0.024

2.5 Max 2.510 2.506 +0.010 2.510 2.510 +0.006 2.510 2.512 +0.004 2.510 2.520 −0.004 2.510 2.524 −0.008

Min 2.500 2.500 −0.006 2.500 2.504 −0.010 2.500 2.506 −0.012 2.500 2.514 −0.020 2.500 2.518 −0.024

3 Max 3.010 3.006 +0.010 3.010 3.010 +0.006 3.010 3.012 +0.004 3.010 3.020 −0.004 3.010 3.024 −0.008

Min 3.000 3.000 −0.006 3.000 3.004 −0.010 3.000 3.006 −0.012 3.000 3.014 −0.020 3.000 3.018 −0.024

4 Max 4.012 4.009 +0.011 4.012 4.016 +0.004 4.012 4.020 0.000 4.012 4.027 −0.007 4.012 4.031 −0.011

Min 4.000 4.001 −0.009 4.000 4.008 −0.016 4.000 4.012 −0.020 4.000 4.019 −0.027 4.000 4.023 −0.031

5 Max 5.012 5.009 +0.011 5.012 5.016 +0.004 5.012 5.020 0.000 5.012 5.027 −0.007 5.012 5.031 −0.011

Min 5.000 5.001 −0.009 5.000 5.008 −0.016 5.000 5.012 −0.020 5.000 5.019 −0.027 5.000 5.023 −0.031

6 Max 6.012 6.009 +0.011 6.012 6.016 +0.004 6.012 6.020 0.000 6.012 6.027 −0.007 6.012 6.031 −0.011

Min 6.000 6.001 −0.009 6.000 6.008 −0.016 6.000 6.012 −0.020 6.000 6.019 −0.027 6.000 6.023 −0.031

8 Max 8.015 8.010 +0.014 8.015 8.019 +0.005 8.015 8.024 0.000 8.015 8.032 −0.008 8.015 8.037 −0.013

Min 8.000 8.001 −0.010 8.000 8.010 −0.019 8.000 8.015 −0.024 8.000 8.023 −0.032 8.000 8.028 −0.037

10 Max 10.015 10.010 +0.014 10.015 10.019 +0.005 10.015 10.024 0.000 10.015 10.032 −0.008 10.015 10.034 −0.013

Min 10.000 10.001 −0.010 10.000 10.010 −0.019 10.000 10.015 −0.024 10.000 10.023 −0.032 10.000 10.028 −0.037

12 Max 12.018 12.012 +0.017 12.018 12.023 +0.006 12.018 12.029 0.000 12.018 12.039 −0.010 12.018 12.044 −0.015

Min 12.000 12.001 −0.012 12.000 12.012 −0.023 12.000 12.018 −0.029 12.000 12.028 −0.039 12.000 12.033 −0.044

16 Max 16.018 16.012 +0.017 16.018 16.023 +0.006 16.018 16.029 0.000 16.018 16.039 −0.010 16.018 16.044 −0.015

Min 16.000 16.001 −0.012 16.000 16.012 −0.023 16.000 16.018 −0.029 16.000 16.028 −0.039 16.000 16.033 −0.044

20 Max 20.021 20.015 +0.019 20.021 20.028 +0.006 20.021 20.035 −0.001 20.021 20.048 −0.014 20.021 20.054 −0.020

Min 20.000 20.002 −0.015 20.000 20.015 −0.028 20.000 20.022 −0.035 20.000 20.035 −0.048 20.000 20.041 −0.054

25 Max 25.021 25.015 +0.019 25.021 25.028 +0.006 25.021 25.035 −0.001 25.021 25.048 −0.014 25.021 25.061 −0.027

Min 25.000 25.002 −0.015 25.000 25.015 −0.028 25.000 25.022 −0.035 25.000 25.035 −0.048 25.000 25.048 −0.061
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All dimensions are in millimeters.

30 Max 30.021 30.015 +0.019 30.021 30.028 +0.006 30.021 30.035 −0.001 30.021 30.048 −0.014 30.021 30.061 −0.027

Min 30.000 30.002 −0.015 30.000 30.015 −0.028 30.000 30.022 −0.035 30.000 30.035 −0.048 30.000 30.048 −0.061

40 Max 40.025 40.018 +0.023 40.025 40.033 +0.008 40.025 40.042 −0.001 40.025 40.059 −0.018 40.025 40.076 −0.035

Min 40.000 40.002 −0.018 40.000 40.017 −0.033 40.000 40.026 −0.042 40.000 40.043 −0.059 40.000 40.060 −0.076

50 Max 50.025 50.018 +0.023 50.025 50.033 +0.008 50.025 50.042 −0.001 50.025 50.059 −0.018 50.025 50.086 −0.045

Min 50.000 50.002 −0.018 50.000 50.017 −0.033 50.000 50.026 −0.042 50.000 50.043 −0.059 50.000 50.070 −0.086

60 Max 60.030 60.021 +0.028 60.030 60.039 +0.010 60.030 60.051 −0.002 60.030 60.072 −0.023 60.030 60.106 −0.057

Min 60.000 60.002 −0.021 60.000 60.020 −0.039 60.000 60.032 −0.051 60.000 60.053 −0.072 60.000 60.087 −0.106

80 Max 80.030 80.021 +0.028 80.030 80.039 +0.010 80.030 80.051 −0.002 80.030 80.078 −0.029 80.030 80.121 −0.072

Min 80.000 80.002 −0.021 80.000 80.020 −0.039 80.000 80.032 −0.051 80.000 80.059 −0.078 80.000 80.102 −0.121

100 Max 100.035 100.025 +0.032 100.035 100.045 +0.012 100.035 100.059 −0.002 100.035 100.093 −0.036 100.035 100.146 −0.089

Min 100.000 100.003 −0.025 100.000 100.023 −0.045 100.000 100.037 −0.059 100.000 100.071 −0.093 100.000 100.124 −0.146

120 Max 120.035 120.025 +0.032 120.035 120.045 +0.012 120.035 120.059 −0.002 120.035 120.101 −0.044 120.035 120.166 −0.109

Min 120.000 120.003 −0.025 120.000 120.023 −0.045 120.000 120.037 −0.059 120.000 120.079 −0.101 120.000 120.144 −0.166

160 Max 160.040 160.028 +0.037 160.040 160.052 +0.013 160.040 160.068 −0.003 160.040 160.125 −0.060 160.040 160.215 −0.150

Min 160.000 160.003 −0.028 160.000 160.027 −0.052 160.000 160.043 −0.068 160.000 160.100 −0.125 160.000 160.190 −0.215

200 Max 200.046 200.033 +0.042 200.046 200.060 +0.015 200.046 200.079 −0.004 200.046 200.151 −0.076 200.046 200.265 −0.190

Min 200.000 200.004 −0.033 200.000 200.031 −0.060 200.000 200.050 −0.079 200.000 200.122 −0.151 200.000 200.236 −0.265

250 Max 250.046 250.033 +0.042 250.046 250.060 +0.015 250.046 250.079 −0.004 250.046 250.169 −0.094 250.046 250.313 −0.238

Min 250.000 250.004 −0.033 250.000 250.031 −0.060 250.000 250.050 −0.079 250.000 250.140 −0.169 250.000 250.284 −0.313

300 Max 300.052 300.036 +0.048 300.052 300.066 +0.018 300.052 300.088 −0.004 300.052 300.202 −0.118 300.052 300.382 −0.298

Min 300.000 300.004 −0.036 300.000 300.034 −0.066 300.000 300.056 −0.088 300.000 300.170 −0.202 300.000 300.350 −0.382

400 Max 400.057 400.040 +0.053 400.057 400.073 +0.020 400.057 400.098 −0.005 400.057 400.244 −0.151 400.057 400.471 −0.378

Min 400.000 400.004 −0.040 400.000 400.037 −0.073 400.000 400.062 −0.098 400.000 400.208 −0.244 400.000 400.435 −0.471

500 Max 500.063 500.045 +0.058 500.063 500.080 +0.023 500.063 500.108 −0.005 500.063 500.292 −0.189 500.063 500.580 −0.477

Min 500.000 500.005 −0.045 500.000 500.040 −0.080 500.000 500.068 −0.108 500.000 500.252 −0.292 500.000 500.540 −0.580

a The sizes shown are first-choice basic sizes (see Table 10). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R1984). 
b A plus sign indicates clearance; a minus sign indicates interference. 

Table 13. (Continued) American National Standard Preferred Hole Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
H7

Shaft
k6 Fitb

Hole
H7

Shaft
n6 Fitb

Hole
H7

Shaft
p6 Fitb

Hole
H7

Shaft
s6 Fitb

Hole
H7

Shaft
u6 Fitb
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652Table 14. American National Standard Preferred Shaft Basis Metric Clearance Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
C11

Shaft
h11 Fitb

Hole
D9

Shaft
h9 Fitb

Hole
F8

Shaft
h7 Fitb

Hole
G7

Shaft
h6 Fitb

Hole
H7

Shaft
h6 Fitb

1 Max 1.120 1.000 0.180 1.045 1.000 0.070 1.020 1.000 0.030 1.012 1.000 0.018 1.010 1.000 0.016

Min 1.060 0.940 0.060 1.020 0.975 0.020 1.006 0.990 0.006 1.002 0.994 0.002 1.000 0.994 0.000

1.2 Max 1.320 1.200 0.180 1.245 1.200 0.070 1.220 1.200 0.030 1.212 1.200 0.018 1.210 1.200 0.016

Min 1.260 1.140 0.060 1.220 1.175 0.020 1.206 1.190 0.006 1.202 1.194 0.002 1.200 1.194 0.000

1.6 Max 1.720 1.600 0.180 1.645 1.600 0.070 1.620 1.600 0.030 1.612 1.600 0.018 1.610 1.600 0.016

Min 1.660 1.540 0.060 1.620 1.575 0.020 1.606 1.590 0.006 1.602 1.594 0.002 1.600 1.594 0.000

2 Max 2.120 2.000 0.180 2.045 2.000 0.070 2.020 2.000 0.030 2.012 2.000 0.018 2.010 2.000 0.016

Min 2.060 1.940 0.060 2.020 1.975 0.020 2.006 1.990 0.006 2.002 1.994 0.002 2.000 1.994 0.000

2.5 Max 2.620 2.500 0.180 2.545 2.500 0.070 2.520 2.500 0.030 2.512 2.500 0.018 2.510 2.500 0.016

Min 2.560 2.440 0.060 2.520 2.475 0.020 2.506 2.490 0.006 2.502 2.494 0.002 2.500 2.494 0.000

3 Max 3.120 3.000 0.180 3.045 3.000 0.070 3.020 3.000 0.030 3.012 3.000 0.018 3.010 3.000 0.016

Min 3.060 2.940 0.060 3.020 2.975 0.020 3.006 2.990 0.006 3.002 2.994 0.002 3.000 2.994 0.000

4 Max 4.145 4.000 0.220 4.060 4.000 0.090 4.028 4.000 0.040 4.016 4.000 0.024 4.012 4.000 0.020

Min 4.070 3.925 0.070 4.030 3.970 0.030 4.010 3.988 0.010 4.004 3.992 0.004 4.000 3.992 0.000

5 Max 5.145 5.000 0.220 5.060 5.000 0.090 5.028 5.000 0.040 5.016 5.000 0.024 5.012 5.000 0.020

Min 5.070 4.925 0.070 5.030 4.970 0.030 5.010 4.988 0.010 5.004 4.992 0.004 5.000 4.992 0.000

6 Max 6.145 6.000 0.220 6.060 6.000 0.090 6.028 6.000 0.040 6.016 6.000 0.024 6.012 6.000 0.020

Min 6.070 5.925 0.070 6.030 5.970 0.030 6.010 5.988 0.010 6.004 5.992 0.004 6.000 5.992 0.000

8 Max 8.170 8.000 0.260 8.076 8.000 0.112 8.035 8.000 0.050 8.020 8.000 0.029 8.015 8.000 0.024

Min 8.080 7.910 0.080 8.040 7.964 0.040 8.013 7.985 0.013 8.005 7.991 0.005 8.000 7.991 0.000

10 Max 10.170 10.000 0.260 10.076 10.000 0.112 10.035 10.000 0.050 10.020 10.000 0.029 10.015 10.000 0.024

Min 10.080 9.910 0.080 10.040 9.964 0.040 10.013 9.985 0.013 10.005 9.991 0.005 10.000 9.991 0.000

12 Max 12.205 12.000 0.315 12.093 12.000 0.136 12.043 12.000 0.061 12.024 12.000 0.035 12.018 12.000 0.029

Min 12.095 11.890 0.095 12.050 11.957 0.050 12.016 11.982 0.016 12.006 11.989 0.006 12.000 11.989 0.000

16 Max 16.205 16.000 0.315 16.093 16.000 0.136 16.043 16.000 0.061 16.024 16.000 0.035 16.018 16.000 0.029

Min 16.095 15.890 0.095 16.050 15.957 0.050 16.016 15.982 0.016 16.006 15.989 0.006 16.000 15.989 0.000

20 Max 20.240 20.000 0.370 20.117 20.000 0.169 20.053 20.000 0.074 20.028 20.000 0.041 20.021 20.000 0.034

Min 20.110 19.870 0.110 20.065 19.948 0.065 20.020 19.979 0.020 20.007 19.987 0.007 20.000 19.987 0.000

25 Max 25.240 25.000 0.370 25.117 25.000 0.169 25.053 25.000 0.074 25.028 25.000 0.041 25.021 25.000 0.034

Min 25.110 24.870 0.110 25.065 24.948 0.065 25.020 24.979 0.020 25.007 24.987 0.007 25.000 24.987 0.000
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All dimensions are in millimeters.

30 Max 30.240 30.000 0.370 30.117 30.000 0.169 30.053 30.000 0.074 30.028 30.000 0.041 30.021 30.000 0.034

Min 30.110 29.870 0.110 30.065 29.948 0.065 30.020 29.979 0.020 30.007 29.987 0.007 30.000 29.987 0.000

40 Max 40.280 40.000 0.440 40.142 40.000 0.204 40.064 40.000 0.089 40.034 40.000 0.050 40.025 40.000 0.041

Min 40.120 39.840 0.120 40.080 39.938 0.080 40.025 39.975 0.025 40.009 39.984 0.009 40.000 39.984 0.000

50 Max 50.290 50.000 0.450 50.142 50.000 0.204 50.064 50.000 0.089 50.034 50.000 0.050 50.025 50.000 0.041

Min 50.130 49.840 0.130 50.080 49.938 0.080 50.025 49.975 0.025 50.009 49.984 0.009 50.000 49.984 0.000

60 Max 60.330 60.000 0.520 60.174 60.000 0.248 60.076 60.000 0.106 60.040 60.000 0.059 60.030 60.000 0.049

Min 60.140 59.810 0.140 60.100 59.926 0.100 60.030 59.970 0.030 60.010 59.981 0.010 60.000 59.981 0.000

80 Max 80.340 80.000 0.530 80.174 80.000 0.248 80.076 80.000 0.106 80.040 80.000 0.059 80.030 80.000 0.049

Min 80.150 79.810 0.150 80.100 79.926 0.100 80.030 79.970 0.030 80.010 79.981 0.010 80.000 79.981 0.000

100 Max 100.390 100.000 0.610 100.207 100.000 0.294 100.090 100.000 0.125 100.047 100.000 0.069 100.035 100.000 0.057

Min 100.170 99.780 0.170 100.120 99.913 0.120 100.036 99.965 0.036 100.012 99.978 0.012 100.000 99.978 0.000

120 Max 120.400 120.000 0.620 120.207 120.000 0.294 120.090 120.000 0.125 120.047 120.000 0.069 120.035 120.000 0.057

Min 120.180 119.780 0.180 120.120 119.913 0.120 120.036 119.965 0.036 120.012 119.978 0.012 120.000 119.978 0.000

160 Max 160.460 160.000 0.710 160.245 160.000 0.345 160.106 160.000 0.146 160.054 160.000 0.079 160.040 160.000 0.065

Min 160.210 159.750 0.210 160.145 159.900 0.145 160.043 159.960 0.043 160.014 159.975 0.014 160.000 159.975 0.000

200 Max 200.530 200.000 0.820 200.285 200.000 0.400 200.122 200.000 0.168 200.061 200.000 0.090 200.046 200.000 0.075

Min 200.240 199.710 0.240 200.170 199.885 0.170 200.050 199.954 0.050 200.015 199.971 0.015 200.000 199.971 0.000

250 Max 250.570 250.000 0.860 250.285 250.000 0.400 250.122 250.000 0.168 250.061 250.000 0.090 250.046 250.000 0.075

Min 250.280 249.710 0.280 250.170 249.885 0.170 250.050 249.954 0.050 250.015 249.971 0.015 250.000 249.971 0.000

300 Max 300.650 300.000 0.970 300.320 300.000 0.450 300.137 300.000 0.189 300.069 300.000 0.101 300.052 300.000 0.084

Min 300.330 299.680 0.330 300.190 299.870 0.190 300.056 299.948 0.056 300.017 299.968 0.017 300.000 299.968 0.000

400 Max 400.760 400.000 1.120 400.350 400.000 0.490 400.151 400.000 0.208 400.075 400.000 0.111 400.057 400.000 0.093

Min 400.400 399.640 0.400 400.210 399.860 0.210 400.062 399.943 0.062 400.018 399.964 0.018 400.000 399.964 0.000

500 Max 500.880 500.000 1.280 500.385 500.000 0.540 500.165 500.000 0.228 500.083 500.000 0.123 500.063 500.000 0.103

Min 500.480 499.600 0.480 500.230 499.845 0.230 500.068 499.937 0.068 500.020 499.960 0.020 500.000 499.960 0.000

a The sizes shown are first-choice basic sizes (see Table 10). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R1984). 
b All fits shown in this table have clearance. 

Table 14. (Continued) American National Standard Preferred Shaft Basis Metric Clearance Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Loose Running Free Running Close Running Sliding Locational Clearance

Hole
C11

Shaft
h11 Fitb

Hole
D9

Shaft
h9 Fitb

Hole
F8

Shaft
h7 Fitb

Hole
G7

Shaft
h6 Fitb

Hole
H7

Shaft
h6 Fitb
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654Table 15. American National Standard Preferred Shaft Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
K7

Shaft
h6 Fitb

Hole
N7

Shaft
h6 Fitb

Hole
P7

Shaft
h6 Fitb

Hole
S7

Shaft
h6 Fitb

Hole
U7

Shaft
h6 Fitb

1 Max 1.000 1.000 +0.006 0.996 1.000 +0.002 0.994 1.000 0.000 0.986 1.000 −0.008 0.982 1.000 −0.012

Min 0.990 0.994 −0.010 0.986 0.994 −0.014 0.984 0.994 −0.016 0.976 0.994 −0.024 0.972 0.994 −0.028

1.2 Max 1.200 1.200 +0.006 1.196 1.200 +0.002 1.194 1.200 0.000 1.186 1.200 −0.008 1.182 1.200 −0.012

Min 1.190 1.194 −0.010 1.186 1.194 −0.014 1.184 1.194 −0.016 1.176 1.194 −0.024 1.172 1.194 −0.028

1.6 Max 1.600 1.600 +0.006 1.596 1.600 +0.002 1.594 1.600 0.000 1.586 1.600 −0.008 1.582 1.600 −0.012

Min 1.590 1.594 −0.010 1.586 1.594 −0.014 1.584 1.594 −0.016 1.576 1.594 −0.024 1.572 1.594 −0.028

2 Max 2.000 2.000 +0.006 1.996 2.000 +0.002 1.994 2.000 0.000 1.986 2.000 −0.008 1.982 2.000 −0.012

Min 1.990 1.994 −0.010 1.986 1.994 −0.014 1.984 1.994 −0.016 1.976 1.994 −0.024 1.972 1.994 −0.028

2.5 Max 2.500 2.500 +0.006 2.496 2.500 +0.002 2.494 2.500 0.000 2.486 2.500 −0.008 2.482 2.500 −0.012

Min 2.490 2.494 −0.010 2.486 2.494 −0.014 2.484 2.494 −0.016 2.476 2.494 −0.024 2.472 2.494 −0.028

3 Max 3.000 3.000 +0.006 2.996 3.000 +0.002 2.994 3.000 0.000 2.986 3.000 −0.008 2.982 3.000 −0.012

Min 2.990 2.994 −0.010 2.986 2.994 −0.014 2.984 2.994 −0.016 2.976 2.994 −0.024 2.972 2.994 −0.028

4 Max 4.003 4.000 +0.011 3.996 4.000 +0.004 3.992 4.000 0.000 3.985 4.000 −0.007 3.981 4.000 −0.011

Min 3.991 3.992 −0.009 3.984 3.992 −0.016 3.980 3.992 −0.020 3.973 3.992 −0.027 3.969 3.992 −0.031

5 Max 5.003 5.000 +0.011 4.996 5.000 +0.004 4.992 5.000 0.000 4.985 5.000 −0.007 4.981 5.000 −0.011

Min 4.991 4.992 −0.009 4.984 4.992 −0.016 4.980 4.992 −0.020 4.973 4.992 −0.027 4.969 4.992 −0.031

6 Max 6.003 6.000 +0.011 5.996 6.000 +0.004 5.992 6.000 0.000 5.985 6.000 −0.007 5.981 6.000 −0.011

Min 5.991 5.992 −0.009 5.984 5.992 −0.016 5.980 5.992 −0.020 5.973 5.992 −0.027 5.969 5.992 −0.031

8 Max 8.005 8.000 +0.014 7.996 8.000 +0.005 7.991 8.000 0.000 7.983 8.000 −0.008 7.978 8.000 −0.013

Min 7.990 7.991 −0.010 7.981 7.991 −0.019 7.976 7.991 −0.024 7.968 7.991 −0.032 7.963 7.991 −0.037

10 Max 10.005 10.000 +0.014 9.996 10.000 +0.005 9.991 10.000 0.000 9.983 10.000 −0.008 9.978 10.000 −0.013

Min 9.990 9.991 −0.010 9.981 9.991 −0.019 9.976 9.991 −0.024 9.968 9.991 −0.032 9.963 9.991 −0.037

12 Max 12.006 12.000 +0.017 11.995 12.000 +0.006 11.989 12.000 0.000 11.979 12.000 −0.010 11.974 12.000 −0.015

Min 11.988 11.989 −0.012 11.977 11.989 −0.023 11.971 11.989 −0.029 11.961 11.989 −0.039 11.956 11.989 −0.044

16 Max 16.006 16.000 +0.017 15.995 16.000 +0.006 15.989 16.000 0.000 15.979 16.000 −0.010 15.974 16.000 −0.015

Min 15.988 15.989 −0.012 15.977 15.989 −0.023 15.971 15.989 −0.029 15.961 15.989 −0.039 15.956 15.989 −0.044

20 Max 20.006 20.000 +0.019 19.993 20.000 +0.006 19.986 20.000 −0.001 19.973 20.000 −0.014 19.967 20.000 −0.020

Min 19.985 19.987 −0.015 19.972 19.987 −0.028 19.965 19.987 −0.035 19.952 19.987 −0.048 19.946 19.987 −0.054

25 Max 25.006 25.000 +0.019 24.993 25.000 +0.006 24.986 25.000 −0.001 24.973 25.000 −0.014 24.960 25.000 −0.027

Min 24.985 24.987 −0.015 24.972 24.987 −0.028 24.965 24.987 −0.035 24.952 24.987 −0.048 24.939 24.987 −0.061
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All dimensions are in millimeters.

30 Max 30.006 30.000 +0.019 29.993 30.000 +0.006 29.986 30.000 −0.001 29.973 30.000 −0.014 29.960 30.000 −0.027

Min 29.985 29.987 −0.015 29.972 29.987 −0.028 29.965 29.987 −0.035 29.952 29.987 −0.048 29.939 29.987 −0.061

40 Max 40.007 40.000 +0.023 39.992 40.000 +0.008 39.983 40.000 −0.001 39.966 40.000 −0.018 39.949 40.000 −0.035

Min 39.982 39.984 −0.018 39.967 39.984 −0.033 39.958 39.984 −0.042 39.941 39.984 −0.059 39.924 39.984 −0.076

50 Max 50.007 50.000 +0.023 49.992 50.000 +0.008 49.983 50.000 −0.001 49.966 50.000 −0.018 49.939 50.000 −0.045

Min 49.982 49.984 −0.018 49.967 49.984 −0.033 49.958 49.984 −0.042 49.941 49.984 −0.059 49.914 49.984 −0.086

60 Max 60.009 60.000 +0.028 59.991 60.000 +0.010 59.979 60.000 −0.002 59.958 60.000 −0.023 59.924 60.000 −0.087

Min 59.979 59.981 −0.021 59.961 59.981 −0.039 59.949 59.981 −0.051 59.928 59.981 −0.072 59.894 59.981 −0.106

80 Max 80.009 80.000 +0.028 79.991 80.000 +0.010 79.979 80.000 −0.002 79.952 80.000 −0.029 79.909 80.000 −0.072

Min 79.979 79.981 −0.021 79.961 79.981 −0.039 79.949 79.981 −0.051 79.922 79.981 −0.078 79.879 79.981 −0.121

100 Max 100.010 100.000 +0.032 99.990 100.000 +0.012 99.976 100.000 −0.002 99.942 100.000 −0.036 99.889 100.000 −0.089

Min 99.975 99.978 −0.025 99.955 99.978 −0.045 99.941 99.978 −0.059 99.907 99.978 −0.093 99.854 99.978 −0.146

120 Max 120.010 120.000 +0.032 119.990 120.000 +0.012 119.976 120.000 −0.002 119.934 120.000 −0.044 119.869 120.000 −0.109

Min 119.975 119.978 −0.025 119.955 119.978 −0.045 119.941 119.978 −0.059 119.899 119.978 −0.101 119.834 119.978 −0.166

160 Max 160.012 160.000 +0.037 159.988 160.000 +0.013 159.972 160.000 −0.003 159.915 160.000 −0.060 159.825 160.000 −0.150

Min 159.972 159.975 −0.028 159.948 159.975 −0.052 159.932 159.975 −0.068 159.875 159.975 −0.125 159.785 159.975 −0.215

200 Max 200.013 200.00 +0.042 199.986 200.000 +0.015 199.967 200.000 −0.004 199.895 200.000 −0.076 199.781 200.000 −0.190

Min 199.967 199.971 −0.033 199.940 199.971 −0.060 199.921 199.971 −0.079 199.849 199.971 −0.151 199.735 199.971 −0.265

250 Max 250.013 250.000 +0.042 249.986 250.000 +0.015 249.967 250.000 −0.004 249.877 250.000 −0.094 249.733 250.000 −0.238

Min 249.967 249.971 −0.033 249.940 249.971 −0.060 249.921 249.971 −0.079 249.831 249.971 −0.169 249.687 249.971 −0.313

300 Max 300.016 300.000 +0.048 299.986 300.000 +0.018 299.964 300.000 −0.004 299.850 300.000 −0.118 299.670 300.000 −0.298

Min 299.964 299.968 −0.036 299.934 299.968 −0.066 299.912 299.968 −0.088 299.798 299.968 −0.202 299.618 299.968 −0.382

400 Max 400.017 400.000 +0.053 399.984 400.000 +0.020 399.959 400.000 −0.005 399.813 400.000 −0.151 399.586 400.000 −0.378

Min 399.960 399.964 −0.040 399.927 399.964 −0.073 399.902 399.964 −0.098 399.756 399.964 −0.244 399.529 399.964 −0.471

500 Max 500.018 500.000 +0.058 499.983 500.000 +0.023 499.955 500.000 −0.005 499.771 500.000 −0.189 499.483 500.000 −0.477

Min 499.955 499.960 −0.045 499.920 499.960 −0.080 499.892 499.960 −0.108 499.708 499.960 −0.292 499.420 499.960 −0.580

a The sizes shown are first-choice basic sizes (see Table 10). Preferred fits for other sizes can be calculated from data given in ANSI B4.2-1978 (R1984). 
b A plus sign indicates clearance; a minus sign indicates interference. 

Table 15. (Continued) American National Standard Preferred Shaft Basis Metric Transition and Interference Fits  ANSI B4.2-1978 (R1994)

Basic
Sizea

Locational Transition Locational Transition Locational Interference Medium Drive Force

Hole
K7

Shaft
h6 Fitb

Hole
N7

Shaft
h6 Fitb

Hole
P7

Shaft
h6 Fitb

Hole
S7

Shaft
h6 Fitb

Hole
U7

Shaft
h6 Fitb
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Table 16. American National Standard Gagemakers Tolerances 
 ANSI B4.4M-1981 (R1987)

For workpiece tolerance class values, see previous Tables 12 through 15, incl.

Table 17. American National Standard Gagemakers Tolerances 
 ANSI B4.4M-1981 (R1987)

All dimensions are in millimeters. For closer gagemakers tolerance classes than Class XXXM,
specify 5 per cent of IT5, IT4, or IT3 and use the designation 0.05 IT5, 0.05 IT4, etc.

Fig. 4. Relationship between Gagemakers Tolerance, Wear Allowance and Workpiece Tolerance

Gagemakers Tolerance Workpiece Tolerance

Class
ISO Sym-

bola

a Gagemakers tolerance is equal to 5 per cent of workpiece tolerance or 5 per cent of applicable IT
grade value.  See table American National Standard Gagemakers Tolerances  ANSI B4.4M-1981
(R1987). 

IT 
Grade Recommended Gage Usage

ZM 0.05 IT11 IT11 Low-precision gages recommended to be used to inspect 
workpieces held to internal (hole) tolerances C11 and H11 
and to external (shaft) tolerances c11 and h11.

YM 0.05 IT9 IT9 Gages recommended to be used to inspect workpieces held 
to internal (hole) tolerances D9 and H9 and to external 
(shaft) tolerances d9 and h9.

XM 0.05 IT8 IT8 Precision gages recommended to be used to inspect work-
pieces held to internal (hole) tolerances F8 and H8.

XXM 0.05 IT7 IT7 Recommended to be used for gages to inspect workpieces 
held to internal (hole) tolerances G7, H7, K7, N7, P7, S7, 
and U7, and to external (shaft) tolerances f7 and h7.

XXX
M

0.05 IT6 IT6 High-precision gages recommended to be used to inspect 
workpieces held to external (shaft) tolerances g6, h6, k6, 
n6, p6, s6, and u6.

Basic Size Class ZM Class YM Class XM Class XXM Clas XXXM

Over To (0.05 IT11) (0.05 IT9) (0.05 IT8) (0.05 IT7) (0.05 IT6)
0 3 0.0030 0.0012 0.0007 0.0005 0.0003
3 6 0.0037 0.0015 0.0009 0.0006 0.0004
6 10 0.0045 0.0018 0.0011 0.0007 0.0005
10 18 0.0055 0.0021 0.0013 0.0009 0.0006
18 30 0.0065 0.0026 0.0016 0.0010 0.0007
30 50 0.0080 0.0031 0.0019 0.0012 0.0008
50 80 0.0095 0.0037 0.0023 0.0015 0.0010
80 120 0.0110 0.0043 0.0027 0.0017 0.0011
120 180 0.0125 0.0050 0.0031 0.0020 0.0013
180 250 0.0145 0.0057 0.0036 0.0023 0.0015
250 315 0.0160 0.0065 0.0040 0.0026 0.0016
315 400 0.0180 0.0070 0.0044 0.0028 0.0018
400 500 0.0200 0.0077 0.0048 0.0031 0.0020
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Applications.—Many factors such as length of engagement, bearing load, speed, lubrica-
tion, operating temperatures, humidity, surface texture, and materials must be taken into
account in fit selections for a particular application.

Choice of other than the preferred fits might be considered necessary to satisfy extreme
conditions. Subsequent adjustments might also be desired as the result of experience in a
particular application to suit critical functional requirements or to permit optimum manu-
facturing economy. Selection of a departure from these recommendations will depend
upon consideration of the engineering and economic factors that might be involved; how-
ever, the benefits to be derived from the use of preferred fits should not be overlooked.

A general guide to machining processes that may normally be expected to produce work
within the tolerances indicated by the IT grades given in ANSI B4.2-1978 (R1994) is
shown in the chart in Table 18.

Table 18. Relation of Machining Processes to IT Tolerance Grades

British Standard for Metric ISO Limits and Fits.— Based on ISO Recommendation
R286, this British Standard BS 4500:1969 is intended to provide a comprehensive range of
metric limits and fits for engineering purposes, and meets the requirements of metrication
in the United Kingdom. Sizes up to 3,150 mm are covered by the Standard, but the con-
densed information presented here embraces dimensions up to 500 mm only. The system
is based on a series of tolerances graded to suit all classes of work from the finest to the
most coarse, and the different types of fits that can be obtained range from coarse clearance
to heavy interference. In the Standard, only cylindrical parts, designated holes and shafts
are referred to explicitly, but it is emphasized that the recommendations apply equally well
to other sections, and the general term hole or shaft can be taken to mean the space con-
tained by or containing two parallel faces or tangent planes of any part, such as the width of
a slot, or the thickness of a key. It is also strongly emphasized that the grades series of tol-
erances are intended for the most general application, and should be used wherever possi-
ble whether the features of the component involved are members of a fit or not.

IT Grades

4 5 6 7 8 9 10 11

Lapping & Honing
Cylindrical Grinding
Surface Grinding
Diamond Turning
Diamond Boring
Broaching
Powder Metal sizes
Reaming
Turning
Powder Metal sintered
Boring
Milling
Planing & Shaping
Drilling
Punching
Die Casting
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Definitions.—The definitions given in the Standard include the following:
 Limits of Size: The maximum and minimum sizes permitted for a feature.
 Basic Size: The reference size to which the limits of size are fixed. The basic size is the

same for both members of a fit.
 Upper Deviation: The algebraical difference between the maximum limit of size and the

corresponding basic size. It is designated as ES for a hole, and as es for a shaft, which
stands for the French term écart supérieur.

 Lower Deviation: The algebraical difference between the minimum limit of size and the
corresponding basic size. It is designated as EI for a hole, and as ei for a shaft, which stands
for the French term écart inférieur.

 Zero Line: In a graphical representation of limits and fits, the straight line to which the
deviations are referred. The zero line is the line of zero deviation and represents the basic
size.

 Tolerance: The difference between the maximum limit of size and the minimum limit of
size. It is an absolute value without sign.

 Tolerance Zone: In a graphical representation of tolerances, the zone comprised
between the two lines representing the limits of tolerance and defined by its magnitude
(tolerance) and by its position in relation to the zero line.

 Fundamental Deviation: That one of the two deviations, being the one nearest to the
zero line, which is conventionally chosen to define the position of the tolerance zone in
relation to the zero line.

 Shaft-Basis System of Fits: A system of fits in which the different clearances and inter-
ferences are obtained by associating various holes with a single shaft. In the ISO system,
the basic shaft is the shaft the upper deviation of which is zero.

 Hole-Basis System of Fits: A system of fits in which the different clearances and inter-
ferences are obtained by associating various shafts with a single hole. In the ISO system,
the basic hole is the hole the lower deviation of which is zero.
Selected Limits of Tolerance, and Fits.—The number of fit combinations that can be
built up with the ISO system is very large. However, experience shows that the majority of
fits required for usual engineering products can be provided by a limited selection of toler-
ances. Limits of tolerance for selected holes are shown in Table 19, and for shafts, in Table
20. Selected fits, based on combinations of the selected hole and shaft tolerances, are given
in Table 21.
Tolerances and Fundamental Deviations.—There are 18 tolerance grades intended to
meet the requirements of different classes of work, and they are designated IT 01, IT 02,
and IT 1 to IT 16. (IT stands for ISO series of tolerances.) Table 22 shows the standardized
numerical values for the 18 tolerance grades, which are known as standard tolerances. The
system provides 27 fundamental deviations for sizes up to and including 500 mm, and
Tables 15 and 25 contain the values for shafts and holes, respectively. Uppercase (capital)
letters designate hole deviations, and the same letters in lower case designate shaft devia-
tions. The deviation js (Js for holes) is provided to meet the need for symmetrical bilateral
tolerances. In this instance, there is no fundamental deviation, and the tolerance zone, of
whatever magnitude, is equally disposed about the zero line.
Calculated Limits of Tolerance.—The deviations and fundamental tolerances provided
by the ISO system can be combined in any way that appears necessary to give a required fit.
Thus, for example, the deviations H (basic hole) and f (clearance shaft) could be associ-
ated, and with each of these deviations any one of the tolerance grades IT 01 to IT 16 could
be used. All the limits of tolerance that the system is capable of providing for sizes up to
and including 500 mm can be calculated from the standard tolerances given in Table 22,
and the fundamental deviations given in Tables 15 and 25. The range includes limits of tol-
erance for shafts and holes used in small high-precision work and horology.

The system provides for the use of either hole-basis or shaft-basis fits, and the Standard
includes details of procedures for converting from one type of fit to the other.
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The limits of tolerance for a shaft or hole are designated by the appropriate letter indicat-
ing the fundamental deviation, followed by a suffix number denoting the tolerance grade.
This suffix number is the numerical part of the tolerance grade designation. Thus, a hole
tolerance with deviation H and tolerance grade IT7 is designated H7. Likewise, a shaft
with deviation p and tolerance grade IT 6 is designated p6. The limits of size of a compo-
nent feature are defined by the basic size, say, 45 mm, followed by the appropriate toler-
ance designation, for example, 45 H7 or 45 p6. A fit is indicated by combining the basic
size common to both features with the designation appropriate to each of them, for exam-
ple, 45 H7-p6 or 45 H7/p6.

When calculating the limits of size for a shaft, the upper deviation es, or the lower devia-
tion ei, is first obtained from Table 15, depending on the particular letter designation, and
nominal dimension. If an upper deviation has been determined, the lower deviation ei = es
− IT. The IT value is obtained from Table 22 for the particular tolerance grade being
applied. If a lower deviation has been obtained from Table 15, the upper deviation es = ei +
IT. When the upper deviation ES has been determined for a hole from Table 25, the lower
deviation EI = ES − IT. If a lower deviation EI has been obtained from Table 25, then the
upper deviation ES = EI + IT.

The upper deviations for holes K, M, and N with tolerance grades up to and including
IT8, and for holes P to ZC with tolerance grades up to and including IT7 must be calculated
by adding the delta (∆) values given in Table 25 as indicated.

Example of Calculations:The limits of size for a part of 133 mm basic size with a toler-
ance designation g9 are derived as follows:

From Table 15, the upper deviation (es) is − 0.014 mm. From Table 22, the tolerance
grade (ITg) is 0.100 mm. The lower deviation (ei) = es − IT = 0.114 mm, and the limits of
size are thus 132.986 and 132.886 mm.

The limits of size for a part 20 mm in size, with tolerance designation D3, are derived as
follows: From Table 25, the lower deviation (EI) is + 0.065 mm. From Table 22, the toler-
ance grade (IT9) is 0.004 mm. The upper deviation (ES) = EI + IT = 0.069 mm, and thus the
limits of size for the part are 20.069 and 20.065 mm.

The limits of size for a part 32 mm in size, with tolerance designation M5, which involves
a delta value, are obtained as follows: From Table 25, the upper deviation ES is − 0.009 mm
+ ∆ = −0.005 mm. (The delta value given at the end of this table for this size and grade IT 5
is 0.004 mm.) From Table 22, the tolerance grade (IT5) is 0.011 mm. The lower deviation
(EI) = ES − IT = − 0.016 mm, and thus the limits of size for the part are 31.995 and 31.984
mm.

Where the designations h and H or js and Js are used, it is only necessary to refer to Table
22. For h and H, the fundamental deviation is always zero, and the disposition of the toler-
ance is always negative ( − ) for a shaft, and positive ( + ) for a hole. Thus, the limits for a
part 40 mm in size, designated h8 are derived as follows:

From Table 22, the tolerance grade (IT 8) is 0.039 mm, and the limits are therefore 40.000
and 39.961 mm.

The limits for a part 60 mm in size, designated js7 or Js7 are derived as follows:

From Table 1, the tolerance grade (IT 7) is 0.030 mm, and this value is divided equally
about the basic size to give limits of 60.015 and 59.985 mm.
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Table 19. British Standard Limits of Tolerance for Selected Holes 
(Upper and Lower Deviations)  BS 4500:1969

ES = Upper deviation.
EI = Lower deviation.
The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.

Table 20. British Standard Limits of Tolerance for Selected Shafts 
(Upper and Lower Deviations)  BS 4500:1969

es = Upper deviation.
ei = Lower deviation.
The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.

Nominal Sizes, mm H7 H8 H9 H11

Over
Up to
and

Including

ES
+

EI ES
+

EI ES
+

EI ES
+

EI

… 3 10 0 14 0 25 0 60 0
3 6 12 0 18 0 30 0 75 0

6 10 15 0 22 0 36 0 90 0

10 18 18 0 27 0 43 0 110 0
18 30 21 0 33 0 52 0 130 0

30 50 25 0 39 0 62 0 160 0

50 80 30 0 46 0 74 0 190 0
80 120 35 0 54 0 87 0 220 0

120 180 40 0 63 0 100 0 250 0

180 250 46 0 72 0 115 0 290 0
250 315 52 0 81 0 130 0 320 0

315 400 57 0 89 0 140 0 360 0

400 500 63 0 97 0 155 0 400 0

Nominal
Sizes, mm c11 d10 e9 f7 g6 h6 k6 n6 p6 s6

O
ve

r

U
p 

to
a

nd
 In

cl
.

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
−

ei
−

es
+

ei
+

es
+

ei
+

es
+

ei
+

es
+

ei
+

… 3 60 120 20 60 14 39 6 16 2 8 0 6 6 0 10 4 12 6 20 14

3 6 70 145 30 78 20 50 10 22 4 12 0 8 9 1 16 8 20 12 27 19

6 10 80 170 40 98 25 61 13 28 5 14 0 9 10 1 19 10 24 15 32 23

10 18 95 205 50 120 32 75 16 34 6 17 0 11 12 1 23 12 29 18 39 28

18 30 110 240 65 149 40 92 20 41 7 20 0 13 15 2 28 15 35 22 48 35

30 40 120 280 80 180 50 112 25 50 9 25 0 16 18 2 33 17 42 26 59 43

40 50 130 290 80 180 50 112 25 50 9 25 0 16 18 2 33 17 42 26 59 43

50 65 140 330 100 220 60 134 30 60 10 29 0 19 21 2 39 20 51 32 72 53

65 80 150 340 100 220 60 134 30 60 10 29 0 19 21 2 39 20 51 32 78 59

80 100 170 390 120 260 72 159 36 71 12 34 0 22 25 3 45 23 59 37 93 71

100 120 180 400 120 260 72 159 36 71 12 34 0 22 25 3 45 23 59 37 101 79

120 140 200 450 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 117 92

140 160 210 460 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 125 100

160 180 230 480 145 305 85 185 43 83 14 39 0 25 28 3 52 27 68 43 133 108

180 200 240 530 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 151 122

200 225 260 550 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 159 130

225 250 280 570 170 355 100 215 50 96 15 44 0 29 33 4 60 31 79 50 169 140

250 280 300 620 190 400 110 240 56 108 17 49 0 32 36 4 66 34 88 56 190 158

280 315 330 650 190 400 110 240 56 108 17 49 0 32 36 4 66 34 88 56 202 170

315 355 360 720 210 440 125 265 62 119 18 54 0 36 40 4 73 37 98 62 226 190

355 400 400 760 210 440 125 265 62 119 18 54 0 36 40 4 73 37 98 62 244 208

400 450 440 840 230 480 135 290 68 131 20 60 0 40 45 5 80 40 108 68 272 232

450 500 480 880 230 480 135 290 68 131 20 60 0 40 45 5 80 40 108 68 292 252
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661Table 21. British Standard Selected Fits. Minimum and Maximum Clearances  BS 4500:1969

The dimensions are given in 0.001 mm, except for the nominal sizes, which are in millimeters.
Minus (−) sign indicates negative clearance, i.e., interference.

Nominal
Sizes,
mm

H11—c11 H9—d10 H9—e9 H8—f7 H7—g6 H7—h6 H7—k6 H7—n6 H7—p6 H7—s6

Over
Up to
and
Incl.

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max

… 3 60 180 20 85 14 64 6 30 2 18 0 16 −6 +10 −10 +6 −12 +4 −20 −4
3 6 70 220 30 108 20 80 10 40 4 24 0 20 −9 +11 −16 +4 −20 0 −27 −7
6 10 80 260 40 134 25 97 13 50 5 29 0 24 −10 +14 −19 +5 −24 0 −32 −8

10 18 95 315 50 163 32 118 16 61 6 35 0 29 −12 +17 −23 +6 −29 0 −39 −10
18 30 110 370 65 201 40 144 20 74 7 41 0 34 −15 +19 −28 +6 −35 −1 −48 −14
30 40 120 440 80 242 50 174 25 89 9 50 0 41 −18 +23 −33 +8 −42 −1 −59 −18
40 50 130 450 80 242 50 174 25 89 9 50 0 41 −18 +23 −33 +8 −42 −1 −59 −18
50 65 140 520 100 294 60 208 30 106 10 59 0 49 −21 +28 −39 +10 −51 −2 −72 −23
65 80 150 530 100 294 60 208 30 106 10 59 0 49 −21 +28 −39 +10 −51 −2 −78 −29
80 100 170 610 120 347 72 246 36 125 12 69 0 57 −25 +32 −45 +12 −59 −2 −93 −36

100 120 180 620 120 347 72 246 36 125 12 69 0 57 −25 +32 −45 +12 −59 −2 −101 −44
120 140 200 700 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −117 −52
140 160 210 710 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −125 −60
160 180 230 730 145 405 85 285 43 146 14 79 0 65 −28 +37 −52 +13 −68 −3 −133 −68
180 200 240 820 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −151 −76
200 225 260 840 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −159 −84
225 250 280 860 170 470 100 330 50 168 15 90 0 75 −33 +42 −60 +15 −79 −4 −169 −94
250 280 300 940 190 530 110 370 56 189 17 101 0 84 −36 +48 −66 +18 −88 −4 −190 −126
280 315 330 970 190 530 110 370 56 189 17 101 0 84 −36 +48 −66 +18 −88 −4 −202 −112
315 355 360 1080 210 580 125 405 62 208 18 111 0 93 −40 −53 −73 +20 −98 −5 −226 −133
355 400 400 1120 210 580 125 405 62 208 18 111 0 93 −40 −53 −73 +20 −98 −5 −244 −151
400 450 440 1240 230 635 135 445 68 228 20 123 0 103 −45 +58 −80 +23 −108 −5 −272 −169
450 500 480 1280 230 635 135 445 68 228 20 123 0 103 −45 +58 −80 +23 −108 −5 −292 −189



A
L

L
O

W
A

N
C

E
S A

N
D

 T
O

L
E

R
A

N
C

E
S

662
Table 22. British Standard Limits and Fits  BS 4500:1969

The dimensions are given in 0.001 mm, except for the nominal sizes which are in millimeters.

Nominal Sizes,
mm Tolerance Grades

Over To IT 01 IT 0 IT 1 IT 2 IT 3 IT 4 IT 5 IT 6 IT 7 IT 8 IT 9 IT 10 IT 11 IT 12 IT 13
IT 
14a

a Not applicable to sizes below 1 mm. 

IT 
15a

IT 
16a

… 3 0.3 0.5 0.8 1.2 2 3 4 6 10 14 25 40 60 100 140 250 400 600

3 6 0.4 0.6 1 1.5 2.5 4 5 8 12 18 30 48 75 120 180 300 480 750

6 10 0.4 0.6 1 1.5 2.5 4 6 9 15 22 36 58 90 150 220 360 580 900

10 18 0.5 0.8 1.2 2 3 5 8 11 18 27 43 70 110 180 270 430 700 1100

18 30 0.6 1 1.5 2.5 4 6 9 13 21 33 52 84 130 210 330 520 840 1300

30 50 0.6 1 1.5 2.5 4 7 11 16 25 39 62 100 160 250 390 620 1000 1600

50 80 0.8 1.2 2 3 5 8 13 19 30 46 74 120 190 300 460 740 1200 1900

80 120 1 1.5 2.5 4 6 10 15 22 35 54 87 140 220 350 540 870 1400 2200

120 180 1.2 2 3.5 5 8 12 18 25 40 63 100 160 250 400 630 1000 1600 2500

180 250 2 3 4.5 7 10 14 20 29 46 72 115 185 290 460 720 1150 1850 2900

250 315 2.5 4 6 8 12 16 23 32 52 81 130 210 320 520 810 1300 2100 3200

315 400 3 5 7 9 13 18 25 36 57 89 140 230 360 570 890 1400 2300 3600

400 500 4 6 8 10 15 20 27 40 63 97 155 250 400 630 970 1550 2500 4000
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663Table 23. British Standard Fundamental Deviations for Shafts  BS 4500:1969

Nominal
Sizes, mm

Grade

01 to 16 5–6 7 8 4–7 ≤3
>7

Fundamental (Upper) Deviation es Fundamental (Lower) Deviation ei

Over To aa

a Not applicable to sizes up to 1 mm. 

ba c cd d e ef f fg g h jsb

b In grades 7 to 11, the two symmetrical deviations ±IT/2 should be rounded if the IT value in micrometers is an odd value by replacing it with the even value immedi-
ately below. For example, if IT = 175, replace it by 174. 

j k

… 3 −270 −140 −60 −34 −20 −14 −10 −6 −4 −2 0

±IT/2

−2 −4 −6 0 0
3 6 −270 −140 −70 −46 −30 −20 −14 −10 −6 −4 0 −2 −4 … +1 0
6 10 −280 −150 −80 −56 −40 −25 −18 −13 −8 −5 0 −2 −5 … +1 0

10 14 −290 −150 −95 … −50 −32 … −16 … −6 0 −3 −6 … +1 0
14 18 −290 −150 −95 … −50 −32 … −16 … −6 0 −3 −6 … +1 0
18 24 −300 −160 −110 … −65 −40 … −20 … −7 0 −4 −8 … +2 0
24 30 −300 −160 −110 … −65 −40 … −20 … −7 0 −4 −8 … +2 0
30 40 −310 −170 −120 … −80 −50 … −25 … −9 0 −5 −10 … +2 0
40 50 −320 −180 −130 … −80 −50 … −25 … −9 0 −5 −10 … +2 0
50 65 −340 −190 −140 … −100 −60 … −30 … −10 0 −7 −12 … +2 0
65 80 −360 −200 −150 … −100 −60 … −30 … −10 0 −7 −12 … +2 0
80 100 −380 −220 −170 … −120 −72 … −36 … −12 0 −9 −15 … +3 0

100 120 −410 −240 −180 … −120 −72 … −36 … −12 0 −9 −15 … +3 0
120 140 −460 −260 −200 … −145 −85 … −43 … −14 0 −11 −18 … +3 0
140 160 −520 −280 −210 … −145 −85 … −43 … −14 0 −11 −18 … +3 0
160 180 −580 −310 −230 … −145 −85 … −43 … −14 0 −11 −18 … +3 0
180 200 −660 −340 −240 … −170 −100 … −50 … −15 0 −13 −21 … +4 0
200 225 −740 −380 −260 … −170 −100 … −50 … −15 0 −13 −21 … +4 0
225 250 −820 −420 −280 … −170 −100 … −50 … −15 0 −13 −21 … +4 0
250 280 −920 −480 −300 … −190 −110 … −56 … −17 0 −16 −26 … +4 0
280 315 −1050 −540 −330 … −190 −110 … −56 … −17 0 −16 −26 … +4 0
315 355 −1200 −600 −360 … −210 −125 … −62 … −18 0 −18 −28 … +4 0
355 400 −1350 −680 −400 … −210 −125 … −62 … −18 0 −18 −28 … +4 0
400 450 −1500 −760 −440 … −230 −135 … −68 … −20 0 −20 −32 … +5 0
450 500 −1650 −840 −480 … −230 −135 … −68 … −20 0 −20 −32 … +5 0
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The dimensions are in 0.001 mm, except the nominal sizes, which are in millimeters.

Table 24. British Standard Fundamental Deviations for Shafts  BS 4500:1969

Nominal
Sizes, mm

Grade

01 to 16

Fundamental (Lower) Deviation ei

Over To m n p r s t u v x y z za zb zc

… 3 +2 +4 +6 +10 +14 … +18 … +20 … +26 +32 +40 +60

3 6 +4 +8 +12 +15 +19 … +23 … +28 … +35 +42 +50 +80

6 10 +6 +10 +15 +19 +23 … +28 … +34 … +42 +52 +67 +97

10 14 +7 +12 +18 +23 +28 … +33 … +40 … +50 +64 +90 +130

14 18 +7 +12 +18 +23 +28 … +33 +39 +45 … +60 +77 +108 +150

18 24 +8 +15 +22 +28 +35 … +41 +47 +54 +63 +73 +98 +136 +188

24 30 +8 +15 +22 +28 +35 +41 +48 +55 +64 +75 +88 +118 +160 +218

30 40 +9 +17 +26 +34 +43 +48 +60 +68 +80 +94 +112 +148 +200 +274

40 50 +9 +17 +26 +34 +43 +54 +70 +81 +97 +114 +136 +180 +242 +325

50 65 +11 +20 +32 +41 +53 +66 +87 +102 +122 +144 +172 +226 +300 +405

65 80 +11 +20 +32 +43 +59 +75 +102 +120 +146 +174 +210 +274 +360 +480

80 100 +13 +23 +37 +51 +71 +91 +124 +146 +178 +214 +258 +335 +445 +585

100 120 +13 +23 +37 +54 +79 +104 +144 +172 +210 +254 +310 +400 +525 +690

120 140 +15 +27 +43 +63 +92 +122 +170 +202 +248 +300 +365 +470 +620 +800

140 160 +15 +27 +43 +65 +100 +134 +190 +228 +280 +340 +415 +535 +700 +900

160 180 +15 +27 +43 +68 +108 +146 +210 +252 +310 +380 +465 +600 +780 +1000

180 200 +17 +31 +50 +77 +122 +166 +236 +284 +350 +425 +520 +670 +880 +1150

200 225 +17 +31 +50 +80 +130 +180 +258 +310 +385 +470 +575 +740 +960 +1250

225 250 +17 +31 +50 +84 +140 +196 +284 +340 +425 +520 +640 +820 +1050 +1350

250 280 +20 +34 +56 +94 +158 +218 +315 +385 +475 +580 +710 +920 +1200 +1550

280 315 +20 +34 +56 +98 +170 +240 +350 +425 +525 +650 +790 +1000 +1300 +1700

315 355 +21 +37 +62 +108 +190 +268 +390 +475 +590 +730 +900 +1150 +1500 +1900

355 400 +21 +37 +62 +114 +208 +294 +435 +530 +660 +820 +1000 +1300 +1650 +2100

400 450 +23 +40 +68 +126 +232 +330 +490 +595 +740 +920 +1100 +1450 +1850 +2400

450 500 +23 +40 +68 +132 +252 +360 +540 +660 +820 +1000 +1250 +1600 +2100 +2600
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665Table 25. British Standard Fundamental Deviations for Holes  BS 4500:1969

Nominal
Sizes, mm

Grade

01 to 16 6 7 8 ≤8 >8 ≤8a

a Special case: for M6, ES = −9 for sizes from 250 to 315 mm, instead of −11. 

>8 ≤8 >8b

Fundamental (Lower) Deviation EI Fundamental (Upper) Deviation ES

Over To Ab

b Not applicable to sizes up to 1 mm. 

Bb C CD D E EF F FG G H Jsc

c In grades 7 to 11, the two symmetrical deviations ±IT/2 should be rounded if the IT value in micrometers is an odd value, by replacing it with the even value below. For
example, if IT = 175, replace it by 174. 

J Kd

d When calculating deviations for holes K, M, and N with tolerance grades up to and including IT 8, and holes F to ZC with tolerance grades up to and including IT 7,
the delta (∆) values are added to the upper deviation ES. For example, for 25 P7, ES = −0.022 + 0.008 = −0.014 mm. 

Md Nd

… 3 +270 +140 +60 +34 +20 +14 +10 +6 +4 +2 0

±IT/2

+2 +4 +6 0 0 −2 −2 −4 −4
3 6 +270 +140 +70 +46 +30 +20 +14 +10 +6 +4 0 +5 +6 +10 −1+∆ … −4+∆ −4 −8+∆ 0
6 10 +280 +150 +80 +56 +40 +25 +18 +13 +8 +5 0 +5 +8 +12 −1+∆ … −6+∆ −6 −10+∆ 0

10 14 +290 +150 +95 … +50 +32 … +16 … +6 0 +6 +10 +15 −1+∆ … −7+∆ −7 −12+∆ 0
14 18 +290 +150 +95 … +50 +32 … +16 … +6 0 +6 +10 +15 −1+∆ … −7+∆ −7 −12+∆ 0
18 24 +300 +160 +110 … +65 +40 … +20 … +7 0 +8 +12 +20 −2+∆ … −8+∆ −8 −15+∆ 0
24 30 +300 +160 +110 … +65 +40 … +20 … +7 0 +8 +12 +20 −2+∆ … −8+∆ −8 −15+∆ 0
30 40 +310 +170 +120 … +80 +50 … +25 … +9 0 +10 +14 +24 −2+∆ … −9+∆ −9 −17+∆ 0
40 50 +320 +180 +130 … +80 +50 … +25 … +9 0 +10 +14 +24 −2+∆ … −9+∆ −9 −17+∆ 0
50 65 +340 +190 +140 … +100 +60 … +30 … +10 0 +13 +18 +28 −2+∆ … −11+∆ −11 −20+∆ 0
65 80 +360 +200 +150 … +100 +60 … +30 … +10 0 +13 +18 +28 −2+∆ … −11+∆ −11 −20+∆ 0
80 100 +380 +220 +170 … +120 +72 … +36 … +12 0 +16 +22 +34 −3+∆ … −13+∆ −13 −23+∆ 0

100 120 +410 +240 +180 … +120 +72 … +36 … +12 0 +16 +22 +34 −3+∆ … −13+∆ −13 −23+∆ 0
120 140 +460 +260 +200 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
140 160 +520 +280 +210 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
160 180 +580 +310 +230 … +145 +85 … +43 … +14 0 +18 +26 +41 −3+∆ … −15+∆ −15 −27+∆ 0
180 200 +660 +340 +240 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17+∆ −17 −31+∆ 0
200 225 +740 +380 +260 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17−∆ −17 −31+∆ 0
225 250 +820 +420 +280 … +170 +100 … +50 … +15 0 +22 +30 +47 −4+∆ … −17+∆ −17 −31+∆ 0
250 280 +920 +480 +300 … +190 +110 … +56 … +17 0 +25 +36 +55 −4+∆ … −20+∆ −20 −34+∆ 0
280 315 +1050 +540 +330 … +190 +110 … +56 … +17 0 +25 +36 +55 −4+∆ … −20+∆ −20 −34+∆ 0
315 355 +1200 +600 +360 … +210 +125 … +62 … +18 0 +29 +39 +60 −4+∆ … −21+∆ −21 −37+∆ 0
355 400 +1350 +680 +400 … +210 +125 … +62 … +18 0 +29 +39 +60 −4+∆ … −21+∆ −21 −37+∆ 0
400 450 +1500 +760 +440 … +230 +135 … +68 … +20 0 +33 +43 +66 −5+4 … −23+∆ −23 −40+∆ 0
450 500 +1650 +840 +480 … +230 +135 … +68 … +20 0 +33 +43 +66 −5+4 … −23+∆ −23 −40+∆ 0
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666The dimensions are given in 0.001 mm, except the nominal sizes, which are in millimeters.

Table 26. British Standard Fundamental Deviations for Holes  BS 4500:1969

Nominal
Sizes, mm

Grade Values for
delta (∆)d≤7 >7

Fundamental (Upper) Deviation ES Grade

Over To P to
ZC P R S T U V X Y Z ZA ZB ZC 3 4 5 6 7 8

… 3

Same 
deviation 

as for 
grades 

above 7 
increased 

by ∆

− 6 −10 −14 … −18 … −20 … −26 −32 −40 −60 0 0 0 0 0 0

3 6 −12 −15 −19 … −23 … −28 … −35 −42 −50 −80 1 1.5 1 3 4 6

6 10 −15 −19 −23 … −28 … −34 … −42 −52 −67 −97 1 1.5 2 3 6 7

10 14 −18 −23 −28 … −33 … −40 … −50 −64 −90 −130 1 2 3 3 7 9

14 18 −18 −23 −28 … −33 −39 −45 … −60 −77 −108 −150 1 2 3 3 7 9

18 24 −22 −28 −35 … −41 −47 −54 −63 −73 −98 −136 −188 1.5 2 3 4 8 12

24 30 −22 −28 −35 −41 −48 −55 −64 −75 −88 −118 −160 −218 1.5 2 3 4 8 12

30 40 −26 −34 −43 −48 −60 −68 −80 −94 −112 −148 −200 −274 1.5 3 4 5 9 14

40 50 −26 −34 −43 −54 −70 −81 −97 −114 −136 −180 −242 −325 1.5 3 4 5 9 14

50 65 −32 −41 −53 −66 −87 −102 −122 −144 −172 −226 −300 −405 2 3 5 6 11 16

65 80 −32 −43 −59 −75 −102 −120 −146 −174 −210 −274 −360 −480 2 3 5 6 11 16

80 100 −37 −51 −71 −91 −124 −146 −178 −214 −258 −335 −445 −585 2 4 5 7 13 19

100 120 −37 −54 −79 −104 −144 −172 −210 −254 −310 −400 −525 −690 2 4 5 7 13 19

120 140 −43 −63 −92 −122 −170 −202 −248 −300 −365 −470 −620 −800 3 4 6 7 15 23

140 160 −43 −65 −100 −134 −190 −228 −280 −340 −415 −535 −700 −900 3 4 6 7 15 23

160 180 −43 −68 −108 −146 −210 −252 −310 −380 −465 −600 −780 −1000 3 4 6 7 15 23

180 200 −50 −77 −122 −166 −226 −284 −350 −425 −520 −670 −880 −1150 3 4 6 9 17 26

200 225 −50 −80 −130 −180 −258 −310 −385 −470 −575 −740 −960 −1250 3 4 6 9 17 26

225 250 −50 −84 −140 −196 −284 −340 −425 −520 −640 −820 −1050 −1350 3 4 6 9 17 26

250 280 −56 −94 −158 −218 −315 −385 −475 −580 −710 −920 −1200 −1550 4 4 7 9 20 29

280 315 −56 −98 −170 −240 −350 −425 −525 −650 −790 −1000 −1300 −1700 4 4 7 9 20 29

315 355 −62 −108 −190 −268 −390 −475 −590 −730 −900 −1150 −1500 −1800 4 5 7 11 21 32

355 400 −62 −114 −208 −294 −435 −530 −660 −820 −1000 −1300 −1650 −2100 4 5 7 11 21 32

400 450 −68 −126 −232 −330 −490 −595 −740 −920 −1100 −1450 −1850 −2400 5 5 7 13 23 34

450 500 −68 −132 −252 −360 −540 −660 −820 −1000 −1250 −1600 −2100 −2600 5 5 7 13 23 34
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British Standard Preferred Numbers and Preferred Sizes.—This British Standard,
PD 6481:1977 1983, gives recommendations for the use of preferred numbers and pre-
ferred sizes for functional characteristics and dimensions of various products.

The preferred number system is internationally standardized in ISO 3. It is also referred
to as the Renard, or R, series (see American National Standard for Preferred Numbers, on
page19).

The series in the preferred number system are geometric series, that is, there is a constant
ratio between each figure and the succeeding one, within a decimal framework. Thus, the
R5 series has five steps between 1 and 10, the R10 series has 10 steps between 1 and 10, the
R20 series, 20 steps, and the R40 series, 40 steps, giving increases between steps of
approximately 60, 25, 12, and 6 per cent, respectively.

The preferred size series have been developed from the preferred number series by
rounding off the inconvenient numbers in the basic series and adjusting for linear measure-
ment in millimeters. These series are shown in the following table.

After taking all normal considerations into account, it is recommended that (a) for ranges
of values of the primary functional characteristics (outputs and capacities) of a series of
products, the preferred number series R5 to R40 (see page19) should be used, and (b)
whenever linear sizes are concerned, the preferred sizes as given in the following table
should be used. The presentation of preferred sizes gives designers and users a logical
selection and the benefits of rational variety reduction.

The second-choice size given should only be used when it is not possible to use the first
choice, and the third choice should be applied only if a size from the second choice cannot
be selected. With this procedure, common usage will tend to be concentrated on a limited
range of sizes, and a contribution is thus made to variety reduction. However, the decision
to use a particular size cannot be taken on the basis that one is first choice and the other not.
Account must be taken of the effect on the design, the availability of tools, and other rele-
vant factors.

British Standard Preferred Sizes,  PD 6481: 1977 (1983)

For dimensions above 300, each series continues in a similar manner, i.e., the intervals between
each series number are the same as between 200 and 300.

Choice Choice Choice Choice Choice Choice

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

1 5.2 23 65 122 188
1.1 5.5 24 66 125 190

1.2 5.8 25 68 128 192
1.3 6 26 70 130 195

1.4 6.2 28 72 132 198
1.5 6.5 30 74 135 200

1.6 6.8 32 75 138 205
1.7 7 34 76 140 210

1.8 7.5 35 78 142 215
1.9 8 36 80 145 220

2 8.5 38 82 148 225
2.1 9 40 85 150 230

2.2 9.5 42 88 152 235
2.4 10 44 90 155 240

2.5 11 45 92 158 245
2.6 12 46 95 160 250

2.8 13 48 98 162 255
3 14 50 100 165 260

3.2 15 52 102 168 265
3.5 16 54 105 170 270

3.8 17 55 108 172 275
4 18 56 110 175 280

4.2 19 58 112 178 285
4.5 20 60 115 180 290

4.8 21 62 118 182 295
5 22 64 120 185 300
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Length Differences Due to Temperature Changes.—The fo l lowing tab le g ives
changes in length for variations from the standard reference temperature of 68 deg. F (20
deg. C) for materials of known coefficients of expansion. Coefficients of expansion are
given in tables on pages 367 and 368. 

In the table below, for coefficients between those listed, add appropriate listed values.
For example, a length change for a coefficient of 7 is the sum of values in the 5 and 2 col-
umns. Fractional interpolation also is possible. Thus, in a steel bar with a coefficient of
thermal expansion of 6.3 × 10−6 [= 0.0000063 in./in. (µin./in.) of length/deg. F], the
increase in length at 73 deg. F is 25 + 5 + 1.5 = 31.5 µin./in. of length. For a steel with the
same coefficient of expansion, the change in length, measured in deg. C, is expressed in
microns (micrometers)/meter (µm/m) of length.

Table Showing Differences in Length in Inches/Inch (Microns/Meter) for Changes 
from the Standard Temperature of 68 Deg. F (20 Deg. C)

Tempera-
ture
Deg.

Coefficient of Thermal Expansion of Material per Degree F (C) × 104

1 2 3 4 5 10 15 20 25 30

Total Change in Length from Standard for F Deg. Microinches/Inch (µin./in.)

F C and for C deg. (K) microns/meter (µm/m) of length

48 0 −20 −40 −60 −80 −100 −200 −300 −400 −500 −600
49 1 −19 −38 −57 −76 −95 −190 −285 −380 −475 −570
50 2 −18 −36 −54 −72 −90 −180 −270 −360 −450 −540
51 3 −17 −34 −51 −68 −85 −170 −255 −340 −425 −510
52 4 −16 −32 −48 −64 −80 −160 −240 −320 −400 −480
53 5 −15 −30 −45 −60 −75 −150 −225 −300 −375 −450
54 6 −14 −28 −42 −56 −70 −140 −210 −280 −350 −420
55 7 −13 −26 −39 −52 −65 −130 −195 −260 −325 −390
56 8 −12 −24 −36 −48 −60 −120 −180 −240 −300 −360
57 9 −11 −22 −33 −44 −55 −110 −165 −220 −275 −330
58 10 −10 −20 −30 −40 −50 −100 −150 −200 −250 −300
59 11 −9 −18 −27 −36 −45 −90 −135 −180 −225 −270
60 12 −8 −16 −24 −32 −40 −80 −120 −160 −200 −240
61 13 −7 −14 −21 −28 −35 −70 −105 −140 −175 −210
62 14 −6 −12 −18 −24 −30 −60 −90 −120 −150 −180
63 15 −5 −10 −15 −20 −25 −50 −75 −100 −125 −150
64 16 −4 −8 −12 −16 −20 −40 −60 −80 −100 −120
65 17 −3 −6 −9 −12 −15 −30 −45 −60 −75 −90
66 18 −2 −4 −6 −8 −10 −20 −30 −40 −50 −60
67 19 −1 −2 −3 −4 −5 −10 −15 −20 −25 −30
68 20 0 0 0 0 0 0 0 0 0 0
69 21 1 2 3 4 5 10 15 20 25 30
70 22 2 4 6 8 10 20 30 40 50 60
71 23 3 6 9 12 15 30 45 60 75 90
72 24 4 8 12 16 20 40 60 80 100 120
73 25 5 10 15 20 25 50 75 100 125 150
74 26 6 12 18 24 30 60 90 120 150 180
75 27 7 14 21 28 35 70 105 140 175 210
76 28 8 16 24 32 40 80 120 160 200 240
77 29 9 18 27 36 45 90 135 180 225 270
78 30 10 20 30 40 50 100 150 200 250 300
79 31 11 22 33 44 55 110 165 220 275 330
80 32 12 24 36 48 60 120 180 240 300 360
81 33 13 26 39 52 65 130 195 260 325 390
82 34 14 28 42 56 70 140 210 280 350 420
83 35 15 30 45 60 75 150 225 300 375 450
84 36 16 32 48 64 80 160 240 320 400 480
85 37 17 34 51 68 85 170 255 340 425 510
86 38 18 36 54 72 90 180 270 360 450 540
87 39 19 38 57 76 95 190 285 380 475 570
88 40 20 40 60 80 100 200 300 400 500 600
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MEASURING INSTRUMENTS AND INSPECTION METHODS

Verniers and Micrometers

Reading a Vernier.—A general rule for taking readings with a vernier scale is as follows:
Note the number of inches and sub-divisions of an inch that the zero mark of the vernier
scale has moved along the true scale, and then add to this reading as many thousandths, or
hundredths, or whatever fractional part of an inch the vernier reads to, as there are spaces
between the vernier zero and that line on the vernier which coincides with one on the true
scale. For example, if the zero line of a vernier which reads to thousandths is slightly
beyond the 0.5 inch division on the main or true scale, as shown in Fig. 1, and graduation
line 10 on the vernier exactly coincides  with one on the true scale, the reading is 0.5 +
0.010 or 0.510 inch. In order to determine the reading or fractional part of an inch that can
be obtained by a vernier, multiply the denominator of the finest sub-division given on the
true scale by the total number of divisions on the vernier. For example, if one inch on the
true scale is divided into 40 parts or fortieths (as in Fig. 1), and the vernier into twenty-five
parts, the vernier will read to thousandths of an inch, as 25 × 40 = 1000. Similarly, if there
are sixteen divisions to the inch on the true scale and a total of eight on the vernier, the latter
will enable readings to be taken within one-hundred-twenty-eighths of an inch, as 8 × 16 =
128.

If the vernier is on a protractor, note the whole number of degrees passed by the vernier
zero mark and then count the spaces between the vernier zero and that line which coincides
with a graduation on the protractor scale. If the vernier indicates angles within five minutes
or one-twelfth degree (as in Fig. 2), the number of spaces multiplied by 5 will, of course,
give the number of minutes to be added to the whole number of degrees. The reading of the
protractor set as illustrated would be 14 whole degrees (the number passed by the zero
mark on the vernier) plus 30 minutes, as the graduation 30 on the vernier is the only one to

Fig. 1. 

Fig. 2. 
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the right of the vernier zero which exactly coincides with a line on the protractor scale. It
will be noted that there are duplicate scales on the vernier, one being to the right and the
other to the left of zero. The left-hand scale is used when the vernier zero is moved to the
left of the zero of the protractor scale, whereas the right-hand graduations are used when
the movement is to the right.

Reading a Metric Vernier.—The smallest graduation on the bar (true or main scale) of
the metric vernier gage shown in Fig. 1, is 0.5 millimeter. The scale is numbered at each
twentieth division, and thus increments of 10, 20, 30, 40 millimeters, etc., are indicated.
There are 25 divisions on the vernier scale, occupying the same length as 24 divisions on
the bar, which is 12 millimeters. Therefore, one division on the vernier scale equals one
twenty-fifth of 12 millimeters = 0.04 × 12 = 0.48 millimeter. Thus, the difference between
one bar division (0.50 mm) and one vernier division (2.48 mm) is 0.50 − 0.48 = 0.02 milli-
meter, which is the minimum measuring increment that the gage provides. To permit direct
readings, the vernier scale has graduations to represent tenths of a millimeter (0.1 mm) and
fiftieths of a millimeter (0.02 mm).

To read a vernier gage, first note how many millimeters the zero line on the vernier is
from the zero line on the bar. Next, find the graduation on the vernier

Fig. 1. 

scale which exactly coincides with a graduation line on the bar, and note the value of the
vernier scale graduation. This value is added to the value obtained from the bar, and the
result is the total reading.

In the example shown in Fig. 1, the vernier zero is just past the 40.5 millimeters gradua-
tion on the bar. The 0.18 millimeter line on the vernier coincides with a line on the bar, and
the total reading is therefore 40.5 + 0.18 = 40.68 mm.

Dual Metric-Inch Vernier.— The vernier gage shown in Fig. 2 has separate metric and
inch 50-division vernier scales to permit measurements in either system.

A 50-division vernier has more widely spaced graduations than the 25-division vernier
shown on the previous pages, and is thus easier to read. On the bar, the smallest metric
graduation is 1 millimeter, and the 50 divisions of the vernier occupy the same length as 49
divisions on the bar, which is 49 mm. Therefore, one division on the vernier scale equals
one-fiftieth of 49 millimeters = 0.02 × 49 = 0.98 mm. Thus, the difference between one bar
division (1.0 mm) and one vernier division (0.98 mm) is 0.02 mm, which is the minimum
measuring increment the gage provides.
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Fig. 2. 

The vernier scale is graduated for direct reading to 0.02 mm. In the figure, the vernier
zero is just past the 27 mm graduation on the bar, and the 0.42 mm graduation on the ver-
nier coincides with a line on the bar. The total reading is therefore 27.42 mm.

The smallest inch graduation on the bar is 0.05 inch, and the 50 vernier divisions occupy
the same length as 49 bar divisions, which is 2.45 inches. Therefore, one vernier division
equals one-fiftieth of 2.45 inches = 0.02 × 2.45 = 0.049 inch. Thus, the difference between
the length of a bar division and a vernier division is 0.050-0.049 = 0.001 inch. The vernier
scale is graduated for direct reading to 0.001 inch. In the example, the vernier zero is past
the 1.05 graduation on the bar, and the 0.029 graduation on the vernier coincides with a line
on the bar. Thus, the total reading is 1.079 inches.

Reading a Micrometer.—The spindle of an inch-system micrometer has 40 threads per
inch, so that one turn moves the spindle axially 0.025 inch (1 ÷ 40 = 0.025), equal to the
distance between two graduations on the frame. The 25 graduations on the thimble allow
the 0.025 inch to be further divided, so that turning the thimble through one division moves
the spindle axially 0.001 inch (0.025 ÷ 25 = 0.001). To read a micrometer, count the num-
ber of whole divisions that are visible on the scale of the frame, multiply this number by 25
(the number of thousandths of an inch that each division represents) and add to the product
the number of that division on the thimble which coincides with the axial zero line on the
frame. The result will be the diameter expressed in thousandths of an inch. As the numbers
1, 2, 3, etc., opposite every fourth sub-division on the frame, indicate hundreds of thou-
sandths, the reading can easily be taken mentally. Suppose the thimble were screwed out so
that graduation 2, and three additional sub-divisions, were visible (as shown in Fig. 3), and
that graduation 10 on the thimble coincided with the axial line on the frame. The reading
then would be 0.200 + 0.075 + 0.010, or 0.285 inch.

Fig. 3. Inch Micrometer
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Some micrometers have a vernier scale on the frame in addition to the regular gradua-
tions, so that measurements within 0.0001 part of an inch can be taken. Micrometers of this
type are read as follows: First determine the number of thousandths, as with an ordinary
micrometer, and then find a line on the vernier scale that exactly coincides with one on the
thimble; the number of this line represents the number of ten-thousandths to be added to
the number of thousandths obtained by the regular graduations. The reading shown in the
illustration, Fig. 4, is 0.270 + 0.0003 = 0.2703 inch.

Micrometers graduated according to the English system of measurement ordinarily have
a table of decimal equivalents stamped on the sides of the frame, so that fractions such as
sixty-fourths, thirty-seconds, etc., can readily be converted into decimals.
Reading a Metric Micrometer.—The spindle of an ordinary metric micrometer has 2
threads per millimeter, and thus one complete revolution moves the spindle through a dis-
tance of 0.5 millimeter. The longitudinal line on the frame is graduated with 1 millimeter
divisions and 0.5 millimeter sub-divisions. The thimble has 50 graduations, each being
0.01 millimeter (one-hundredth of a millimeter).

To read a metric micrometer, note the number of millimeter divisions visible on the scale
of the sleeve, and add the total to the particular division on the thimble which coincides
with the axial line on the sleeve. Suppose that the thimble were screwed out so that gradu-
ation 5, and one additional 0.5 sub-division were visible (as shown in Fig. 5), and that grad-
uation 28 on the thimble coincided with the axial line on the sleeve. The reading then
would be 5.00 + 0.5 + 0.28 = 5.78 mm.

Some micrometers are provided with a vernier scale on the sleeve in addition to the regu-
lar graduations to permit measurements within 0.002 millimeter to be made. Micrometers
of this type are read as follows: First determine the number of whole millimeters (if any)
and the number of hundredths of a millimeter, as with an ordinary micrometer, and then
find a line on the sleeve vernier scale which exactly coincides 

Fig. 5. Metric Micrometer

 with one on the thimble. The number of this coinciding vernier line represents the number
of two-thousandths of a millimeter to be added to the reading already obtained. Thus, for
example, a measurement of 2.958 millimeters would be obtained by reading 2.5 millime-
ters on the sleeve, adding 0.45 millimeter read from the thimble, and then adding 0.008
millimeter as determined by the vernier.

Note: 0.01 millimeter = 0.000393 inch, and 0.002 millimeter = 0.000078 inch (78 mil-
lionths). Therefore, metric micrometers provide smaller measuring increments than com-
parable inch unit micrometers—the smallest graduation of an ordinary inch reading
micrometer is 0.001 inch; the vernier type has graduations down to 0.0001 inch. When
using either a metric or inch micrometer, without a vernier, smaller readings than those
graduated may of course be obtained by visual interpolation between graduations.

Fig. 4. Inch Micrometer with Vernier
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Sine-bar

The sine-bar is used either for very accurate angular measurements or for locating work
at a given angle as, for example, in surface grinding templets, gages, etc. The sine-bar is
especially useful in measuring or checking angles when the limit of accuracy is 5 minutes
or less. Some bevel protractors are equipped with verniers which read to 5 minutes but the
setting depends upon the alignment of graduations whereas a sine-bar usually is located by
positive contact with precision gage-blocks selected for whatever dimension is required
for obtaining a given angle.

Types of Sine-bars.—A sine-bar consists of a hardened, ground and lapped steel bar with
very accurate cylindrical plugs of equal diameter attached to or near each end. The form
illustrated by Fig. 3 has notched ends for receiving the cylindrical plugs so that they are
held firmly against both faces of the notch. The standard center-to-center distance C
between the plugs is either 5 or 10 inches. The upper and lower sides of sine-bars are paral-
lel to the center line of the plugs within very close limits. The body of the sine-bar ordi-
narily has several through holes to reduce the weight. In the making of the sine-bar shown
in Fig. 4, if too much material is removed from one locating notch, regrinding the shoulder
at the opposite end would make it possible to obtain the correct center distance. That is the
reason for this change in form. The type of sine-bar illustrated by Fig. 5 has the cylindrical
disks or plugs attached to one side. These differences in form or arrangement do not, of
course, affect the principle governing the use of the sine-bar. An accurate surface plate or
master flat is always used in conjunction with a sine-bar in order to form the base from
which the vertical measurements are made

.

Fig. 1. Fig. 2. 

Fig. 3. Fig. 4. 
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Setting a Sine Bar to a Given Angle.—To find the vertical distance H, for setting a sine
bar to the required angle, convert the angle to decimal form on a pocket calculator, take the
sine of that angle, and multiply by the distance between the cylinders. For example, if an
angle of 31 degrees, 30 minutes is required, the equivalent angle is 31 degrees plus 30⁄60 = 31
+ 0.5, or 31.5 degrees. (For conversions from minutes and seconds to decimals of degrees
and vice versa, see page90). The sine of 31.5 degrees is 0.5225 and multiplying this value
by the sine bar length gives 2.613 in. for the height H, Fig. 1 and  3, of the gage blocks.

Finding Angle when Height H of Sine Bar is Known.—To find the angle equivalent to
a given height H, reverse the above procedure. Thus, if the height H is 1.4061 in., dividing
by 5 gives a sine of 0.28122, which corresponds to an angle of 16.333 degrees, or 16
degrees 20 minutes.

Checking Angle of Templet or Gage by Using Sine Bar.—Place templet or gage on
sine bar as indicated by dotted lines, Fig. 1. Clamps may be used to hold work in place.
Place upper end of sine bar on gage blocks having total height H corresponding to the
required angle. If upper edge D of work is parallel with surface plate E, then angle A of
work equals angle A to which sine bar is set. Parallelism between edge D and surface plate
may be tested by checking the height at each end with a dial gage or some type of indicating
comparator.

Measuring Angle of Templet or Gage with Sine Bar.—To measure such an angle,
adjust height of gage blocks and sine bar until edge D, Fig. 1, is parallel with surface plate
E; then find angle corresponding to height H, of gage blocks. For example, if height H is
2.5939 inches when D and E are parallel, the calculator will show that the angle A of the
work is 31 degrees, 15 minutes.

Checking Taper per Foot with Sine Bar.—As an example, assume that the plug gage in
Fig. 2 is supposed to have a taper of 61⁄8 inches per foot and taper is to be checked by using
a 5-inch sine bar. The table of Tapers per Foot and Corresponding Angles on page684
shows that the included angle for a taper of 6 1⁄8 inches per foot is 28 degrees 38 minutes 1
second, or 28.6336 degrees from the calculator. For a 5-inch sine bar, the calculator gives
a value of 2.396 in. for the height H of the gage blocks. Using this height, if the upper sur-
face F of the plug gage is parallel to the surface plate the angle corresponds to a taper of 6
1⁄8 inches per foot.

Setting Sine Bar having Plugs Attached to Side.—If the lower plug does not rest
directly on the surface plate, as in Fig. 3, the height H for the sine bar is the difference
between heights x and y, or the difference between the heights of the plugs; otherwise, the
procedure in setting the sine bar and checking angles is the same as previously described.

Checking Templets Having Two Angles.—Assume that angle a of templet, Fig. 4, is 9
degrees, angle b 12 degrees, and that edge G is parallel to the surface plate. For an angle b
of 12 degrees, the calculator shows that the height H is 1.03956 inches. For an angle a of 9
degrees, the difference between measurements x and y when the sine bar is in contact with
the upper edge of the templet is 0.78217 inch.

Setting 10-inch Sine Bar to Given Angle.—A 10-inch sine bar may sometimes be pre-
ferred because of its longer working surface or because the longer center distance is condu-
cive to greater precision. To obtain the vertical distances H for setting a 10-inch sine bar,
multiply the sine of the angle by 10, by shifting the decimal point one place to the right.

For example, the sine of 39 degrees is 0.62932, hence the vertical height H for setting a
10-inch sine bar is 6.2932 inches.



675 SINE-BAR CONSTANTS

Constants for Setting a  5-inch Sine-Bar for 1° to 7°
Min.  0°  1°  2°  3°  4°  5°  6°  7°

 0 0.00000 0.08726 0.17450 0.26168 0.34878 0.43578 0.52264 0.60935
 1 0.00145 0.08872 0.17595 0.26313 0.35023 0.43723 0.52409 0.61079
 2 0.00291 0.09017 0.17740 0.26458 0.35168 0.43868 0.52554 0.61223
 3 0.00436 0.09162 0.17886 0.26604 0.35313 0.44013 0.52698 0.61368
 4 0.00582 0.09308 0.18031 0.26749 0.35459 0.44157 0.52843 0.61512
 5 0.00727 0.09453 0.18177 0.26894 0.35604 0.44302 0.52987 0.61656
 6 0.00873 0.09599 0.18322 0.27039 0.35749 0.44447 0.53132 0.61801
 7 0.01018 0.09744 0.18467 0.27185 0.35894 0.44592 0.53277 0.61945
 8 0.01164 0.09890 0.18613 0.27330 0.36039 0.44737 0.53421 0.62089
 9 0.01309 0.10035 0.18758 0.27475 0.36184 0.44882 0.53566 0.62234
 10 0.01454 0.10180 0.18903 0.27620 0.36329 0.45027 0.53710 0.62378
 11 0.01600 0.10326 0.19049 0.27766 0.36474 0.45171 0.53855 0.62522
 12 0.01745 0.10471 0.19194 0.27911 0.36619 0.45316 0.54000 0.62667
 13 0.01891 0.10617 0.19339 0.28056 0.36764 0.45461 0.54144 0.62811
 14 0.02036 0.10762 0.19485 0.28201 0.36909 0.45606 0.54289 0.62955
 15 0.02182 0.10907 0.19630 0.28346 0.37054 0.45751 0.54433 0.63099
 16 0.02327 0.11053 0.19775 0.28492 0.37199 0.45896 0.54578 0.63244
 17 0.02473 0.11198 0.19921 0.28637 0.37344 0.46040 0.54723 0.63388
 18 0.02618 0.11344 0.20066 0.28782 0.37489 0.46185 0.54867 0.63532
 19 0.02763 0.11489 0.20211 0.28927 0.37634 0.46330 0.55012 0.63677
 20 0.02909 0.11634 0.20357 0.29072 0.37779 0.46475 0.55156 0.63821
 21 0.03054 0.11780 0.20502 0.29218 0.37924 0.46620 0.55301 0.63965
 22 0.03200 0.11925 0.20647 0.29363 0.38069 0.46765 0.55445 0.64109
 23 0.03345 0.12071 0.20793 0.29508 0.38214 0.46909 0.55590 0.64254
 24 0.03491 0.12216 0.20938 0.29653 0.38360 0.47054 0.55734 0.64398
 25 0.03636 0.12361 0.21083 0.29798 0.38505 0.47199 0.55879 0.64542
 26 0.03782 0.12507 0.21228 0.29944 0.38650 0.47344 0.56024 0.64686
 27 0.03927 0.12652 0.21374 0.30089 0.38795 0.47489 0.56168 0.64830
 28 0.04072 0.12798 0.21519 0.30234 0.38940 0.47633 0.56313 0.64975
 29 0.04218 0.12943 0.21664 0.30379 0.39085 0.47778 0.56457 0.65119
 30 0.04363 0.13088 0.21810 0.30524 0.39230 0.47923 0.56602 0.65263
 31 0.04509 0.13234 0.21955 0.30669 0.39375 0.48068 0.56746 0.65407
 32 0.04654 0.13379 0.22100 0.30815 0.39520 0.48212 0.56891 0.65551
 33 0.04800 0.13525 0.22246 0.30960 0.39665 0.48357 0.57035 0.65696
 34 0.04945 0.13670 0.22391 0.31105 0.39810 0.48502 0.57180 0.65840
 35 0.05090 0.13815 0.22536 0.31250 0.39954 0.48647 0.57324 0.65984
 36 0.05236 0.13961 0.22681 0.31395 0.40099 0.48791 0.57469 0.66128
 37 0.05381 0.14106 0.22827 0.31540 0.40244 0.48936 0.57613 0.66272
 38 0.05527 0.14252 0.22972 0.31686 0.40389 0.49081 0.57758 0.66417
 39 0.05672 0.14397 0.23117 0.31831 0.40534 0.49226 0.57902 0.66561
 40 0.05818 0.14542 0.23263 0.31976 0.40679 0.49370 0.58046 0.66705
 41 0.05963 0.14688 0.23408 0.32121 0.40824 0.49515 0.58191 0.66849
 42 0.06109 0.14833 0.23553 0.32266 0.40969 0.49660 0.58335 0.66993
 43 0.06254 0.14979 0.23699 0.32411 0.41114 0.49805 0.58480 0.67137
 44 0.06399 0.15124 0.23844 0.32556 0.41259 0.49949 0.58624 0.67281
 45 0.06545 0.15269 0.23989 0.32702 0.41404 0.50094 0.58769 0.67425
 46 0.06690 0.15415 0.24134 0.32847 0.41549 0.50239 0.58913 0.67570
 47 0.06836 0.15560 0.24280 0.32992 0.41694 0.50383 0.59058 0.67714
 48 0.06981 0.15705 0.24425 0.33137 0.41839 0.50528 0.59202 0.67858
 49 0.07127 0.15851 0.24570 0.33282 0.41984 0.50673 0.59346 0.68002
 50 0.07272 0.15996 0.24715 0.33427 0.42129 0.50818 0.59491 0.68146
 51 0.07417 0.16141 0.24861 0.33572 0.42274 0.50962 0.59635 0.68290
 52 0.07563 0.16287 0.25006 0.33717 0.42419 0.51107 0.59780 0.68434
 53 0.07708 0.16432 0.25151 0.33863 0.42564 0.51252 0.59924 0.68578
 54 0.07854 0.16578 0.25296 0.34008 0.42708 0.51396 0.60068 0.68722
 55 0.07999 0.16723 0.25442 0.34153 0.42853 0.51541 0.60213 0.68866
 56 0.08145 0.16868 0.25587 0.34298 0.42998 0.51686 0.60357 0.69010
 57 0.08290 0.17014 0.25732 0.34443 0.43143 0.51830 0.60502 0.69154
 58 0.08435 0.17159 0.25877 0.34588 0.43288 0.51975 0.60646 0.69298
 59 0.08581 0.17304 0.26023 0.34733 0.43433 0.52120 0.60790 0.69443
 60 0.08726 0.17450 0.26168 0.34878 0.43578 0.52264 0.60935 0.69587



SINE-BAR CONSTANTS 676

Constants for Setting a  5-inch Sine-Bar for 8° to 15°
Min.  8°  9°  10°  11°  12°  13°  14°  15°

 0 0.69587 0.78217 0.86824 0.95404 1.03956 1.12476 1.20961 1.29410
 1 0.69731 0.78361 0.86967 0.95547 1.04098 1.12617 1.21102 1.29550
 2 0.69875 0.78505 0.87111 0.95690 1.04240 1.12759 1.21243 1.29690
 3 0.70019 0.78648 0.87254 0.95833 1.04383 1.12901 1.21384 1.29831
 4 0.70163 0.78792 0.87397 0.95976 1.04525 1.13042 1.21525 1.29971
 5 0.70307 0.78935 0.87540 0.96118 1.04667 1.13184 1.21666 1.30112
 6 0.70451 0.79079 0.87683 0.96261 1.04809 1.13326 1.21808 1.30252
 7 0.70595 0.79223 0.87827 0.96404 1.04951 1.13467 1.21949 1.30393
 8 0.70739 0.79366 0.87970 0.96546 1.05094 1.13609 1.22090 1.30533
 9 0.70883 0.79510 0.88113 0.96689 1.05236 1.13751 1.22231 1.30673
 10 0.71027 0.79653 0.88256 0.96832 1.05378 1.13892 1.22372 1.30814
 11 0.71171 0.79797 0.88399 0.96974 1.05520 1.14034 1.22513 1.30954
 12 0.71314 0.79941 0.88542 0.97117 1.05662 1.14175 1.22654 1.31095
 13 0.71458 0.80084 0.88686 0.97260 1.05805 1.14317 1.22795 1.31235
 14 0.71602 0.80228 0.88829 0.97403 1.05947 1.14459 1.22936 1.31375
 15 0.71746 0.80371 0.88972 0.97545 1.06089 1.14600 1.23077 1.31516
 16 0.71890 0.80515 0.89115 0.97688 1.06231 1.14742 1.23218 1.31656
 17 0.72034 0.80658 0.89258 0.97830 1.06373 1.14883 1.23359 1.31796
 18 0.72178 0.80802 0.89401 0.97973 1.06515 1.15025 1.23500 1.31937
 19 0.72322 0.80945 0.89544 0.98116 1.06657 1.15166 1.23640 1.32077
 20 0.72466 0.81089 0.89687 0.98258 1.06799 1.15308 1.23781 1.32217
 21 0.72610 0.81232 0.89830 0.98401 1.06941 1.15449 1.23922 1.32357
 22 0.72754 0.81376 0.89973 0.98544 1.07084 1.15591 1.24063 1.32498
 23 0.72898 0.81519 0.90117 0.98686 1.07226 1.15732 1.24204 1.32638
 24 0.73042 0.81663 0.90260 0.98829 1.07368 1.15874 1.24345 1.32778
 25 0.73185 0.81806 0.90403 0.98971 1.07510 1.16015 1.24486 1.32918
 26 0.73329 0.81950 0.90546 0.99114 1.07652 1.16157 1.24627 1.33058
 27 0.73473 0.82093 0.90689 0.99256 1.07794 1.16298 1.24768 1.33199
 28 0.73617 0.82237 0.90832 0.99399 1.07936 1.16440 1.24908 1.33339
 29 0.73761 0.82380 0.90975 0.99541 1.08078 1.16581 1.25049 1.33479
 30 0.73905 0.82524 0.91118 0.99684 1.08220 1.16723 1.25190 1.33619
 31 0.74049 0.82667 0.91261 0.99826 1.08362 1.16864 1.25331 1.33759
 32 0.74192 0.82811 0.91404 0.99969 1.08504 1.17006 1.25472 1.33899
 33 0.74336 0.82954 0.91547 1.00112 1.08646 1.17147 1.25612 1.34040
 34 0.74480 0.83098 0.91690 1.00254 1.08788 1.17288 1.25753 1.34180
 35 0.74624 0.83241 0.91833 1.00396 1.08930 1.17430 1.25894 1.34320
 36 0.74768 0.83384 0.91976 1.00539 1.09072 1.17571 1.26035 1.34460
 37 0.74911 0.83528 0.92119 1.00681 1.09214 1.17712 1.26175 1.34600
 38 0.75055 0.83671 0.92262 1.00824 1.09355 1.17854 1.26316 1.34740
 39 0.75199 0.83815 0.92405 1.00966 1.09497 1.17995 1.26457 1.34880
 40 0.75343 0.83958 0.92547 1.01109 1.09639 1.18136 1.26598 1.35020
 41 0.75487 0.84101 0.92690 1.01251 1.09781 1.18278 1.26738 1.35160
 42 0.75630 0.84245 0.92833 1.01394 1.09923 1.18419 1.26879 1.35300
 43 0.75774 0.84388 0.92976 1.01536 1.10065 1.18560 1.27020 1.35440
 44 0.75918 0.84531 0.93119 1.01678 1.10207 1.18702 1.27160 1.35580
 45 0.76062 0.84675 0.93262 1.01821 1.10349 1.18843 1.27301 1.35720
 46 0.76205 0.84818 0.93405 1.01963 1.10491 1.18984 1.27442 1.35860
 47 0.76349 0.84961 0.93548 1.02106 1.10632 1.19125 1.27582 1.36000
 48 0.76493 0.85105 0.93691 1.02248 1.10774 1.19267 1.27723 1.36140
 49 0.76637 0.85248 0.93834 1.02390 1.10916 1.19408 1.27863 1.36280
 50 0.76780 0.85391 0.93976 1.02533 1.11058 1.19549 1.28004 1.36420
 51 0.76924 0.85535 0.94119 1.02675 1.11200 1.19690 1.28145 1.36560
 52 0.77068 0.85678 0.94262 1.02817 1.11342 1.19832 1.28285 1.36700
 53 0.77211 0.85821 0.94405 1.02960 1.11483 1.19973 1.28426 1.36840
 54 0.77355 0.85965 0.94548 1.03102 1.11625 1.20114 1.28566 1.36980
 55 0.77499 0.86108 0.94691 1.03244 1.11767 1.20255 1.28707 1.37119
 56 0.77643 0.86251 0.94833 1.03387 1.11909 1.20396 1.28847 1.37259
 57 0.77786 0.86394 0.94976 1.03529 1.12050 1.20538 1.28988 1.37399
 58 0.77930 0.86538 0.95119 1.03671 1.12192 1.20679 1.29129 1.37539
 59 0.78074 0.86681 0.95262 1.03814 1.12334 1.20820 1.29269 1.37679
 60 0.78217 0.86824 0.95404 1.03956 1.12476 1.20961 1.29410 1.37819



677 SINE-BAR CONSTANTS

Constants for Setting a  5-inch Sine-Bar for 16° to 23°
Min.  16°  17°  18°  19°  20°  21°  22°  23°

 0 1.37819 1.46186 1.54509 1.62784 1.71010 1.79184 1.87303 1.95366
 1 1.37958 1.46325 1.54647 1.62922 1.71147 1.79320 1.87438 1.95499
 2 1.38098 1.46464 1.54785 1.63059 1.71283 1.79456 1.87573 1.95633
 3 1.38238 1.46603 1.54923 1.63197 1.71420 1.79591 1.87708 1.95767
 4 1.38378 1.46742 1.55062 1.63334 1.71557 1.79727 1.87843 1.95901
 5 1.38518 1.46881 1.55200 1.63472 1.71693 1.79863 1.87977 1.96035
 6 1.38657 1.47020 1.55338 1.63609 1.71830 1.79998 1.88112 1.96169
 7 1.38797 1.47159 1.55476 1.63746 1.71966 1.80134 1.88247 1.96302
 8 1.38937 1.47298 1.55615 1.63884 1.72103 1.80270 1.88382 1.96436
 9 1.39076 1.47437 1.55753 1.64021 1.72240 1.80405 1.88516 1.96570
 10 1.39216 1.47576 1.55891 1.64159 1.72376 1.80541 1.88651 1.96704
 11 1.39356 1.47715 1.56029 1.64296 1.72513 1.80677 1.88786 1.96837
 12 1.39496 1.47854 1.56167 1.64433 1.72649 1.80812 1.88920 1.96971
 13 1.39635 1.47993 1.56306 1.64571 1.72786 1.80948 1.89055 1.97105
 14 1.39775 1.48132 1.56444 1.64708 1.72922 1.81083 1.89190 1.97238
 15 1.39915 1.48271 1.56582 1.64845 1.73059 1.81219 1.89324 1.97372
 16 1.40054 1.48410 1.56720 1.64983 1.73195 1.81355 1.89459 1.97506
 17 1.40194 1.48549 1.56858 1.65120 1.73331 1.81490 1.89594 1.97639
 18 1.40333 1.48687 1.56996 1.65257 1.73468 1.81626 1.89728 1.97773
 19 1.40473 1.48826 1.57134 1.65394 1.73604 1.81761 1.89863 1.97906
 20 1.40613 1.48965 1.57272 1.65532 1.73741 1.81897 1.89997 1.98040
 21 1.40752 1.49104 1.57410 1.65669 1.73877 1.82032 1.90132 1.98173
 22 1.40892 1.49243 1.57548 1.65806 1.74013 1.82168 1.90266 1.98307
 23 1.41031 1.49382 1.57687 1.65943 1.74150 1.82303 1.90401 1.98440
 24 1.41171 1.49520 1.57825 1.66081 1.74286 1.82438 1.90535 1.98574
 25 1.41310 1.49659 1.57963 1.66218 1.74422 1.82574 1.90670 1.98707
 26 1.41450 1.49798 1.58101 1.66355 1.74559 1.82709 1.90804 1.98841
 27 1.41589 1.49937 1.58238 1.66492 1.74695 1.82845 1.90939 1.98974
 28 1.41729 1.50075 1.58376 1.66629 1.74831 1.82980 1.91073 1.99108
 29 1.41868 1.50214 1.58514 1.66766 1.74967 1.83115 1.91207 1.99241
 30 1.42008 1.50353 1.58652 1.66903 1.75104 1.83251 1.91342 1.99375
 31 1.42147 1.50492 1.58790 1.67041 1.75240 1.83386 1.91476 1.99508
 32 1.42287 1.50630 1.58928 1.67178 1.75376 1.83521 1.91610 1.99641
 33 1.42426 1.50769 1.59066 1.67315 1.75512 1.83657 1.91745 1.99775
 34 1.42565 1.50908 1.59204 1.67452 1.75649 1.83792 1.91879 1.99908
 35 1.42705 1.51046 1.59342 1.67589 1.75785 1.83927 1.92013 2.00041
 36 1.42844 1.51185 1.59480 1.67726 1.75921 1.84062 1.92148 2.00175
 37 1.42984 1.51324 1.59617 1.67863 1.76057 1.84198 1.92282 2.00308
 38 1.43123 1.51462 1.59755 1.68000 1.76193 1.84333 1.92416 2.00441
 39 1.43262 1.51601 1.59893 1.68137 1.76329 1.84468 1.92550 2.00574
 40 1.43402 1.51739 1.60031 1.68274 1.76465 1.84603 1.92685 2.00708
 41 1.43541 1.51878 1.60169 1.68411 1.76601 1.84738 1.92819 2.00841
 42 1.43680 1.52017 1.60307 1.68548 1.76737 1.84873 1.92953 2.00974
 43 1.43820 1.52155 1.60444 1.68685 1.76873 1.85009 1.93087 2.01107
 44 1.43959 1.52294 1.60582 1.68821 1.77010 1.85144 1.93221 2.01240
 45 1.44098 1.52432 1.60720 1.68958 1.77146 1.85279 1.93355 2.01373
 46 1.44237 1.52571 1.60857 1.69095 1.77282 1.85414 1.93490 2.01506
 47 1.44377 1.52709 1.60995 1.69232 1.77418 1.85549 1.93624 2.01640
 48 1.44516 1.52848 1.61133 1.69369 1.77553 1.85684 1.93758 2.01773
 49 1.44655 1.52986 1.61271 1.69506 1.77689 1.85819 1.93892 2.01906
 50 1.44794 1.53125 1.61408 1.69643 1.77825 1.85954 1.94026 2.02039
 51 1.44934 1.53263 1.61546 1.69779 1.77961 1.86089 1.94160 2.02172
 52 1.45073 1.53401 1.61683 1.69916 1.78097 1.86224 1.94294 2.02305
 53 1.45212 1.53540 1.61821 1.70053 1.78233 1.86359 1.94428 2.02438
 54 1.45351 1.53678 1.61959 1.70190 1.78369 1.86494 1.94562 2.02571
 55 1.45490 1.53817 1.62096 1.70327 1.78505 1.86629 1.94696 2.02704
 56 1.45629 1.53955 1.62234 1.70463 1.78641 1.86764 1.94830 2.02837
 57 1.45769 1.54093 1.62371 1.70600 1.78777 1.86899 1.94964 2.02970
 58 1.45908 1.54232 1.62509 1.70737 1.78912 1.87034 1.95098 2.03103
 59 1.46047 1.54370 1.62647 1.70873 1.79048 1.87168 1.95232 2.03235
 60 1.46186 1.54509 1.62784 1.71010 1.79184 1.87303 1.95366 2.03368



SINE-BAR CONSTANTS 678

Constants for Setting a  5-inch Sine-Bar for 24° to 31°
Min.  24°  25°  26°  27°  28°  29°  30°  31°

 0 2.03368 2.11309 2.19186 2.26995 2.34736 2.42405 2.50000 2.57519
 1 2.03501 2.11441 2.19316 2.27125 2.34864 2.42532 2.50126 2.57644
 2 2.03634 2.11573 2.19447 2.27254 2.34993 2.42659 2.50252 2.57768
 3 2.03767 2.11704 2.19578 2.27384 2.35121 2.42786 2.50378 2.57893
 4 2.03900 2.11836 2.19708 2.27513 2.35249 2.42913 2.50504 2.58018
 5 2.04032 2.11968 2.19839 2.27643 2.35378 2.43041 2.50630 2.58142
 6 2.04165 2.12100 2.19970 2.27772 2.35506 2.43168 2.50755 2.58267
 7 2.04298 2.12231 2.20100 2.27902 2.35634 2.43295 2.50881 2.58391
 8 2.04431 2.12363 2.20231 2.28031 2.35763 2.43422 2.51007 2.58516
 9 2.04563 2.12495 2.20361 2.28161 2.35891 2.43549 2.51133 2.58640
 10 2.04696 2.12626 2.20492 2.28290 2.36019 2.43676 2.51259 2.58765
 11 2.04829 2.12758 2.20622 2.28420 2.36147 2.43803 2.51384 2.58889
 12 2.04962 2.12890 2.20753 2.28549 2.36275 2.43930 2.51510 2.59014
 13 2.05094 2.13021 2.20883 2.28678 2.36404 2.44057 2.51636 2.59138
 14 2.05227 2.13153 2.21014 2.28808 2.36532 2.44184 2.51761 2.59262
 15 2.05359 2.13284 2.21144 2.28937 2.36660 2.44311 2.51887 2.59387
 16 2.05492 2.13416 2.21275 2.29066 2.36788 2.44438 2.52013 2.59511
 17 2.05625 2.13547 2.21405 2.29196 2.36916 2.44564 2.52138 2.59635
 18 2.05757 2.13679 2.21536 2.29325 2.37044 2.44691 2.52264 2.59760
 19 2.05890 2.13810 2.21666 2.29454 2.37172 2.44818 2.52389 2.59884
 20 2.06022 2.13942 2.21796 2.29583 2.37300 2.44945 2.52515 2.60008
 21 2.06155 2.14073 2.21927 2.29712 2.37428 2.45072 2.52640 2.60132
 22 2.06287 2.14205 2.22057 2.29842 2.37556 2.45198 2.52766 2.60256
 23 2.06420 2.14336 2.22187 2.29971 2.37684 2.45325 2.52891 2.60381
 24 2.06552 2.14468 2.22318 2.30100 2.37812 2.45452 2.53017 2.60505
 25 2.06685 2.14599 2.22448 2.30229 2.37940 2.45579 2.53142 2.60629
 26 2.06817 2.14730 2.22578 2.30358 2.38068 2.45705 2.53268 2.60753
 27 2.06950 2.14862 2.22708 2.30487 2.38196 2.45832 2.53393 2.60877
 28 2.07082 2.14993 2.22839 2.30616 2.38324 2.45959 2.53519 2.61001
 29 2.07214 2.15124 2.22969 2.30745 2.38452 2.46085 2.53644 2.61125
 30 2.07347 2.15256 2.23099 2.30874 2.38579 2.46212 2.53769 2.61249
 31 2.07479 2.15387 2.23229 2.31003 2.38707 2.46338 2.53894 2.61373
 32 2.07611 2.15518 2.23359 2.31132 2.38835 2.46465 2.54020 2.61497
 33 2.07744 2.15649 2.23489 2.31261 2.38963 2.46591 2.54145 2.61621
 34 2.07876 2.15781 2.23619 2.31390 2.39091 2.46718 2.54270 2.61745
 35 2.08008 2.15912 2.23749 2.31519 2.39218 2.46844 2.54396 2.61869
 36 2.08140 2.16043 2.23880 2.31648 2.39346 2.46971 2.54521 2.61993
 37 2.08273 2.16174 2.24010 2.31777 2.39474 2.47097 2.54646 2.62117
 38 2.08405 2.16305 2.24140 2.31906 2.39601 2.47224 2.54771 2.62241
 39 2.08537 2.16436 2.24270 2.32035 2.39729 2.47350 2.54896 2.62364
 40 2.08669 2.16567 2.24400 2.32163 2.39857 2.47477 2.55021 2.62488
 41 2.08801 2.16698 2.24530 2.32292 2.39984 2.47603 2.55146 2.62612
 42 2.08934 2.16830 2.24660 2.32421 2.40112 2.47729 2.55271 2.62736
 43 2.09066 2.16961 2.24789 2.32550 2.40239 2.47856 2.55397 2.62860
 44 2.09198 2.17092 2.24919 2.32679 2.40367 2.47982 2.55522 2.62983
 45 2.09330 2.17223 2.25049 2.32807 2.40494 2.48108 2.55647 2.63107
 46 2.09462 2.17354 2.25179 2.32936 2.40622 2.48235 2.55772 2.63231
 47 2.09594 2.17485 2.25309 2.33065 2.40749 2.48361 2.55896 2.63354
 48 2.09726 2.17616 2.25439 2.33193 2.40877 2.48487 2.56021 2.63478
 49 2.09858 2.17746 2.25569 2.33322 2.41004 2.48613 2.56146 2.63602
 50 2.09990 2.17877 2.25698 2.33451 2.41132 2.48739 2.56271 2.63725
 51 2.10122 2.18008 2.25828 2.33579 2.41259 2.48866 2.56396 2.63849
 52 2.10254 2.18139 2.25958 2.33708 2.41386 2.48992 2.56521 2.63972
 53 2.10386 2.18270 2.26088 2.33836 2.41514 2.49118 2.56646 2.64096
 54 2.10518 2.18401 2.26217 2.33965 2.41641 2.49244 2.56771 2.64219
 55 2.10650 2.18532 2.26347 2.34093 2.41769 2.49370 2.56895 2.64343
 56 2.10782 2.18663 2.26477 2.34222 2.41896 2.49496 2.57020 2.64466
 57 2.10914 2.18793 2.26606 2.34350 2.42023 2.49622 2.57145 2.64590
 58 2.11045 2.18924 2.26736 2.34479 2.42150 2.49748 2.57270 2.64713
 59 2.11177 2.19055 2.26866 2.34607 2.42278 2.49874 2.57394 2.64836
 60 2.11309 2.19186 2.26995 2.34736 2.42405 2.50000 2.57519 2.64960
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Constants for Setting a  5-inch Sine-Bar for 32° to 39° 
Min.  32°  33°  34°  35°  36°  37°  38°  39°

 0 2.64960 2.72320 2.79596 2.86788 2.93893 3.00908 3.07831 3.14660
 1 2.65083 2.72441 2.79717 2.86907 2.94010 3.01024 3.07945 3.14773
 2 2.65206 2.72563 2.79838 2.87026 2.94128 3.01140 3.08060 3.14886
 3 2.65330 2.72685 2.79958 2.87146 2.94246 3.01256 3.08174 3.14999
 4 2.65453 2.72807 2.80079 2.87265 2.94363 3.01372 3.08289 3.15112
 5 2.65576 2.72929 2.80199 2.87384 2.94481 3.01488 3.08403 3.15225
 6 2.65699 2.73051 2.80319 2.87503 2.94598 3.01604 3.08518 3.15338
 7 2.65822 2.73173 2.80440 2.87622 2.94716 3.01720 3.08632 3.15451
 8 2.65946 2.73295 2.80560 2.87741 2.94833 3.01836 3.08747 3.15564
 9 2.66069 2.73416 2.80681 2.87860 2.94951 3.01952 3.08861 3.15676
 10 2.66192 2.73538 2.80801 2.87978 2.95068 3.02068 3.08976 3.15789
 11 2.66315 2.73660 2.80921 2.88097 2.95185 3.02184 3.09090 3.15902
 12 2.66438 2.73782 2.81042 2.88216 2.95303 3.02300 3.09204 3.16015
 13 2.66561 2.73903 2.81162 2.88335 2.95420 3.02415 3.09318 3.16127
 14 2.66684 2.74025 2.81282 2.88454 2.95538 3.02531 3.09433 3.16240
 15 2.66807 2.74147 2.81402 2.88573 2.95655 3.02647 3.09547 3.16353
 16 2.66930 2.74268 2.81523 2.88691 2.95772 3.02763 3.09661 3.16465
 17 2.67053 2.74390 2.81643 2.88810 2.95889 3.02878 3.09775 3.16578
 18 2.67176 2.74511 2.81763 2.88929 2.96007 3.02994 3.09890 3.16690
 19 2.67299 2.74633 2.81883 2.89048 2.96124 3.03110 3.10004 3.16803
 20 2.67422 2.74754 2.82003 2.89166 2.96241 3.03226 3.10118 3.16915
 21 2.67545 2.74876 2.82123 2.89285 2.96358 3.03341 3.10232 3.17028
 22 2.67668 2.74997 2.82243 2.89403 2.96475 3.03457 3.10346 3.17140
 23 2.67791 2.75119 2.82364 2.89522 2.96592 3.03572 3.10460 3.17253
 24 2.67913 2.75240 2.82484 2.89641 2.96709 3.03688 3.10574 3.17365
 25 2.68036 2.75362 2.82604 2.89759 2.96827 3.03803 3.10688 3.17478
 26 2.68159 2.75483 2.82723 2.89878 2.96944 3.03919 3.10802 3.17590
 27 2.68282 2.75605 2.82843 2.89996 2.97061 3.04034 3.10916 3.17702
 28 2.68404 2.75726 2.82963 2.90115 2.97178 3.04150 3.11030 3.17815
 29 2.68527 2.75847 2.83083 2.90233 2.97294 3.04265 3.11143 3.17927
 30 2.68650 2.75969 2.83203 2.90351 2.97411 3.04381 3.11257 3.18039
 31 2.68772 2.76090 2.83323 2.90470 2.97528 3.04496 3.11371 3.18151
 32 2.68895 2.76211 2.83443 2.90588 2.97645 3.04611 3.11485 3.18264
 33 2.69018 2.76332 2.83563 2.90707 2.97762 3.04727 3.11599 3.18376
 34 2.69140 2.76453 2.83682 2.90825 2.97879 3.04842 3.11712 3.18488
 35 2.69263 2.76575 2.83802 2.90943 2.97996 3.04957 3.11826 3.18600
 36 2.69385 2.76696 2.83922 2.91061 2.98112 3.05073 3.11940 3.18712
 37 2.69508 2.76817 2.84042 2.91180 2.98229 3.05188 3.12053 3.18824
 38 2.69630 2.76938 2.84161 2.91298 2.98346 3.05303 3.12167 3.18936
 39 2.69753 2.77059 2.84281 2.91416 2.98463 3.05418 3.12281 3.19048
 40 2.69875 2.77180 2.84401 2.91534 2.98579 3.05533 3.12394 3.19160
 41 2.69998 2.77301 2.84520 2.91652 2.98696 3.05648 3.12508 3.19272
 42 2.70120 2.77422 2.84640 2.91771 2.98813 3.05764 3.12621 3.19384
 43 2.70243 2.77543 2.84759 2.91889 2.98929 3.05879 3.12735 3.19496
 44 2.70365 2.77664 2.84879 2.92007 2.99046 3.05994 3.12848 3.19608
 45 2.70487 2.77785 2.84998 2.92125 2.99162 3.06109 3.12962 3.19720
 46 2.70610 2.77906 2.85118 2.92243 2.99279 3.06224 3.13075 3.19831
 47 2.70732 2.78027 2.85237 2.92361 2.99395 3.06339 3.13189 3.19943
 48 2.70854 2.78148 2.85357 2.92479 2.99512 3.06454 3.13302 3.20055
 49 2.70976 2.78269 2.85476 2.92597 2.99628 3.06568 3.13415 3.20167
 50 2.71099 2.78389 2.85596 2.92715 2.99745 3.06683 3.13529 3.20278
 51 2.71221 2.78510 2.85715 2.92833 2.99861 3.06798 3.13642 3.20390
 52 2.71343 2.78631 2.85834 2.92950 2.99977 3.06913 3.13755 3.20502
 53 2.71465 2.78752 2.85954 2.93068 3.00094 3.07028 3.13868 3.20613
 54 2.71587 2.78873 2.86073 2.93186 3.00210 3.07143 3.13982 3.20725
 55 2.71709 2.78993 2.86192 2.93304 3.00326 3.07257 3.14095 3.20836
 56 2.71831 2.79114 2.86311 2.93422 3.00443 3.07372 3.14208 3.20948
 57 2.71953 2.79235 2.86431 2.93540 3.00559 3.07487 3.14321 3.21059
 58 2.72076 2.79355 2.86550 2.93657 3.00675 3.07601 3.14434 3.21171
 59 2.72198 2.79476 2.86669 2.93775 3.00791 3.07716 3.14547 3.21282
 60 2.72320 2.79596 2.86788 2.93893 3.00908 3.07831 3.14660 3.21394
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Constants for Setting a  5-inch Sine-Bar for 40° to 47° 
Min.  40°  41°  42°  43°  44°  45°  46°  47°

 0 3.21394 3.28030 3.34565 3.40999 3.47329 3.53553 3.59670 3.65677
 1 3.21505 3.28139 3.34673 3.41106 3.47434 3.53656 3.59771 3.65776
 2 3.21617 3.28249 3.34781 3.41212 3.47538 3.53759 3.59872 3.65875
 3 3.21728 3.28359 3.34889 3.41318 3.47643 3.53862 3.59973 3.65974
 4 3.21839 3.28468 3.34997 3.41424 3.47747 3.53965 3.60074 3.66073
 5 3.21951 3.28578 3.35105 3.41531 3.47852 3.54067 3.60175 3.66172
 6 3.22062 3.28688 3.35213 3.41637 3.47956 3.54170 3.60276 3.66271
 7 3.22173 3.28797 3.35321 3.41743 3.48061 3.54273 3.60376 3.66370
 8 3.22284 3.28907 3.35429 3.41849 3.48165 3.54375 3.60477 3.66469
 9 3.22395 3.29016 3.35537 3.41955 3.48270 3.54478 3.60578 3.66568
 10 3.22507 3.29126 3.35645 3.42061 3.48374 3.54580 3.60679 3.66667
 11 3.22618 3.29235 3.35753 3.42168 3.48478 3.54683 3.60779 3.66766
 12 3.22729 3.29345 3.35860 3.42274 3.48583 3.54785 3.60880 3.66865
 13 3.22840 3.29454 3.35968 3.42380 3.48687 3.54888 3.60981 3.66964
 14 3.22951 3.29564 3.36076 3.42486 3.48791 3.54990 3.61081 3.67063
 15 3.23062 3.29673 3.36183 3.42592 3.48895 3.55093 3.61182 3.67161
 16 3.23173 3.29782 3.36291 3.42697 3.48999 3.55195 3.61283 3.67260
 17 3.23284 3.29892 3.36399 3.42803 3.49104 3.55297 3.61383 3.67359
 18 3.23395 3.30001 3.36506 3.42909 3.49208 3.55400 3.61484 3.67457
 19 3.23506 3.30110 3.36614 3.43015 3.49312 3.55502 3.61584 3.67556
 20 3.23617 3.30219 3.36721 3.43121 3.49416 3.55604 3.61684 3.67655
 21 3.23728 3.30329 3.36829 3.43227 3.49520 3.55707 3.61785 3.67753
 22 3.23838 3.30438 3.36936 3.43332 3.49624 3.55809 3.61885 3.67852
 23 3.23949 3.30547 3.37044 3.43438 3.49728 3.55911 3.61986 3.67950
 24 3.24060 3.30656 3.37151 3.43544 3.49832 3.56013 3.62086 3.68049
 25 3.24171 3.30765 3.37259 3.43649 3.49936 3.56115 3.62186 3.68147
 26 3.24281 3.30874 3.37366 3.43755 3.50039 3.56217 3.62286 3.68245
 27 3.24392 3.30983 3.37473 3.43861 3.50143 3.56319 3.62387 3.68344
 28 3.24503 3.31092 3.37581 3.43966 3.50247 3.56421 3.62487 3.68442
 29 3.24613 3.31201 3.37688 3.44072 3.50351 3.56523 3.62587 3.68540
 30 3.24724 3.31310 3.37795 3.44177 3.50455 3.56625 3.62687 3.68639
 31 3.24835 3.31419 3.37902 3.44283 3.50558 3.56727 3.62787 3.68737
 32 3.24945 3.31528 3.38010 3.44388 3.50662 3.56829 3.62887 3.68835
 33 3.25056 3.31637 3.38117 3.44494 3.50766 3.56931 3.62987 3.68933
 34 3.25166 3.31746 3.38224 3.44599 3.50869 3.57033 3.63087 3.69031
 35 3.25277 3.31854 3.38331 3.44704 3.50973 3.57135 3.63187 3.69130
 36 3.25387 3.31963 3.38438 3.44810 3.51077 3.57236 3.63287 3.69228
 37 3.25498 3.32072 3.38545 3.44915 3.51180 3.57338 3.63387 3.69326
 38 3.25608 3.32181 3.38652 3.45020 3.51284 3.57440 3.63487 3.69424
 39 3.25718 3.32289 3.38759 3.45126 3.51387 3.57542 3.63587 3.69522
 40 3.25829 3.32398 3.38866 3.45231 3.51491 3.57643 3.63687 3.69620
 41 3.25939 3.32507 3.38973 3.45336 3.51594 3.57745 3.63787 3.69718
 42 3.26049 3.32615 3.39080 3.45441 3.51697 3.57846 3.63886 3.69816
 43 3.26159 3.32724 3.39187 3.45546 3.51801 3.57948 3.63986 3.69913
 44 3.26270 3.32832 3.39294 3.45651 3.51904 3.58049 3.64086 3.70011
 45 3.26380 3.32941 3.39400 3.45757 3.52007 3.58151 3.64186 3.70109
 46 3.26490 3.33049 3.39507 3.45862 3.52111 3.58252 3.64285 3.70207
 47 3.26600 3.33158 3.39614 3.45967 3.52214 3.58354 3.64385 3.70305
 48 3.26710 3.33266 3.39721 3.46072 3.52317 3.58455 3.64484 3.70402
 49 3.26820 3.33375 3.39827 3.46177 3.52420 3.58557 3.64584 3.70500
 50 3.26930 3.33483 3.39934 3.46281 3.52523 3.58658 3.64683 3.70598
 51 3.27040 3.33591 3.40041 3.46386 3.52627 3.58759 3.64783 3.70695
 52 3.27150 3.33700 3.40147 3.46491 3.52730 3.58861 3.64882 3.70793
 53 3.27260 3.33808 3.40254 3.46596 3.52833 3.58962 3.64982 3.70890
 54 3.27370 3.33916 3.40360 3.46701 3.52936 3.59063 3.65081 3.70988
 55 3.27480 3.34025 3.40467 3.46806 3.53039 3.59164 3.65181 3.71085
 56 3.27590 3.34133 3.40573 3.46910 3.53142 3.59266 3.65280 3.71183
 57 3.27700 3.34241 3.40680 3.47015 3.53245 3.59367 3.65379 3.71280
 58 3.27810 3.34349 3.40786 3.47120 3.53348 3.59468 3.65478 3.71378
 59 3.27920 3.34457 3.40893 3.47225 3.53451 3.59569 3.65578 3.71475
 60 3.28030 3.34565 3.40999 3.47329 3.53553 3.59670 3.65677 3.71572
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Constants for Setting a  5-inch Sine-Bar for 48° to 55° 
Min.  48°  49°  50°  51°  52°  53°  54°  55°

 0 3.71572 3.77355 3.83022 3.88573 3.94005 3.99318 4.04508 4.09576
 1 3.71670 3.77450 3.83116 3.88665 3.94095 3.99405 4.04594 4.09659
 2 3.71767 3.77546 3.83209 3.88756 3.94184 3.99493 4.04679 4.09743
 3 3.71864 3.77641 3.83303 3.88847 3.94274 3.99580 4.04765 4.09826
 4 3.71961 3.77736 3.83396 3.88939 3.94363 3.99668 4.04850 4.09909
 5 3.72059 3.77831 3.83489 3.89030 3.94453 3.99755 4.04936 4.09993
 6 3.72156 3.77927 3.83583 3.89122 3.94542 3.99842 4.05021 4.10076
 7 3.72253 3.78022 3.83676 3.89213 3.94631 3.99930 4.05106 4.10159
 8 3.72350 3.78117 3.83769 3.89304 3.94721 4.00017 4.05191 4.10242
 9 3.72447 3.78212 3.83862 3.89395 3.94810 4.00104 4.05277 4.10325
 10 3.72544 3.78307 3.83956 3.89487 3.94899 4.00191 4.05362 4.10409
 11 3.72641 3.78402 3.84049 3.89578 3.94988 4.00279 4.05447 4.10492
 12 3.72738 3.78498 3.84142 3.89669 3.95078 4.00366 4.05532 4.10575
 13 3.72835 3.78593 3.84235 3.89760 3.95167 4.00453 4.05617 4.10658
 14 3.72932 3.78688 3.84328 3.89851 3.95256 4.00540 4.05702 4.10741
 15 3.73029 3.78783 3.84421 3.89942 3.95345 4.00627 4.05787 4.10823
 16 3.73126 3.78877 3.84514 3.90033 3.95434 4.00714 4.05872 4.10906
 17 3.73222 3.78972 3.84607 3.90124 3.95523 4.00801 4.05957 4.10989
 18 3.73319 3.79067 3.84700 3.90215 3.95612 4.00888 4.06042 4.11072
 19 3.73416 3.79162 3.84793 3.90306 3.95701 4.00975 4.06127 4.11155
 20 3.73513 3.79257 3.84886 3.90397 3.95790 4.01062 4.06211 4.11238
 21 3.73609 3.79352 3.84978 3.90488 3.95878 4.01148 4.06296 4.11320
 22 3.73706 3.79446 3.85071 3.90579 3.95967 4.01235 4.06381 4.11403
 23 3.73802 3.79541 3.85164 3.90669 3.96056 4.01322 4.06466 4.11486
 24 3.73899 3.79636 3.85257 3.90760 3.96145 4.01409 4.06550 4.11568
 25 3.73996 3.79730 3.85349 3.90851 3.96234 4.01495 4.06635 4.11651
 26 3.74092 3.79825 3.85442 3.90942 3.96322 4.01582 4.06720 4.11733
 27 3.74189 3.79919 3.85535 3.91032 3.96411 4.01669 4.06804 4.11816
 28 3.74285 3.80014 3.85627 3.91123 3.96500 4.01755 4.06889 4.11898
 29 3.74381 3.80109 3.85720 3.91214 3.96588 4.01842 4.06973 4.11981
 30 3.74478 3.80203 3.85812 3.91304 3.96677 4.01928 4.07058 4.12063
 31 3.74574 3.80297 3.85905 3.91395 3.96765 4.02015 4.07142 4.12145
 32 3.74671 3.80392 3.85997 3.91485 3.96854 4.02101 4.07227 4.12228
 33 3.74767 3.80486 3.86090 3.91576 3.96942 4.02188 4.07311 4.12310
 34 3.74863 3.80581 3.86182 3.91666 3.97031 4.02274 4.07395 4.12392
 35 3.74959 3.80675 3.86274 3.91756 3.97119 4.02361 4.07480 4.12475
 36 3.75056 3.80769 3.86367 3.91847 3.97207 4.02447 4.07564 4.12557
 37 3.75152 3.80863 3.86459 3.91937 3.97296 4.02533 4.07648 4.12639
 38 3.75248 3.80958 3.86551 3.92027 3.97384 4.02619 4.07732 4.12721
 39 3.75344 3.81052 3.86644 3.92118 3.97472 4.02706 4.07817 4.12803
 40 3.75440 3.81146 3.86736 3.92208 3.97560 4.02792 4.07901 4.12885
 41 3.75536 3.81240 3.86828 3.92298 3.97649 4.02878 4.07985 4.12967
 42 3.75632 3.81334 3.86920 3.92388 3.97737 4.02964 4.08069 4.13049
 43 3.75728 3.81428 3.87012 3.92478 3.97825 4.03050 4.08153 4.13131
 44 3.75824 3.81522 3.87104 3.92568 3.97913 4.03136 4.08237 4.13213
 45 3.75920 3.81616 3.87196 3.92658 3.98001 4.03222 4.08321 4.13295
 46 3.76016 3.81710 3.87288 3.92748 3.98089 4.03308 4.08405 4.13377
 47 3.76112 3.81804 3.87380 3.92839 3.98177 4.03394 4.08489 4.13459
 48 3.76207 3.81898 3.87472 3.92928 3.98265 4.03480 4.08572 4.13540
 49 3.76303 3.81992 3.87564 3.93018 3.98353 4.03566 4.08656 4.13622
 50 3.76399 3.82086 3.87656 3.93108 3.98441 4.03652 4.08740 4.13704
 51 3.76495 3.82179 3.87748 3.93198 3.98529 4.03738 4.08824 4.13785
 52 3.76590 3.82273 3.87840 3.93288 3.98616 4.03823 4.08908 4.13867
 53 3.76686 3.82367 3.87931 3.93378 3.98704 4.03909 4.08991 4.13949
 54 3.76782 3.82461 3.88023 3.93468 3.98792 4.03995 4.09075 4.14030
 55 3.76877 3.82554 3.88115 3.93557 3.98880 4.04081 4.09158 4.14112
 56 3.76973 3.82648 3.88207 3.93647 3.98967 4.04166 4.09242 4.14193
 57 3.77068 3.82742 3.88298 3.93737 3.99055 4.04252 4.09326 4.14275
 58 3.77164 3.82835 3.88390 3.93826 3.99143 4.04337 4.09409 4.14356
 59 3.77259 3.82929 3.88481 3.93916 3.99230 4.04423 4.09493 4.14437
 60 3.77355 3.83022 3.88573 3.94005 3.99318 4.04508 4.09576 4.14519
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Measuring Tapers with Vee-Block and Sine-Bar.—The taper on a conical part may be
checked or found by placing the part in a vee-block which rests on the surface of a sine-
plate or sine-bar as shown in the accompanying diagram. The advantage of this method is
that the axis of the vee-block may be aligned with the sides of the sine-bar. Thus when the
tapered part is placed in the vee-block it will be aligned perpendicular to the transverse axis
of the sine-bar.

The sine-bar is set to angle B = (C + A/2) where A/2 is one-half the included angle of the
tapered part. If D is the included angle of the precision vee-block, the angle C is calculated
from the formula:

If dial indicator readings show no change across all points along the top of the taper sur-
face, then this checks that the angle A of the taper is correct.

If the indicator readings vary, proceed as follows to find the actual angle of taper:

1) Adjust the angle of the sine-bar until the indicator reading is constant. Then find the
new angleB′ as explained in the paragraph Measuring Angle of Templet or Gage with Sine
Bar on page 674;  and  2) Using the angle B′ calculate the actual half-angle A′/2 of the taper
from the formula:.

The taper per foot corresponding to certain half-angles of taper may be found in the table
on page684.

Measuring Dovetail Slides.—Dovetail slides that must be machined accurately to a
given width are commonly gaged by using pieces of cylindrical rod or wire and measuring
as indicated by the dimensions x and y of the accompanying illustrations.

Csin
A 2⁄(sin
D 2⁄(sin

---------------------=

A′

2
-----tan

B′sin
D
2
----csc B′cos+

---------------------------------=
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To obtain dimension x for measuring male dovetails, add I to the cotangent of one-half
the dovetail angle α, multiply by diameter D of the rods used, and add the product to
dimension α. To obtain dimension y for measuring a female dovetail, add 1 to the cotan-
gent of one-half the dovetail angle α, multiply by diameter D of the rod used, and subtract
the result from dimension b. Expressing these rules as formulas:

The rod or wire used should be small enough so that the point of contact e is somewhat
below the corner or edge of the dovetail.

Accurate Measurement of Angles and Tapers

When great accuracy is required in the measurement of angles, or when originating
tapers, disks are commonly used. The principle of the disk method of taper measurement is
that if two disks of unequal diameters are placed either in contact or a certain distance
apart, lines tangent to their peripheries will represent an angle or taper, the degree of which
depends upon the diameters of the two disks and the distance between them. 

The gage shown in the accompanying illustration, which is a form commonly used for
originating tapers or measuring angles accurately, is set by means of disks. This gage con-
sists of two adjustable straight edges A and A1, which are in contact with disks B and B1.
The angle α or the taper between the straight edges depends, of course, upon the diameters
of the disks and the center distance C, and as these three dimensions can be measured accu-
rately, it is possible to set the gage to a given angle within very close limits. Moreover, if a
record of the three dimensions is kept, the exact setting of the gage can be reproduced
quickly at any time. The following rules may be used for adjusting a gage of this type, and
cover all problems likely to arise in practice. Disks are also occasionally used for the set-
ting of parts in angular positions when they are to be machined accurately to a given angle:
the rules are applicable to these conditions also.

x D 1 1⁄2cot α+( ) a+=

y b D 1 1⁄2cot α+( )–=

c h αcot×=
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Tapers per Foot and Corresponding Angles

For conversions into decimal degrees and radians see Conversion Tables of Angular Measure on
page 90.

Taper
per
Foot

Included
Angle

Angle
with Center

Line

Taper
per
Foot

Included
Angle

Angle
with Center

Line
1⁄64 0° 4′ 29″ 0° 2′ 14″ 17⁄8 8° 56′ 4″ 4° 28′ 2″
1⁄32 0 8 57 0 4 29 115⁄16 9 13 51 4 36 56
1⁄16 0 17 54 0 8 57 2 9 31 38 4 45 49
3⁄32 0 26 51 0 13 26 21⁄8 10 7 11 5 3 36
1⁄8 0 35 49 0 17 54 21⁄4 10 42 42 5 21 21
5⁄32 0 44 46 0 22 23 23⁄8 11 18 11 5 39 5
3⁄16 0 53 43 0 26 51 21⁄2 11 53 37 5 56 49
7⁄32 1 2 40 0 31 20 25⁄8 12 29 2 6 14 31
1⁄4 1 11 37 0 35 49 23⁄4 13 4 24 6 32 12
9⁄32 1 20 34 0 40 17 27⁄8 13 39 43 6 49 52
5⁄16 1 29 31 0 44 46 3 14 15 0 7 7 30
11⁄32 1 38 28 0 49 14 31⁄8 14 50 14 7 25 7
3⁄8 1 47 25 0 53 43 31⁄4 15 25 26 7 42 43

13⁄32 1 56 22 0 58 11 33⁄8 16 0 34 8 0 17
7⁄16 2 5 19 1 2 40 31⁄2 16 35 39 8 17 50
15⁄32 2 14 16 1 7 8 35⁄8 17 10 42 8 35 21
1⁄2 2 23 13 1 11 37 33⁄4 17 45 41 8 52 50

17⁄32 2 32 10 1 16 5 37⁄8 18 20 36 9 10 18
9⁄16 2 41 7 1 20 33 4 18 55 29 9 27 44
19⁄32 2 50 4 1 25 2 41⁄8 19 30 17 9 45 9
5⁄8 2 59 1 1 29 30 41⁄4 20 5 3 10 2 31

21⁄32 3 7 57 1 33 59 43⁄8 20 39 44 10 19 52
11⁄16 3 16 54 1 38 27 41⁄2 21 14 22 10 37 11
23⁄32 3 25 51 1 42 55 45⁄8 21 48 55 10 54 28
3⁄4 3 34 47 1 47 24 43⁄4 22 23 25 11 11 42

25⁄32 3 43 44 1 51 52 47⁄8 22 57 50 11 28 55
13⁄16 3 52 41 1 56 20 5 23 32 12 11 46 6
27⁄32 4 1 37 2 0 49 51⁄8 24 6 29 12 3 14
7⁄8 4 10 33 2 5 17 51⁄4 24 40 41 12 20 21

29⁄32 4 19 30 2 9 45 53⁄8 25 14 50 12 37 25
15⁄16 4 28 26 2 14 13 51⁄2 25 48 53 12 54 27
31⁄32 4 37 23 2 18 41 55⁄8 26 22 52 13 11 26
1 4 46 19 2 23 9 53⁄4 26 56 47 13 28 23
11⁄16 5 4 11 2 32 6 57⁄8 27 30 36 13 45 18
11⁄8 5 22 3 2 41 2 6 28 4 21 14 2 10
13⁄16 5 39 55 2 49 57 61⁄8 28 38 1 14 19 0
11⁄4 5 57 47 2 58 53 61⁄4 29 11 35 14 35 48
15⁄16 6 15 38 3 7 49 63⁄8 29 45 5 14 52 32
13⁄8 6 33 29 3 16 44 61⁄2 30 18 29 15 9 15
17⁄16 6 51 19 3 25 40 65⁄8 30 51 48 15 25 54
11⁄2 7 9 10 3 34 35 63⁄4 31 25 2 15 42 31
19⁄16 7 27 0 3 43 30 67⁄8 31 58 11 15 59 5
15⁄8 7 44 49 3 52 25 7 32 31 13 16 15 37
111⁄16 8 2 38 4 1 19 71⁄8 33 4 11 16 32 5
13⁄4 8 20 27 4 10 14 71⁄4 33 37 3 16 48 31
113⁄16 8 38 16 4 19 8 73⁄8 34 9 49 17 4 54
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Rules for Figuring Tapers

To find angle α for given taper T in inches per foot.—

Example:What angle α is equivalent to a taper of 1.5 inches per foot?

To find taper per foot T given angle α in degrees.—

Example:What taper T is equivalent to an angle of 7.153°?

To find angle α given dimensions D, d, and C.— Let K be the difference in the disk

diameters divided by twice the center distance. K = (D − d)/(2C), then 

Example:If the disk diameters d and D are 1 and 1.5 inches, respectively, and the center
distance C is 5 inches, find the included angle α.

To find taper T measured at right angles to a line through the disk centers given
dimensions D, d, and distance C.— Find K using the formula in the previous example,

then 

Example:If disk diameters d and D are 1 and 1.5 inches, respectively, and the center dis-
tance C is 5 inches, find the taper per foot.

Given To Find Rule

The taper per foot. The taper per inch. Divide the taper per foot by 12.
The taper per inch. The taper per foot. Multiply the taper per inch by 12.
End diameters and length 

of taper in inches.
The taper per foot. Subtract small diameter from large; divide by 

length of taper; and multiply quotient by 
12.

Large diameter and 
length of taper in 
inches, and taper per 
foot.

Diameter at small end in 
inches

Divide taper per foot by 12; multiply by 
length of taper; and subtract result from 
large diameter.

Small diameter and 
length of taper in 
inches, and taper per 
foot.

Diameter at large end in 
inches.

Divide taper per foot by 12; multiply by 
length of taper; and add result to small 
diameter.

The taper per foot and 
two diameters in inches.

Distance between two 
given diameters in 
inches.

Subtract small diameter from large; divide 
remainder by taper per foot; and multiply 
quotient by 12.

The taper per foot. Amount of taper in a cer-
tain length in inches.

Divide taper per foot by 12; multiply by 
given length of tapered part.

d a
D

C α 2 T 24⁄( ).arctan=

α 2 1.5 24⁄( )arctan× 7.153°= =

T 24 α 2⁄( )tan  inches per foot=

T 24 7.153 2⁄( )tan 1.5 inches per foot= =

α 2 Karcsin=

K 1.5 1–( ) 2 5×( )⁄ 0.05= = α 2 0.05arcsin× 5.732°= =

T 24K 1 K2–⁄  inches per foot=

K 1.5 1–( ) 2 5×( )⁄ 0.05= = T
24 0.05×
1 0.05( )2–

------------------------------- 1.2015 inches per foot= =
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To find center distance C for a given taper T in inches per foot.— 

Example:Gage is to be set to 3⁄4 inch per foot, and disk diameters are 1.25 and 1.5 inches,
respectively. Find the required center distance for the disks.

To find center distance C for a given angle α and dimensions D and d.—

Example:If an angle α of 20° is required, and the disks are 1 and 3 inches in diameter,
respectively, find the required center distance C.

To find taper T measured at right angles to one side .—When one side is taken as a
base line and the taper is measured at right angles to that side, calculate K as explained
above and use the following formula for determining the taper T:

Example:If the disk diameters are 2 and 3 inches, respectively, and the center I distance
is 5 inches, what is the taper per foot measured at right angles to one side?

To find center distance C when taper T is measured from one side.—

Example:If the taper measured at right angles to one side is 6.9 inches per foot, and the
disks are 2 and 5 inches in diameter, respectively, what is center distance C?

To find diameter D of a large disk in contact with a small disk of diameter d given
angle α.—

C
D d–

2
-------------

1 T 24⁄( )2+
T 24⁄

----------------------------------×   inches=

C
1.5 1.25–

2
------------------------

1 0.75 24⁄( )2+
0.75 24⁄

-----------------------------------------× 4.002 inches==

C D d–( ) 2 α 2⁄( )sin  inches⁄=

C 3 1–( ) 2 10sin °×( )⁄ 5.759 inches= =

d
D

C
T 24K

1 K2–
1 2K2–
-------------------   inches per foot=

K
3 2–
2 5×
------------ 0.1= = T 24 0.1× 1 0.1( )2–

1 2 0.1( )2×[ ]–
--------------------------------------× 2.4367 in. per ft.= =

C
D d–

2 2– 1 T 12⁄( )2+⁄
------------------------------------------------------  inches=

C
5 2–

2 2– 1 6.9 12⁄( )2+⁄
---------------------------------------------------------- 5.815 inches.= =

d

a
D

D d
1 α 2⁄( )sin+
1 α 2⁄( )sin–
---------------------------------×   inches=
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Example:The required angle α is 15°. Find diameter D of a large disk that is in contact
with a standard 1-inch reference disk.

Measurement over Pins.—When the distance across a bolt circle is too large to measure
using ordinary measuring tools, then the required distance may be found from the distance
across adacent or alternate holes using one of the methods that follow:

Even Number of Holes in Circle: To measure the unknown distance x over opposite
plugs in a bolt circle of n holes (n is even and greater than 4), as shown in Fig. 1a, where y
is the distance over alternate plugs, d is the diameter of the holes, and θ = 360°/n is the angle
between adjacent holes, use the following general equation for obtaining x:

Example:In a die that has six 3/4-inch diameter holes equally spaced on a circle, where
the distance y over alternate holes is 41⁄2 inches, and the angle θ between adjacent holes is
60°, then

In a similar problem, the distance c over adjacent plugs is given, as shown in Fig. 1b. If
the number of holes is even and greater than 4, the distance x over opposite plugs is given
in the following formula:

where d and θ are as defined above.

Odd Number of Holes in Circle: In a circle as shown in Fig. 1c, where the number of
holes n is odd and greater than 3, and the distance c over adjacent holes is given, then θ
equals 360/n and the distance x across the most widely spaced holes is given by:

Fig. 1a. Fig. 1b. Fig. 1c. 

D 1
1 7.5°sin+
1 7.5°sin–
---------------------------× 1.3002 inches= =

y
x

d

θ
360

n
---------

=

x
d

θ
360

n
---------

=

x d

θ 360
n
---------

=

c

x
y d–

θsin
----------- d+=

x
4.500 0.7500–

60°sin
------------------------------------ 0.7500+ 5.0801= =

x 2 c d–( )

180 θ–
2

------------------ 
 sin

θsin
-------------------------------

 
 
 
 
 

d+=

x

c d–
2

-----------

θ
4
---sin

----------- d+=
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Compound Angles

Three types of compound angles are illustrated by Figs. 1 through  6. The first type is
shown in Figs. 1,  2, and  3; the second in Fig. 4; and the third in Figs. 5 and  6.

In Fig. 1 is shown what might be considered as a thread-cutting tool without front clear-
ance. A is a known angle in plane y–y of the top surface. C is the corresponding angle in
plane x–x that is at some given angle B with plane y–y. Thus, angles A and B are compo-
nents of the compound angle C.

Example Problem Referring to Fig. 1:Angle 2A in plane y–y is known, as is also angle B
between planes x–x and y–y. It is required to find compound angle 2C in plane x–x.

Solution: 

Fig. 2 shows a thread-cutting tool with front clearance angle B. Angle A equals one-half
the angle between the cutting edges in plane y–y of the top surface and compound angle C
is one-half the angle between the cutting edges in a plane x–x at right angles to the inclined
front edge of the tool. The angle between planes y–y and x–x is, therefore, equal to clear-
ance angle B.

Example Problem Referring to Fig. 2:Find the angle 2C between the front faces of a
thread-cutting tool having a known clearance angle B, which will permit the grinding of
these faces so that their top edges will form the desired angle 2A for cutting the thread.

Solution: 

In Fig. 3 is shown a form-cutting tool in which the angle A is one-half the angle between
the cutting edges in plane y–y of the top surface; B is the front clearance angle; and C is one-
half the angle between the cutting edges in plane x–x at right angles to the front edges of the
tool. The formula for finding angle C when angles A and B are known is the same as that for
Fig. 2.

Example Problem Referring to Fig. 3:Find the angle 2C between the front faces of a
form-cutting tool having a known clearance angle B that will permit the grinding of these
faces so that their top edges will form the desired angle 2A for form cutting.

Solution: 

In Fig. 4 is shown a wedge-shaped block, the top surface of which is inclined at com-
pound angle C with the base in a plane at right angles with the base and at angle R with the
front edge. Angle A in the vertical plane of the front of the plate and angle B in the vertical
plane of one side that is at right angles to the front are components of angle C.

Let 2A = 60 and B = 15

Then tan C = tan A cos B

tan C = tan 30 cos 15

tan C = 0.57735 ¥ 0.96592

tan C = 0.55767

C = 29 8.8′ 2C = 58 17.6′

Let 2A = 60 and B = 15
Then

tan C = 0.59772
C = 30 52′ 2C = 61 44′

Let 2A = 46 and B = 12
Then

tan C = 0.43395
C = 23 27.5′ 2C = 46 55′

Ctan
Atan
Bcos

------------
30°tan
15°cos

-----------------
0.57735
0.96592
-------------------= = =

Ctan
Atan
Bcos

------------
23°tan
12°cos

-----------------
0.42447
0.97815
-------------------= = =



689 COMPOUND ANGLES

Formulas for Compound Angles

C = compound angle in plane x–x and is the resultant of angles A and B

Fig. 1. Fig. 2. Fig. 3. 

For given angles A and B, find the resultant 
angle C in plane x–x. Angle B is measured in 
vertical plane y–y of midsection.

(Fig. 1)

(Fig. 2)

(Fig. 3) (Same formula as for Fig. 2)

Fig. 4. 

Fig. 4. In machining plate to angles A and B, 
it is held at angle C in plane x–x. Angle of rota-
tion R in plane parallel to base (or complement 
of R) is for locating plate so that plane x–x is 
perpendicular to axis of pivot on angle-plate or 
work-holding vise.

Fig. 5. Angle R in horizontal plane parallel to 
base is angle from plane x–x to side having 
angle A.

tan C = tan A cos R = tan B sin R
Compound angle C is angle in plane x–x from 
base to corner formed by intersection of planes 
inclined to angles A and B. This formula for C 
may be used to find cot of complement of C1, 
Fig. 6.

Fig. 6. Angles A1 and B1 are measured in ver-
tical planes of front and side elevations. Plane 
x–x is located by angle R from center-line or 
from plane of angle B1.

The resultant angle C1 would be required in 
drilling hole for pin.

Ctan Atan Bcos×=

Ctan
Atan
Bcos

------------=

Rtan
Btan
Atan

------------;  Ctan
Atan
Rcos

------------= =

Rtan
Atan
Btan

------------=

Rtan
A1tan

B1tan
--------------=

C1tan
A1tan

Rsin
--------------

B1tan

Rcos
--------------= =
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Problem Referring to Fig. 4: Find the compound angle C of a wedge-shaped block hav-
ing known component angles A and B in sides at right angles to each other.

Solution: 

In Fig. 5 is shown a four-sided block, two sides of which are at right angles to each other
and to the base of the block. The other two sides are inclined at an oblique angle with the
base. Angle C is a compound angle formed by the intersection of these two inclined sides
and the intersection of a vertical plane passing through x–x, and the base of the block. The
components of angle C are angles A and B and angle R is the angle in the base plane of the
block between the plane of angle C and the plane of angle A.

Problem Referring to Fig. 5: Find the angles C and R in the block shown in Fig. 5 when
angles A and B are known.

Solution: 

Problem Referring to Fig. 6: A rod or pipe is inserted into a rectangular block at an
angle. Angle C1 is the compound angle of inclination (measured from the vertical) in a
plane passing through the center line of the rod or pipe and at right angles to the top surface
of the block. Angles A1 and B1 are the angles of inclination of the rod or pipe when viewed
respectively in the front and side planes of the block. Angle R is the angle between the
plane of angle C1 and the plane of angle B1. Find angles C1 and R when a rod or pipe is
inclined at known angles A1 and B1.

Solution: 

Measurement over Pins and Rolls

Checking a V-shaped Groove by Measurement Over Pins.—In checking a groove of
the shape shown in Fig. 7, it is necessary to measure the dimension X over the pins of radius

Let A = 47 14′ and B = 38 10′

Let angle A = 27° and B = 36°

Let A1 = 39 and B1 = 34

Then

C1 = 46 30.2′

tan R = 1.2005 R = 50 12.4′

Rtan
Btan
Atan

------------
38°10′tan
47°14′tan

-------------------------= =

Rtan
0.78598
1.0812
------------------- 0.72695= =

R 36°09′=

Ctan
Atan
Rcos

------------
47°14′tan
36cos °0.9′

---------------------------= =

Ctan
1.0812
0.80887
------------------- 1.3367= =

C 53°12′=

Rtan
Bcot
Acot

------------
36°cot
27°cot

-----------------
1.3764
1.9626
----------------= = =

R 0.70131=tan R 35°2.5′=

Ccot Acot2 Bcot2+=

1.9626
2

1.3764
2

+=

5.74627572= 2.3971=

C 22°38.6′=

C1tan A1tan2 B1tan2+ 0.809782 0.674512+= =

Ctan 1 1.1107074 1.0539= =

Rtan
Atan 1

Btan 1
--------------

0.80978
0.67451
-------------------= =
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R. If values for the radius R, dimension Z, and the angles α and β are known, the problem is
to determine the distance Y, to arrive at the required overall dimension for X. If a line AC is
drawn from the bottom of the V to the center of the pin at the left in Fig. 7, and a line CB
from the center of this pin to its point of tangency with the side of the V, a right-angled tri-
angle is formed in which one side, CB, is known and one angle CAB, can be determined. A
line drawn from the center of a circle to the point of intersection of two tangents to the cir-
cle bisects the angle made by the tangent lines, and angle CAB therefore equals 1⁄2 (α + β).
The length AC and the angle DAC can now be found, and with AC known in the right-
angled triangle ADC, AD, which is equal to Y. can be found.

Fig. 7. 

The value for X can be obtained from the formula

For example, if R = 0.500, Z = 1.824, α = 45 degrees, and β = 35 degrees,

Checking Radius of Arc by Measurement Over Rolls.—The radius R of large-radius
concave and convex gages of the type shown in Figs. 8a,  8b and  8c can be checked by mea-
surement L over two rolls with the gage resting on the rolls as shown. If the diameter of the
rolls D, the length L, and the height H of the top of the arc above the surface plate (for the
concave gage, Fig. 8a) are known or can be measured, the radius R of the workpiece to be
checked can be calculated trigonometrically, as follows.

Referring to Fig. 8a for the concave gage, if L and D are known, cb can be found, and if H
and D are known, ce can be found. With cb and ce known, ab can be found by means of a
diagram as shown in Fig. 8c. 

X Z 2R
α β+

2
-------------csc

α β–
2

-------------cos 1+ 
 +=

X 1.824 2 0.5×( ) 45° 35°+
2

------------------------csc
45° 35°–

2
-----------------------cos 1+ 

 +=

X 1.824 40°csc 5°cos 1+ +=

X 1.824 1.5557 0.99619 1+×+=

X 1.824 1.550 1+ + 4.374= =
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In diagram Fig. 8c, cb and ce are shown at right angles as in Fig. 8a. A line is drawn con-
necting points b and e and line ce is extended to the right. A line is now drawn from point b
perpendicular to be and intersecting the extension of ce at point f. A semicircle can now be
drawn through points b, e, and f with point a as the center. Triangles bce and bcf are similar
and have a common side. Thus ce:bc::bc:cf. With ce and bc known, cf can be found from
this proportion and hence ef which is the diameter of the semicircle and radius ab. Then R
= ab + D/2.

The procedure for the convex gage is similar. The distances cb and ce are readily found
and from these two distances ab is computed on the basis of similar triangles as before.
Radius R is then readily found.

The derived formulas for concave and convex gages are as follows:

For example: For Fig. 8a, let L = 17.8, D = 3.20, and H = 5.72, then

For Fig. 8b, let L = 22.28 and D = 3.40, then

Fig. 8a. Fig. 8b. 

Fig. 8c. 

Formulas:
(Concave gage Fig. 8a)

(Convex gage Fig. 8b)

R
L D–( )2

8 H D–( )
----------------------

H
2
----+=

R
L D–( )2

8D
---------------------=

R
17.8 3.20–( )2

8 5.72 3.20–( )
-----------------------------------

5.72
2

----------+
14.60( )2

8 2.52×
-------------------- 2.86+= =

R
213.16
20.16
---------------- 2.86+ 13.43= =
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Checking Shaft Conditions

Checking for Various Shaft Conditions.—An indicating height gage, together with V-
blocks can be used to check shafts for ovality, taper, straightness (bending or curving), and
concentricity of features (as shown exaggerated in Fig. 9). If a shaft on which work has
been completed shows lack of concentricity. it may be due to the shaft having become bent
or bowed because of mishandling or oval or tapered due to poor machine conditions. In
checking for concentricity, the first step is to check for ovality, or out-of-roundness, as in
Fig. 9a. The shaft is supported in a suitable V-block on a surface table and the dial indicator
plunger is placed over the workpiece, which is then rotated beneath the plunger to obtain
readings of the amount of eccentricity.

This procedure (sometimes called clocking, owing to the resemblance of the dial indica-
tor to a clock face) is repeated for other shaft diameters as necessary, and, in addition to
making a written record of the measurements, the positions of extreme conditions should
be marked on the workpiece for later reference.

Fig. 9. 

To check for taper, the shaft is supported in the V-block and the dial indicator is used to
measure the maximum height over the shaft at various positions along its length, as shown

R
22.28 3.40–( )2

8 3.40×
-------------------------------------

356.45
27.20
---------------- 13.1= = =
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in Fig. 9b, without turning the workpiece. Again, the shaft should be marked with the read-
ing positions and values, also the direction of the taper, and a written record should be
made of the amount and direction of any taper discovered.

Checking for a bent shaft requires that the shaft be clocked at the shoulder and at the far-
ther end, as shown in Fig. 9c. For a second check the shaft is rotated only 90° or a quarter
turn. When the recorded readings are compared with those from the ovality and taper
checks, the three conditions can be distinguished.

To detect a curved or bowed condition, the shaft should be suspended in two V-blocks
with only about 1⁄8 inch of each end in each vee. Alternatively, the shaft can be placed
between centers. The shaft is then clocked at several points, as shown in Fig. 9d, but pref-
erably not at those locations used for the ovality, taper, or crookedness checks. If the single
element due to curvature is to be distinguished from the effects of ovality, taper, and crook-
edness, and its value assessed, great care must be taken to differentiate between the condi-
tions detected by the measurements.

Finally, the amount of eccentricity between one shaft diameter and another may be tested
by the setup shown in Fig. 9e. With the indicator plunger in contact with the smaller diam-
eter, close to the shoulder, the shaft is rotated in the V-block and the indicator needle posi-
tion is monitored to find the maximum and minimum readings.

Curvature, ovality, or crookedness conditions may tend to cancel each other, as shown in
Fig. 10, and one or more of these degrees of defectiveness may add themselves to the true
eccentricity readings, depending on their angular positions. Fig. 10a shows, for instance,
how crookedness and ovality tend to cancel each other, and also shows their effect in falsi-
fying the reading for eccentricity. As the same shaft is turned in the V-block to the position
shown in Fig. 10b, the maximum curvature reading could tend to cancel or reduce the max-
imum eccentricity reading. Where maximum readings for ovality, curvature, or crooked-
ness occur at the same angular position, their values should be subtracted from the
eccentricity reading to arrive at a true picture of the shaft condition. Confirmation of eccen-
tricity readings may be obtained by reversing the shaft in the V-block, as shown in Fig. 10c,
and clocking the larger diameter of the shaft.

Fig. 10. 

Out-of-Roundness—Lobing.—With the imposition of finer tolerances and the develop-
ment of improved measurement methods, it has become apparent that no hole,' cylinder, or
sphere can be produced with a perfectly symmetrical round shape. Some of the conditions
are diagrammed in Fig. 11, where Fig. 11a shows simple ovality and Fig. 11b shows oval-
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ity occurring in two directions. From the observation of such conditions have come the
terms lobe and lobing. Fig. 11c shows the three-lobed shape common with centerless-
ground components, and Fig. 11d is typical of multi-lobed shapes. In Fig. 11e are shown
surface waviness, surface roughness, and out-of-roundness, which often are combined
with lobing.

Fig. 11. 

In Figs. 11a through 11d the cylinder (or hole) diameters are shown at full size but the
lobes are magnified some 10,000 times to make them visible. In precision parts, the devia-
tion from the round condition is usually only in the range of millionths of an inch, although
it occasionally can be 0.0001 inch, 0.0002 inch, or more. For instance, a 3-inch-diameter
part may have a lobing condition amounting to an inaccuracy of only 30 millionths
(0.000030 inch). Even if the distortion (ovality, waviness, roughness) is small, it may
cause hum, vibration, heat buildup, and wear, possibly leading to eventual failure of the
component or assembly.

Plain elliptical out-of-roundness (two lobes), or any even number of lobes, can be
detected by rotating the part on a surface plate under a dial indicator of adequate resolution,
or by using an indicating caliper or snap gage. However, supporting such a part in a V-
block during measurement will tend to conceal roundness errors. Ovality in a hole can be
detected by a dial-type bore gage or internal measuring machine. Parts with odd numbers
of lobes require an instrument that can measure the envelope or complete circumference.
Plug and ring gages will tell whether a shaft can be assembled into a bearing, but not
whether there will be a good fit, as illustrated in Fig. 11e.

A standard, 90-degree included-angle V-block can be used to detect and count the num-
ber of lobes, but to measure the exact amount of lobing indicated by R-r in Fig. 12 requires
a V-block with an angle α, which is related to the number of lobes. This angle α can be cal-
culated from the formula 2α = 180° − 360°/N, where N is the number of lobes. Thus, for a
three-lobe form, α becomes 30 degrees, and the V-block used should have a 60-degree
included angle. The distance M, which is obtained by rotating the part under the compara-
tor plunger, is converted to a value for the radial variation in cylinder contour by the for-
mula M = (R-r) (1 + csc α).

Fig. 12. 

Using a V-block (even of appropriate angle) for parts with odd numbers of lobes will give
exaggerated readings when the distance R - r (Fig. 12) is used as the measure of the amount
of out-of-roundness. The accompanying table shows the appropriate V-block angles for
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various odd numbers of lobes, and the factors (1 + csc α) by which the readings are
increased over the actual out-of-roundness values.

Table of Lobes, V-block Angles and Exaggeration Factors in Measuring Out-of-
round Conditions in Shafts

Measurement of a complete circumference requires special equipment, often incorporat-
ing a precision spindle running true within two millionths (0.000002) inch. A stylus
attached to the spindle is caused to traverse the internal or external cylinder being
inspected, and its divergences are processed electronically to produce a polar chart similar
to the wavy outline in Fig. 11e. The electronic circuits provide for the variations due to sur-
face effects to be separated from those of lobing and other departures from the “true” cyl-
inder traced out by the spindle.

Measurements Using Light

Measuring by Light-wave Interference Bands.—Surface variations as small as two
millionths (0.000002:) inch can be detected by light-wave interference methods, using an
optical flat. An optical flat is a transparent block, usually of plate glass, clear fused quartz,
or borosilicate glass, the faces of which are finished to extremely fine limits (of the order of
1 to 8 millionths [0.000001 to 0.000008] inch, depending on the application) for flatness.
When an optical flat is placed on a “flat” surface, as shown in Fig. 13, any small departure
from flatness will result in formation of a wedge-shaped layer of air between the work sur-
face and the underside of the flat.

Light rays reflected from the work surface and the underside of the flat either interfere
with or reinforce each other. Interference of two reflections results when the air gap mea-
sures exactly half the wavelength of the light used, and produces a dark band across the
work surface when viewed perpendicularly, under monochromatic helium light. A light
band is produced halfway between the dark bands when the rays reinforce each other. With
the 0.0000232-inch-wavelength helium light used, the dark bands occur where the optical
flat and the work surface are separated by 11.6 millionths (0.0000116) inch, or multiples
thereof.

Fig. 13. 

For instance, at a distance of seven dark bands from the point of contact, as shown in Fig.
13, the underface of the optical flat is separated from the work surface by a distance of 7 ×

Number of Lobes
Included Angle of

V-block (deg)
Exaggeration Factor

(1 + csc α)
3 60 3.00
5 108 2.24
7 128.57 2.11
9 140 2.06

��
��.0000812′′

.0000116′′

7 fringes × .0000116 = .0000812′′

0.0000116 inch or 0.0000812 inch. The bands are separated more widely and the indica-
tions become increasingly distorted as the viewing angle departs from the perpendicular. If
the bands appear straight, equally spaced and parallel with each other, the work surface is
flat. Convex or concave surfaces cause the bands to curve correspondingly, and a cylindri-
cal tendency in the work surface will produce unevenly spaced, straight bands.
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SURFACE TEXTURE

American National Standard Surface Texture (Surface Roughness, Waviness, and
Lay).—American National Standard ANSI/ASME B46.1-1995 is concerned with the
geometric irregularities of surfaces of solid materials, physical specimens for gaging
roughness, and the characteristics of stylus instrumentation for measuring roughness. The
standard defines surface texture and its constituents: roughness, waviness, lay, and flaws.
A set of symbols for drawings, specifications, and reports is established. To ensure a uni-
form basis for measurements the standard also provides specifications for Precision Refer-
ence Specimens, and Roughness Comparison Specimens, and establishes requirements for
stylus-type instruments. The standard is not concerned with luster, appearance, color, cor-
rosion resistance, wear resistance, hardness, subsurface microstructure, surface integrity,
and many other characteristics that may be governing considerations in specific applica-
tions.

The standard is expressed in SI metric units but U.S. customary units may be used with-
out prejudice. The standard does not define the degrees of surface roughness and waviness
or type of lay suitable for specific purposes, nor does it specify the means by which any
degree of such irregularities may be obtained or produced. However, criteria for selection
of surface qualities and information on instrument techniques and methods of producing,
controlling and inspecting surfaces are included in Appendixes attached to the standard.
The Appendix sections are not considered a part of the standard: they are included for clar-
ification or information purposes only.

Surfaces, in general, are very complex in character. The standard deals only with the
height, width, and direction of surface irregularities because these characteristics are of
practical importance in specific applications. Surface texture designations as delineated in
this standard may not be a sufficient index to performance. Other part characteristics such
as dimensional and geometrical relationships, material, metallurgy, and stress must also be
controlled.

Definitions of Terms Relating to the Surfaces of Solid Materials.—The terms and rat-
ings in the standard relate to surfaces produced by such means as abrading, casting, coat-
ing, cutting, etching, plastic deformation, sintering, wear, and erosion. 

Error of form is considered to be that deviation from the nominal surface caused by
errors in machine tool ways, guides, insecure clamping or incorrect alignment of the work-
piece or wear, all of which are not included in surface texture. Out-of-roundness and out-
of-flatness are examples of errors of form. See ANSI/ASME B46.3.1-1988 for measure-
ment of out-of-roundness.

Flaws are unintentional, unexpected, and unwanted interruptions in the topography typ-
ical of a part surface and are defined as such only when agreed upon by buyer and seller. If
flaws are defined, the surface should be inspected specifically to determine whether flaws
are present, and rejected or accepted prior to performing final surface roughness measure-
ments. If defined flaws are not present, or if flaws are not defined, then interruptions in the
part surface may be included in roughness measurements.

Lay is the direction of the predominant surface pattern, ordinarily determined by the pro-
duction method used.

Roughness consists of the finer irregularities of the surface texture, usually including
those irregularities that result from the inherent action of the production process. These
irregularities are considered to include traverse feed marks and other irregularities within
the limits of the roughness sampling length.



SURFACE TEXTURE 698

Fig. 1. Pictorial Display of Surface Characteristics
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Surface is the boundary of an object that separates that object from another object, sub-
stance or space.

Surface, measured is the real surface obtained by instrumental or other means. 
Surface, nominal is the intended surface contour (exclusive of any intended surface

roughness), the shape and extent of which is usually shown and dimensioned on a drawing
or descriptive specification.

Surface, real is the actual boundary of the object. Manufacturing processes determine its
deviation from the nominal surface.

Surface texture is repetitive or random deviations from the real surface that forms the
three-dimensional topography of the surface. Surface texture includes roughness, wavi-
ness, lay and flaws. Fig. 1 is an example of a unidirectional lay surface. Roughness and
waviness parallel to the lay are not represented in the expanded views.

Waviness is the more widely spaced component of surface texture. Unless otherwise
noted, waviness includes all irregularities whose spacing is greater than the roughness
sampling length and less than the waviness sampling length. Waviness may result from
such factors as machine or work deflections, vibration, chatter, heat-treatment or warping
strains. Roughness may be considered as being superposed on a ‘wavy’ surface.

Definitions of Terms Relating to the Measurement of Surface Texture.—Terms
regarding surface texture pertain to the geometric irregularities of surfaces and include
roughness, waviness and lay.

Profile is the contour of the surface in a plane measured normal, or perpendicular, to the
surface, unless another other angle is specified.

Graphical centerline. See Mean Line. 
Height (z) is considered to be those measurements of the profile in a direction normal, or

perpendicular, to the nominal profile. For digital instruments, the profile Z(x) is approxi-
mated by a set of digitized values. Height parameters are expressed in micrometers (µm).

Height range (z) is the maximum peak-to-valley surface height that can be detected
accurately with the instrument. It is measurement normal, or perpendicular, to the nominal
profile and is another key specification.

Mean line (M) is the line about which deviations are measured and is a line parallel to the
general direction of the profile within the limits of the sampling length. See Fig. 2. The
mean line may be determined in one of two ways. The filtered mean line is the centerline
established by the selected cutoff and its associated circuitry in an electronic roughness
average measuring instrument. The least squares mean line is formed by the nominal pro-
file but by dividing into selected lengths the sum of the squares of the deviations minimizes
the deviation from the nominal form. The form of the nominal profile could be a curve or a
straight line.

Peak is the point of maximum height on that portion of a profile that lies above the mean
line and between two intersections of the profile with the mean line.

Profile measured is a representation of the real profile obtained by instrumental or other
means. When the measured profile is a graphical representation, it will usually be distorted
through the use of different vertical and horizontal magnifications but shall otherwise be as
faithful to the profile as technically possible.

Profile, modified is the measured profile where filter mechanisms (including the instru-
ment datum) are used to minimize certain surface texture characteristics and emphasize
others. Instrument users apply profile modifications typically to differentiate surface
roughness from surface waviness. 

Profile, nominal  is the profile of the nominal surface; it is the intended profile (exclusive
of any intended roughness profile). Profile is usually drawn in an x-z coordinate system.
See Fig. 2.
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Fig. 2. Nominal and Measured Profiles

Profile, real  is the profile of the real surface.
Profile, total is the measured profile where the heights and spacing may be amplified dif-

ferently but otherwise no filtering takes place.
Roughness profile is obtained by filtering out the longer wavelengths characteristic of

waviness.
Roughness spacing is the average spacing between adjacent peaks of the measured pro-

file within the roughness sampling length.
Roughness topography is the modified topography obtained by filtering out the longer

wavelengths of waviness and form error.
Sampling length is the nominal spacing within which a surface characteristic is deter-

mined. The range of sampling lengths is a key specification of a measuring instrument. 
Spacing is the distance between specified points on the profile measured parallel to the

nominal profile.
Spatial (x) resolution is the smallest wavelength which can be resolved to 50% of the

actual amplitude. This also is a key specification of a measuring instrument.
System height resolution is the minimum height that can be distinguished from back-

ground noise of the measurement instrument. Background noise values can be determined
by measuring approximate rms roughness of a sample surface where actual roughness is
significantly less than the background noise of the measuring instrument. It is a key instru-
mentation specification.

Topography is the three-dimensional representation of geometric surface irregularities.
Topography, measured is the three-dimensional representation of geometric surface

irregularities obtained by measurement.
Topography, modified is the three-dimensional representation of geometric surface

irregularities obtained by measurement but filtered to minimize certain surface character-
istics and accentuate others.

Valley is the point of maximum depth on that portion of a profile that lies below the mean
line and between two intersections of the profile with the mean line.

Waviness, evaluation length (L), is the length within which waviness parameters are
determined.

Waviness, long-wavelength cutoff (lcw)  the spatial wavelength above which the undula-
tions of waviness profile are removed to identify form parameters. A digital Gaussian filter
can be used to separate form error from waviness but its use must be specified.

Waviness profile is obtained by filtering out the shorter roughness wavelengths charac-
teristic of roughness and the longer wavelengths associated with the part form parameters.

Waviness sampling length is a concept no longer used. See waviness long-wavelength
cutoff and waviness evaluation length.

Waviness short-wavelength cutoff (lsw)  is the spatial wavelength below which rough-
ness parameters are removed by electrical or digital filters.

Waviness topography is the modified topography obtained by filtering out the shorter
wavelengths of roughness and the longer wavelengths associated with form error.

Waviness spacing is the average spacing between adjacent peaks of the measured profile
within the waviness sampling length.

Z

X

Measure profile

Nominal profile
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Sampling Lengths.—Sampling length is the normal interval for a single value of a sur-
face parameter. Generally it is the longest spatial wavelength to be included in the profile
measurement. Range of sampling lengths is an important specification for a measuring
instrument.

Fig. 3. Traverse Length

Roughness sampling length (l) is the sampling length within which the roughness aver-
age is determined. This length is chosen to separate the profile irregularities which are des-
ignated as roughness from those irregularities designated as waviness. It is different from
evaluation length (L) and the traversing length. See Fig. 3.

Evaluation length (L) is the length the surface characteristics are evaluated. The evalua-
tion length is a key specification of a measuring instrument.

Traversing length is profile length traversed to establish a representative evaluation
length. It is always longer than the evaluation length. See Section 4.4.4 of ANSI/ASME
B46.1-1995 for values which should be used for different type measurements.

Cutoff is the electrical response characteristic of the measuring instrument which is
selected to limit the spacing of the surface irregularities to be included in the assessment of
surface texture. Cutoff is rated in millimeters. In most electrical averaging instruments, the
cutoff can be user selected and is a characteristic of the instrument rather than of the surface
being measured. In specifying the cutoff, care must be taken to choose a value which will
include all the surface irregularities to be assessed.

Waviness sampling length (l) is a concept no longer used. See waviness long-wavelength
cutoff and waviness evaluation length. 

Roughness Parameters.—Roughness is the fine irregularities of the surface texture
resulting from the production process or material condition.

Roughness average (Ra), also known as arithmetic average (AA) is the arithmetic aver-
age of the absolute values of the measured profile height deviations divided by the evalua-
tion length, L. This is shown as the shaded area of Fig. 4 and generally includes sampling
lengths or cutoffs. For graphical determinations of roughness average, the height devia-
tions are measured normal, or perpendicular, to the chart center line.

Fig. 4. 
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Roughness average is expressed in micrometers (µm). A micrometer is one millionth of
a meter (0.000001 meter). A microinch (µin) is one millionth of an inch (0.000001 inch).
One microinch equals 0.0254 micrometer (1 µin. = 0.0254 µm).

Roughness Average Value (Ra) From Continuously Averaging Meter Reading. So that
uniform interpretation may be made of readings from stylus-type instruments of the con-
tinuously averaging type, it should be understood that the reading that is considered signif-
icant is the mean reading around which the needle tends to dwell or fluctuate with a small
amplitude.

Roughness is also indicated by the root-mean-square (rms) average, which is the square
root of the average value squared, within the evaluation length and measured from the
mean line shown in Fig. 4, expressed in micrometers. A roughness-measuring instrument
calibrated for rms average usually reads about 11 per cent higher than an instrument cali-
brated for arithmetical average. Such instruments usually can be recalibrated to read arith-
metical average. Some manufacturers consider the difference between rms and AA to be
small enough that rms on a drawing may be read as AA for many purposes. 

Roughness evaluation length (L), for statistical purposes should, whenever possible,
consist of five sampling lengths (l). Use of other than five sampling lengths must be clearly
indicated.

Waviness Parameters.—Waviness is the more widely spaced component of surface tex-
ture. Roughness may be thought of as superimposed on waviness.

Waviness height (Wt) is the peak-to-valley height of the modified profile with roughness
and part form errors removed by filtering, smoothing or other means. This value is typi-
cally three or more times the roughness average. The measurement is taken normal, or per-
pendicular, to the nominal profile within the limits of the waviness sampling length.

Waviness evaluation length (Lw) is the evaluation length required to determine waviness
parameters. For waviness, the sampling length concept is no longer used. Rather, only
waviness evaluation length (Lw) and waviness long-wavelength cutoff (lew) are defined.
For better statistics, the waviness evaluation length should be several times the waviness
long-wavelength cutoff.

Relation of Surface Roughness to Tolerances.—Because the measurement of surface
roughness involves the determination of the average linear deviation of the measured sur-
face from the nominal surface, there is a direct relationship between the dimensional toler-
ance on a part and the permissible surface roughness. It is evident that a requirement for the
accurate measurement of a dimension is that the variations introduced by surface rough-
ness should not exceed the dimensional tolerances. If this is not the case, the measurement
of the dimension will be subject to an uncertainty greater than the required tolerance, as
illustrated in Fig. 5.

Fig. 5. 
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The standard method of measuring surface roughness involves the determination of the
average deviation from the mean surface. On most surfaces the total profile height of the
surface roughness (peak-to-valley height) will be approximately four times (4×) the mea-
sured average surface roughness. This factor will vary somewhat with the character of the
surface under consideration, but the value of four may be used to establish approximate
profile heights.

From these considerations it follows that if the arithmetical average value of surface
roughness specified on a part exceeds one eighth of the dimensional tolerance, the whole
tolerance will be taken up by the roughness height. In most cases, a smaller roughness
specification than this will be found; but on parts where very small dimensional tolerances
are given, it is necessary to specify a suitably small surface roughness so useful dimen-
sional measurements can be made. The tables on pages pages 630 and  657 show the rela-
tions between machining processes and working tolerances.

Values for surface roughness produced by common processing methods are shown in
Table 1. The ability of a processing operation to produce a specific surface roughness
depends on many factors. For example, in surface grinding, the final surface depends on
the peripheral speed of the wheel, the speed of the traverse, the rate of feed, the grit size,
bonding material and state of dress of the wheel, the amount and type of lubrication at the
point of cutting, and the mechanical properties of the piece being ground. A small change
in any of the above factors can have a marked effect on the surface produced.

Table 1. Surface Roughness Produced by Common Production Methods
Roughness Average, Ra – Micrometers µm (Microinches µin.)

Process
50 

(2000)
25 

(1000)
12.5 
(500)

6.3 
(250)

3.2 
(125)

1.6 
(63)

0.80 
(32)

0.40 
(16)

0.20 
(8)

0.10 
(4)

0.05 
(2)

0.025 
(1)

0.012 
(0.5)

Flame Cutting

Snagging

Sawing

Planing, Shaping

Drilling

Chemical Milling

Elect. Discharge Mach.

Milling

Broaching

Reaming

Electron Beam

Laser

Electro-Chemical

Boring, Turning

Barrel Finishing

Electrolytic Grinding

Roller Burnishing

Grinding

Honing

Electro-Polish

Polishing

Lapping

Superfinishing

Sand Casting

Hot Rolling

Forging

Perm. Mold Casting

Investment Casting

Extruding

Cold Rolling, Drawing

Die Casting

The ranges shown above are typical of the processes listed KEY Average Application

Higher or lower values may be obtained under special conditions Less Frequent Application
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Instrumentation for Surface Texture Measurement.—Instrumentation used for mea-
surement of surface texture, including roughness and waviness generally falls into six
types. These include:

Type I, Profiling Contact Skidless Instruments: Used for very smooth to very rough sur-
faces. Used for roughness and may measure waviness. Can generate filtered or unfiltered
profiles and may have a selection of filters and parameters for data analysis. Examples
include: 1) skidless stylus-type with LVDT (linear variable differential transformer) verti-
cal transducers; 2) skidless-type using an interferometric transducer; 3)skidless stylus-
type using capacitance transducer.

Type II, Profiling Non-contact Instruments: Capable of full profiling or topographical
analysis. Non-contact operation may be advantageous for softness but may vary with sam-
ple type and reflectivity. Can generate filtered or unfiltered profiles but may have diffi-
culty with steeply inclined surfaces. Examples include: 1) interferometric microscope; 2)
optical focus sending; 3) Nomarski differential profiling; 4) laser triangulation; 5) scan-
ning electron microscope (SEM) stereoscopy; 6) confocal optical microscope.

Type III, Scanned Probe Microscope: Feature high spatial resolution (at or near the
atomic scale) but area of measurement may be limited. Examples include: 1) scanning tun-
neling microscope (STM) and 2) atomic force microscope (AFM).

Type IV, Profiling Contact Skidded Instruments: Uses a skid as a datum to eliminate
longer wavelengths; thus cannot be used for waviness or errors of form. May have a selec-
tion of filters and parameters and generates an output recording of filtered and skid-modi-
fied profiles. Examples include: 1) skidded, stylus-type with LVDT vertical measuring
transducer and 2) fringe-field capacitance (FFC) transducer.

Type V, Skidded Instruments with Parameters Only: Uses a skid as a datum to eliminate
longer wavelengths; thus cannot be used for waviness or errors of form. Does not generate
a profile. Filters are typically 2RC type and generate Ra but other parameters may be avail-
able. Examples include: 1) skidded, stylus-type with piezoelectric measuring transducer
and 2) skidded, stylus-type with moving coil measuring transducer.

Type VI, Area Averaging Methods: Used to measure averaged parameters over defined
areas but do not generate profiles. Examples include: 1) parallel plate capacitance (PPC)
method; 2) total integrated scatter (TIS); 3) angle resolved scatter (ARS)/bi-directional
reflectance distribution function (BRDF).

Selecting Cutoff for Roughness Measurements.—In general, surfaces will contain
irregularities with a large range of widths. Surface texture instruments are designed to
respond only to irregularity spacings less than a given value, called cutoff. In some cases,
such as surfaces in which actual contact area with a mating surface is important, the largest
convenient cutoff will be used. In other cases, such as surfaces subject to fatigue failure
only the irregularities of small width will be important, and more significant values will be
obtained when a short cutoff is used. In still other cases, such as identifying chatter marks
on machined surfaces, information is needed on only the widely space irregularities. For
such measurements, a large cutoff value and a larger radius stylus should be used. 

The effect of variation in cutoff can be understood better by reference to Fig. 7. The pro-
file at the top is the true movement of a stylus on a surface having a roughness spacing of
about 1 mm and the profiles below are interpretations of the same surface with cutoff value
settings of 0.8 mm, 0.25 mm and 0.08 mm, respectively. It can be seen that the trace based
on 0.8 mm cutoff includes most of the coarse irregularities and all of the fine irregularities
of the surface. The trace based on 0.25 mm excludes the coarser irregularities but includes
the fine and medium fine. The trace based on 0.08 mm cutoff includes only the very fine
irregularities. In this example the effect of reducing the cutoff has been to reduce the
roughness average indication. However, had the surface been made up only of irregulari-
ties as fine as those of the bottom trace, the roughness average values would have been the
same for all three cutoff settings.
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Fig. 6. Effects of Various Cutoff Values 

In other words, all irregularities having a spacing less than the value of the cutoff used are
included in a measurement. Obviously, if the cutoff value is too small to include coarser
irregularities of a surface, the measurements will not agree with those taken with a larger
cutoff. For this reason, care must be taken to choose a cutoff value which will include all of
the surface irregularities it is desired to assess.

To become proficient in the use of continuously averaging stylus-type instruments the
inspector or machine operator must realize that for uniform interpretation, the reading
which is considered significant is the mean reading around which the needle tends to dwell
or fluctuate under small amplitude.

Drawing Practices for Surface Texture Symbols.—American National Standard
ANSI/ASME Y14.36M-1996 establishes the method to designate symbolic controls for
surface texture of solid materials. It includes methods for controlling roughness, waviness,
and lay, and provides a set of symbols for use on drawings, specifications, or other docu-
ments. The standard is expressed in SI metric units but U.S. customary units may be used
without prejudice. Units used (metric or non-metric) should be consistent with the other
units used on the drawing or documents. Approximate non-metric equivalents are shown
for reference. 

Surface Texture Symbol.—The symbol used to designate control of surface irregulari-
ties is shown in Fig. 7b and Fig. 7d. Where surface texture values other than roughness
average are specified, the symbol must be drawn with the horizontal extension as shown in
Fig. 7f.
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Surface Texture Symbols and Construction

Use of Surface Texture Symbols: When required from a functional standpoint, the
desired surface characteristics should be specified. Where no surface texture control is
specified, the surface produced by normal manufacturing methods is satisfactory provided
it is within the limits of size (and form) specified in accordance with ANSI/ASME
Y14.5M-1994, Dimensioning and Tolerancing. It is considered good practice to always
specify some maximum value, either specifically or by default (for example, in the manner
of the note shown in Fig. 2). 

Material Removal Required or Prohibited: The surface texture symbol is modified
when necessary to require or prohibit removal of material. When it is necessary to indicate
that a surface must be produced by removal of material by machining, specify the symbol
shown in Fig. 7b. When required, the amount of material to be removed is specified as
shown in Fig. 7c, in millimeters for metric drawings and in inches for non-metric drawings.
Tolerance for material removal may be added to the basic value shown or specified in a
general note. When it is necessary to indicate that a surface must be produced without
material removal, specify the machining prohibited symbol as shown in Fig. 7d.

Proportions of Surface Texture Symbols: The recommended proportions for drawing
the surface texture symbol are shown in Fig. 7f. The letter height and line width should be
the same as that for dimensions and dimension lines.
Applying Surface Texture Symbols.—The point of the symbol should be on a line repre-
senting the surface, an extension line of the surface, or a leader line directed to the surface,
or to an extension line. The symbol may be specified following a diameter dimension.
Although ANSI/ASME Y14.5M-1994, “Dimensioning and Tolerancing” specifies that
normally all textual dimensions and notes should be read from the bottom of the drawing,

Symbol Meaning

Fig. 7a. 

Basic Surface Texture Symbol. Surface may be produced by any method 
except when the bar or circle (Fig. 7b or  7d) is specified.

Fig. 7b. 

Material Removal By Machining Is Required. The horizontal bar indicates that 
material removal by machining is required to produce the surface and that 
material must be provided for that purpose.

Fig. 7c. 

Material Removal Allowance. The number indicates the amount of stock to be 
removed by machining in millimeters (or inches). Tolerances may be added to 
the basic value shown or in general note.

Fig. 7d. 

Material Removal Prohibited. The circle in the vee indicates that the surface 
must be produced by processes such as casting, forging, hot finishing, cold fin-
ishing, die casting, powder metallurgy or injection molding without subsequent 
removal of material.

Fig. 7e. 

Surface Texture Symbol. To be used when any surface characteristics are spec-
ified above the horizontal line or the right of the symbol. Surface may be pro-
duced by any method except when the bar or circle (Fig. 7b and  7d) is 
specified.

Fig. 7f. 
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the surface texture symbol itself with its textual values may be rotated as required. Regard-
less, the long leg (and extension) must be to the right as the symbol is read. For parts requir-
ing extensive and uniform surface roughness control, a general note may be added to the
drawing which applies to each surface texture symbol specified without values as shown in
Fig. 8.

Fig. 8. Application of Surface Texture Symbols 

When the symbol is used with a dimension, it affects the entire surface defined by the
dimension. Areas of transition, such as chamfers and fillets, shall conform with the rough-
est adjacent finished area unless otherwise indicated.

Surface texture values, unless otherwise specified, apply to the complete surface. Draw-
ings or specifications for plated or coated parts shall indicate whether the surface texture
values apply before plating, after plating, or both before and after plating. 

Only those values required to specify and verify the required texture characteristics
should be included in the symbol. Values should be in metric units for metric drawing and
non-metric units for non-metric drawings. Minority units on dual dimensioned drawings
are enclosed in brackets.

Roughness and waviness measurements, unless otherwise specified, apply in a direction
which gives the maximum reading; generally across the lay.

Cutoff or Roughness Sampling Length, (l): Standard values are listed in Table 2. When
no value is specified, the value 0.8 mm (0.030 in.) applies.

Table 2. Standard Roughness Sampling Length (Cutoff) Values

Roughness Average (Ra): The preferred series of specified roughness average values is
given in Table 3.

mm in. mm in.

0.08 0.003 2.5 0.1

0.25 0.010 8.0 0.3

0.80 0.030 25.0 1.0
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Waviness Height (Wt): The preferred series of maximum waviness height values is listed
in Table 3. Waviness height is not currently shown in U.S. or ISO Standards. It is included
here to follow present industry practice in the United States.

Table 4. Preferred Series Maximum Waviness Height Values

Lay: Symbols for designating the direction of lay are shown and interpreted in Table 5.

Example Designations.—Table 6 illustrates examples of designations of roughness,
waviness, and lay by insertion of values in appropriate positions relative to the symbol. 

Where surface roughness control of several operations is required within a given area, or
on a given surface, surface qualities may be designated, as in Fig. 9a. If a surface must be
produced by one particular process or a series of processes, they should be specified as
shown in Fig. 9b. Where special requirements are needed on a designated surface, a note
should be added at the symbol giving the requirements and the area involved. An example
is illustrated in Fig. 9c. 

Surface Texture of Castings.—Surface characteristics should not be controlled on a
drawing or specification unless such control is essential to functional performance or
appearance of the product. Imposition of such restrictions when unnecessary may increase
production costs and in any event will serve to lessen the emphasis on the control specified
for important surfaces. Surface characteristics of castings should never be considered on

Table 3. Preferred Series Roughness Average Values (Ra)

µm µin µm µin

0.012 0.5 1.25 50

0.025a

a Recommended 

1a 1.60a 63a

0.050a 2a 2.0 80

0.075a 3 2.5 100

0.10a 4a 3.2a 125a

0.125 5 4.0 160

0.15 6 5.0 200

0.20a 8a 6.3a 250a

0.25 10 8.0 320

0.32 13 10.0 400

0.40a 16a 12.5a 500a

0.50 20 15 600

0.63 25 20 800

0.80a 32a 25a 1000a

1.00 40 … …

mm in. mm in. mm in.

0.0005 0.00002 0.008 0.0003 0.12 0.005

0.0008 0.00003 0.012 0.0005 0.20 0.008

0.0012 0.00005 0.020 0.0008 0.25 0.010

0.0020 0.00008 0.025 0.001 0.38 0.015

0.0025 0.0001 0.05 0.002 0.50 0.020

0.005 0.0002 0.08 0.003 0.80 0.030
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Table 5. Lay Symbols 

Lay
Symbol Meaning

Example Showing Direction of 
Tool Marks

Lay approximately parallel to the line rep-
resenting the surface to which the symbol is 
applied.

Lay approximately perpendicular to the 
line representing the surface to which the 
symbol is applied.

X
Lay angular in both directions to line repre-
senting the surface to which the symbol is 
applied.

M Lay multidirectional

C
Lay approximately circular relative to the 
center of the surface to which the symbol is 
applied.

R
Lay approximately radial relative to the 
center of the surface to which the symbol is 
applied.

P Lay particulate, non-directional, or protu-
berant
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the same basis as machined surfaces. Castings are characterized by random distribution of
non-directional deviations from the nominal surface. 

Surfaces of castings rarely need control beyond that provided by the production method
necessary to meet dimensional requirements. Comparison specimens are frequently used
for evaluating surfaces having specific functional requirements. Surface texture control
should not be specified unless required for appearance or function of the surface. Specifi-
cation of such requirements may increase cost to the user.

Engineers should recognize that different areas of the same castings may have different
surface textures. It is recommended that specifications of the surface be limited to defined
areas of the casting. Practicality of and methods of determining that a casting’s surface tex-
ture meets the specification shall be coordinated with the producer. The Society of Auto-
motive Engineers standard J435 “Automotive Steel Castings” describes methods of
evaluating steel casting surface texture used in the automotive and related industries.

Metric Dimensions on Drawings.—The length units of the metric system that are most
generally used in connection with any work relating to mechanical engineering are the
meter (39.37 inches) and the millimeter (0.03937 inch). One meter equals 1000 millime-
ters. On mechanical drawings, all dimensions are generally given in millimeters, no matter
how large the dimensions may be. In fact, dimensions of such machines as locomotives
and large electrical apparatus are given exclusively in millimeters. This practice is adopted
to avoid mistakes due to misplacing decimal points, or misreading dimensions as when
other units are used as well. When dimensions are given in millimeters, many of them can

Table 6. Application of Surface Texture Values to Symbol

Roughness average rating is 
placed at the left of the long 
leg. The specification of only 
one rating shall indicate the 
maximum value and any lesser 
value shall be acceptable. 
Specify in micrometers 
(microinch).

Material removal by machin-
ing is required to produce the 
surface. The basic amount of 
stock provided forf material 
removal is specified at the left 
of the short leg of the symbol. 
Specify in millimeters (inch).

The specification of maxi-
mum and minimum roughness 
average values indicates per-
missible range of roughness. 
Specify in micrometers 
(microinch).

Removal of material is pro-
hibited.

Maximum waviness height 
rating is the first rating place 
above the horizontal exten-
sion. Any lesser rating shall be 
acceptable. Specify in milli-
meters (inch).

Maximum waviness spacing 
rating is the second rating 
placed above the horizontal 
extension and to the right of 
the waviness height rating. 
Any lesser rating shall be 
acceptable. Specify in milli-
meters (inch).

Lay designation is indicated 
by the lay symbol placed at the 
right of the long leg.

Roughness sampling length 
or cutoff rating is placed below 
the horizontal extension. When 
no value is shown, 0.80 mm 
(0.030 inch) applies. Specify in 
millimeters (inch).

Where required maximum 
roughness spacing shall be 
placed at the right of the lay 
symbol. Any lesser rating shall 
be acceptable. Specify in milli-
meters (inch).
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be given without resorting to decimal points, as a millimeter is only a little more than 1⁄32
inch. Only dimensions of precision need be given in decimals of a millimeter; such dimen-
sions are generally given in hundredths of a millimeter—for example, 0.02 millimeter,
which is equal to 0.0008 inch. As 0.01 millimeter is equal to 0.0004 inch, dimensions are
seldom given with greater accuracy than to hundredths of a millimeter.

Scales of Metric Drawings: Drawings made to the metric system are not made to scales
of 1⁄2, 1⁄4, 1⁄8, etc., as with drawings made to the English system. If the object cannot be drawn
full size, it may be drawn 1⁄2, 1⁄5, 1⁄10, 1⁄20, 1⁄50, 1⁄100, 1⁄200, 1⁄500, or 1⁄1000 size. If the object is too
small and has to be drawn larger, it is drawn 2, 5, or 10 times its actual size.

ISO Surface Finish

Differences Between ISO and ANSI Surface Finish Symbology.—ISO surface finish
standards are comprised of numerous individual standards that taken as a whole form a set
of standards roughly comparable in scope to American National Standard ANSI/ASME
Y14.36M. 

The primary standard dealing with surface finish, ISO 1302:1992, is concerned with the
methods of specifying surface texture symbology and additional indications on engineer-
ing drawings. The parameters in ISO surface finish standards relate to surfaces produced
by abrading, casting, coating, cutting, etching, plastic deformation, sintering, wear, ero-
sion, and some other methods. 

ISO 1302 defines how surface texture and its constituents, roughness, waviness, and lay,
are specified on the symbology. Surface defects are specifically excluded from consider-
ation during inspection of surface texture, but definitions of flaws and imperfections are
discussed in ISO 8785.

As with American National Standard ASME Y14.36, ISO 1302 is not concerned with
luster, appearance, color, corrosion resistance, wear resistance, hardness, sub-surface
microstructure, surface integrity, and many other characteristics that may govern consid-
erations in specific applications. Visually, the ISO surface finish symbol is similar to the
ANSI symbol, but the proportions of the symbol in relationship to text height differs from

Table 7. Examples of Special Designations 

Fig. 9a. 

Fig. 9b. Fig. 9c. 
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ANSI, as do some of the parameters as described in Fig. 1. Examples of the application of
the ISO surface finish symbol are illustrated in Table 1.

 The ISO 1302 standard does not define the degrees of surface roughness and waviness or
type of lay for specific purposes, nor does it specify the means by which any degree of such
irregularities may be obtained or produced. Also, errors of form such as out-of-roundness
and out-of-flatness are not addressed in the ISO surface finish standards.

Fig. 1. ISO Surface Finish Symbol

Other Iso Standards Related To Surface Finish

ISO 468:1982  “Surface roughness — parameters. Their values and general rules
for specifying requirements.”

ISO 4287:1997  “Surface texture: Profile method — Terms, definitions and surface
texture parameters.”

ISO 4288:1996  “Surface texture: Profile method — Rules and procedures for the
assessment of surface texture.” Includes specifications for precision
reference specimens, and roughness comparison specimens, and
establishes requirements for stylus-type instruments.”

ISO 8785:1998  “Surface imperfections — Terms, definitions and parameters.”

ISO 10135-1:CD  “Representation of parts produced by shaping processes — Part 1:
Molded parts.”

Ra

d

a2

f2

c / f1

b

a1

e h

d'

xx'

c / f

e d

a

b

Roughness value
in micrometers
preceded by
parameter
symbol

Production
method

Machine
allowance

Surface
pattern

Roughness value other than
 (micrometers)

In future versions of 1302, all
roughness values will be
allowed at location 'a' only

Waviness height
preceded by
parametric symbol or
sampling length
(millimeters)

Basic symbol for
material removal pro-
hibited and left in the
state from a previous
manufacturing
process

Basic symbol for
surface under
consideration or
to a specification
explained elsewhere
in a note

Basic symbol for
a surface to be
machined

Basic symbol with all
round circle added to
indicate the surface
specification applies
to all surfaces in that
view

Text heighth  (ISO 3098-1) 2.5 3.5 5 7 10 14 20

Line width for symbols d and d' 0.25 0.35 0.5 0.7 1 1.2 2

Height for segment x 3.5 5 7 10 14 20 28

Height for symbol segmentx ' 8 11 15 21 30 42 60
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Table 1. Examples of ISO Applications of Surface Texture Symbology

Interpretation Example

Surface roughness is produced by milling 
and between upper limit of Ra = 50 µm and 
Ra = 6.3 µm; direction of lay is crossed in 
oblique directions relative to plane of projec-
tion; sampling length is 5 mm.

Surface roughness of Rz = 6.3 µm is the 
default for all surfaces as indicated by the Rz 
= 6.3 specification, plus basic symbol within 
parentheses. Any deviating specification is 
called out with local notes such as the Ra = 
0.8 µm specification.

Surface roughness is produced by grinding 
to Ra = 1.2 µm and limited to Ry = 6.3 µm 
max; direction of lay is perpendicular rela-
tive to the plane of projection; sampling 
length is 2.4 mm.

Surface treatment without any machining; 
nickel-chrome plated to Rz = 1 µm on all 
surfaces.

Surface is nickel-chrome plated to rough-
ness of Ra = 3.2 µm with a sampling length 
of 0.8 mm; limited to Rz = 16 µm to Rz = 6.3 
µm with a sampling length of 2.5 mm.

Surface roughness of Rz = 6.3 µm is the 
default for all surfaces except the inside 
diameter which is Ra = 0.8 mm.

Surface texture symbology may be com-
bined with dimension leaders and witness 
(extension) lines.

Ra 50      milled

Ra 6.3 5

X

Rz 6.3(   ) Ra 0.8

 ground

Ra 1.2 2.4/Ry 6.3 MAX

Fe/Ni20pCr

Rz 1

 Fe/Ni10bCr

Ra 3.2
0,8
2,5/Rz 16
2,5/Rz 6.3

Ra 1.6R3

Ra 0.8

2x45˚

R
a

 0
.8
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Surface texture symbology may be applied 
to extended extension lines or on extended 
projection lines.

Surface roughness is produced by milling 
and between upper limit of Ra = 50 µm and 
Ra = 6.3 µm; direction of lay is crossed in 
oblique directions relative to plane of projec-
tion; sampling length is 5 mm.

Surface treatment without any machining; 
nickel-chrome plated to Rz = 1 µm on all 
surfaces.

 Surface texture characteristics may be spec-
ified both before and after surface treatment.

The symbol may be expanded with addi-
tional lines for textual information where 
there is insufficient room on the drawing.

Table 1. (Continued) Examples of ISO Applications of Surface Texture Symbology

Interpretation Example

Rz 4.0

43
R3

Ra 
1.

6 Ra 0.8

45

Rz  40
3x Ø5

Ry 1.6

Fe/Cr 50
Ground

Ry 6.2

30

Ø
4

5

Ø

Chromium plated

a2 a1

Built-up surface

Ground
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Rules for Comparing Measured Values to Specified Limits

Max rule: When a maximum requirement is specified for a surface finish parameter on a
drawing (e.g. Rz1.5max), none of the inspected values may extend beyond the upper limit
over the entire surface. MAX must be added to the parametric symbol in the surface finish
symbology on the drawing.

16% rule: When upper and lower limits are specified, no more than 16% of all measured
values of the selected parameter within the evaluation length may exceed the upper limit.
No more than 16% of all measured values of the selected parameter within the evaluation
length may be less than the lower limit.

Exceptions to the 16% rule: Where the measured values of roughness profiles being
inspected follow a normal distribution, the 16% rule may be overridden. This is allowed
when greater than 16% of the measured values exceed the upper limit, but the total rough-
ness profile conforms with the sum of the arithmetic mean and standard deviation (µ + σ).
Effectively this means that the greater the value of σ, the further µ must be from the upper
limit (see Fig. 2).

Fig. 2. 

Basic rules for determining cut-off wavelength: When the sampling length is specified
on the drawing or in documentation, the cut-off wavelength λc is equal to the sample
length. When no sampling length is specified, the cut-off wavelength is estimated using
Table .

ISO Surface Parameter Symbols
Rp =max height profile
Rv =max profile valley depth

Rz* =max height of the profile
Rc =mean height of profile
Rt = total height of the profile
Ra =arithmetic mean deviation of the profile
Rq =root mean square deviation of the pro-

file
Rsk =skewness of the profile
Rku =kurtosis of the profile
RSm =mean width of the profile
R∆q = root mean square slope of the profile
Rmr =material ration of the profile

Rδc = profile section height difference
 Ip = sampling length – primary profile
 lw = sampling length – waviness profile
 lr = sampling length – roughness profile
ln = evaluation length

Z(x) =ordinate value
dZ/dX =local slope

 Zp = profile peak height
 Zv = profile valley depth
 Zt = profile element height
 Xs =profile element width
Ml = material length of profile

Upper limit
of surface 
texture
parameter
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Basic rules for measurement of roughness parameters: For non-periodic roughness the
parameter Ra, Rz, Rz1max or RSm are first estimated using visual inspection, comparison to
specimens, graphic analysis, etc. The sampling length is then selected from Table , based
on the use of Ra, Rz, Rz1max or RSm. Then with instrumentation, a representative sample is
taken using the sampling length chosen above. 

The measured values are then compared to the ranges of values in Table  for the particular
parameter. If the value is outside the range of values for the estimated sampling length, the
measuring instrument is adjusted for the next higher or lower sampling length and the mea-
surement repeated. If the final setting corresponds to Table , then both the sampling length
setting and Ra, Rz, Rz1max or RSm values are correct and a representative measurement of
the parameter can be taken.

For periodic roughness, the parameter RSm is estimated graphically and the recom-
mended cut-off values selected using Table . If the value is outside the range of values for
the estimated sampling length, the measuring instrument is adjusted for the next higher or
lower sampling length and the measurement repeated. If the final setting corresponds to
Table , then both the sampling length setting and RSm values are correct and a representa-
tive measurement of the parameter can be taken.

Table 2. Preferred Roughness Values and Roughness Grades

Curves for Non-periodic Profiles 
such as Ground Surfaces

Curves for Periodic and 
Non-periodic Profiles

 S
am

pl
in

g
 le

ng
th
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m
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E
ev

al
ua

tio
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le
ng

th
,

 ln
 (

m
m

) For Ra, Rq, Rsk, Rku, R∆q For Rz, Rv, Rp, Rc, Rt For R-parameters and RSm 

Ra, µm Rz, Rz1max, µm RSm, µm

(0.006) < Ra ≤ 0.02 (0.025) < Rz, Rz1max ≤ 0.1 0.013 < RSm ≤ 0.04 0.08 0.4

0.02 < Ra ≤ 0.1 0.1 < Rz, Rz1max ≤ 0.5 0.04 < RSm ≤ 0.13 0.25 1.25

0.1 < Ra ≤ 2 0.5 < Rz, Rz1max ≤ 10 0.13 < RSm ≤ 0.4 0.8 4

2 < Ra ≤ 10 10 < Rz, Rz1max ≤ 50 0.4 < RSm ≤ 1.3 2.5 12.5

10 < Ra ≤ 80 50 < Rz, Rz1max ≤ 200 1.3 < RSm ≤ 4 8 40

Roughness values, Ra 
Previous Grade Number

from ISO 1302

Roughness values, Ra 
Previous Grade Number

 from ISO 1302µm µin µm  µin

50 2000 N12 0.8 32 N6

25 1000 N11 0.4 16 N5

12.5 500 N10 0.2 8 N4

6.3 250 N9 0.1 4 N3

3.2 125 N8 0.05 2 N2

1.6 63 N7 0.025 1 N1



717 PRECISION GAGE BLOCKS

Gage Blocks

Precision Gage Blocks.—Precision gage blocks are usually purchased in sets comprising
a specific number of blocks of different sizes. The nominal gage lengths of individual
blocks in a set are determined mathematically so that particular desired lengths can be
obtained by combining selected blocks. They are made to several different tolerance
grades which categorize them as master blocks, calibration blocks, inspection blocks, and
workshop blocks. Master blocks are employed as basic reference standards; calibration
blocks are used for high precision gaging work and calibrating inspection blocks; inspec-
tion blocks are used as toolroom standards and for checking and setting limit and compar-
ator gages, for example. The workshop blocks are working gages used as shop standards
for a variety of direct precision measurements and gaging applications, including sine bar
settings.

Federal Specification GGG-G-15C, Gage Blocks (see below), lists typical sets, and gives
details of materials, design, and manufacturing requirements, and tolerance grades. When
there is in a set no single block of the exact size that is wanted, two or more blocks are com-
bined by “wringing” them together. Wringing is achieved by first placing one block cross-
wise on the other and applying some pressure. Then a swiveling motion is used to twist the
blocks to a parallel position, causing them to adhere firmly to one another.

When combining blocks for a given dimension, the object is to use as few blocks as pos-
sible to obtain the dimension. The procedure for selecting blocks is based on successively
eliminating the right-hand figure of the desired dimension.

Example:Referring to gage block set number 1 in Table 1, determine the blocks required
to obtain 3.6742 inches. Step 1: Eliminate 0.0002 by selecting a 0.1002 block. Subtract
0.1002 from 3.6743 = 3.5740. Step 2: Eliminate 0.004 by selecting a 0.124 block. Subtract
0.124 from 3.5740 = 3.450. Step 3: Eliminate 0.450 with a block this size. Subtract 0.450
from 3.450 = 3.000. Step 4: Select a 3.000 inch block. The combined blocks are 0.1002 +
0.124 + 0.450 + 3.000 = 3.6742 inches.

Federal Specification for Gage Blocks, Inch and Metric Sizes.—This Specification,
GGG-G-15C, March 20, 1975, which supersedes GGG-G-15B, November 6, 1970, covers
design, manufacturing, and purchasing details for precision gage blocks in inch and metric
sizes up to and including 20 inches and 500 millimeters gage lengths. The shapes of blocks
are designated Style 1, which is rectangular; Style 2, which is square with a center acces-
sory hole, and Style 3, which defines other shapes as may be specified by the purchaser.
Blocks may be made from steel, chromium-plated steel, chromium carbide, or tungsten
carbide. There are four tolerance grades, which are designated Grade 0.5 (formerly Grade
AAA in the GGG-G-15A issue of the Specification); Grade 1 (formerly Grade AA); Grade
2 (formerly Grade A +); and Grade 3 (a compromise between former Grades A and B).
Grade 0.5 blocks are special reference gages used for extremely high precision gaging
work, and are not recommended for general use. Grade 1 blocks are laboratory reference
standards used for calibrating inspection gage blocks and high precision gaging work.
Grade 2 blocks are used as inspection and toolroom standards, and Grade 3 blocks are used
as shop standards.

Inch and metric sizes of blocks in specific sets are given in Tables 1 and 2, which is not a
complete list of available sizes. It should be noted that some gage blocks must be ordered
as specials, some may not be available in all materials, and some may not be available from
all manufacturers. Gage block set number 4 (88 blocks), listed in the Specification, is not
given in Table 1. It is the same as set number 1 (81 blocks) but contains seven additional
blocks measuring 0.0625, 0.078125, 0.093750, 0.100025, 0.100050, 0.100075, and
0.109375 inch. In Table 2, gage block set number 3M (112 blocks) is not given. It is similar
to set number 2M (88 blocks), and the chief difference is the inclusion of a larger number
of blocks in the 0.5 millimeter increment series up to 24.5 mm. Set numbers 5M (88
blocks), 6M (112 blocks), and 7M (17 blocks) also are not listed.
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Table 1. Gage Block Sets—Inch Sizes  Federal Specification GGG-G-15C

Set number 4 is not shown, and the Specification does not list a set 2 or 3.
Arranged here in incremental series for convenience of use.

Set Number 1 (81 Blocks)

First Series: 0.0001 Inch Increments (9 Blocks)
.1001 .1002 .1003 .1004 .1005 .1006 .1007 .1008 .1009

Second Series: 0.001 Inch Increments (49 Blocks)
.101 .102 .103 .104 .105 .106 .107 .108 .109 .110
.111 .112 .113 .114 .115 .116 .117 .118 .119 .120
.121 .122 .123 .124 .125 .126 .127 .128 .129 .130
.131 .132 .133 .134 .135 .136 .137 .138 .139 .140
.141 .142 .143 .144 .145 .146 .147 .148 .149

Third Series: 0.050 Inch Increments (19 Blocks)
.050 .100 .150 .200 .250 .300 .350 .400 .450 .500
.550 .600 .650 .700 .750 .800 .850 .900 .950

Fourth Series: 1.000 Inch Increments (4 Blocks)
1.000 2.000 3.000 4.000

Set Number 5 (21 Blocks)
First Series: 0.0001 Inch Increments (9 Blocks)

.0101 .0102 .0103 .0104 .0105 .0106 .0107 .0108 .0109

Second Series: 0.001 Inch Increments (11 Blocks)
.010 .011 .012 .013 .014 .015 .016 .017 .018 .019 .020

One Block 0.01005 Inch

Set Number 6 (28 Blocks)
First Series: 0.0001 Inch Increments (9 Blocks)

.0201 .0202 .0203 .0204 .0205 .0206 .0207 .0208 .0209
Second Series: 0.001 Inch Increments (9 Blocks)

.021 .022 .023 .024 .025 .026 .027 .028 .029
Third Series: 0.010 Inch Increments (9 Blocks)

.010 .020 .030 .040 .050 .060 .070 .080 .090
One Block 0.02005 Inch

Long Gage Block Set Number 7 (8 Blocks)
Whole Inch Series (8 Blocks)

5 6 7 8 10 12 16 20

Set Number 8 (36 Blocks)
First Series: 0.0001 Inch Increments (9 Blocks)

.1001 .1002 .1003 .1004 .1005 .1006 .1007 .1008 .1009

Second Series: 0.001 Inch Increments (11 Blocks)
.100 .101 .102 .103 .104 .105 .106 .107 .108 .109 .110

Third Series: 0.010 Inch Increments (8 Blocks)
.120 .130 .140 .150 .160 .170 .180 .190

Fourth Series: 0.100 Inch Increments (4 Blocks)
.200 .300 .400 .500

Whole Inch Series (3 Blocks)
1 2 4

One Block 0.050 Inch

Set Number 9 (20 Blocks)
First Series: 0.0001 Inch Increments (9 Blocks)

.0501 .0502 .0503 .0504 .0505 .0506 .0507 .0508 .0509

Second Series: 0.001 Inch Increments (10 Blocks)
.050 .051 .052 .053 .054 .055 .056 .057 .058 .059

One Block 0.05005 Inch
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Table 2. Gage Block Sets—Metric Sizes  Federal Specification GGG-G-15C

Set numbers 3M, 5M, 6M, and 7M are not listed.
Arranged here in incremental series for convenience of use.
Note: Gage blocks measuring 1.09 millimeters and under in set number 1M, blocks measuring 1.5

millimeters and under in set number 2M, and block measuring 1.0 millimeter in set number 4M are
not available in tolerance grade 0.5.

Set Number 1M (45 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

1.001 1.002 1.003 1.004 1.005 1.006 1.007 1.008 1.009

Second Series: 0.01 Millimeter Increments (9 Blocks)

1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09

Third Series: 0.10 Millimeter Increments (9 Blocks)

1.10 1.20 1.30 1.40 1.50 1.60 1.70 1.80 1.90

Fourth Series: 1.0 Millimeter Increments (9 Blocks)

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Fifth Series: 10 Millimeter Increments (9 Blocks)

10 20 30 40 50 60 70 80 90

Set Number 2M (88 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

1.001 1.002 1.003 1.004 1.005 1.006 1.007 1.008 1.009

Second Series: 0.01 Millimeter Increments (49 Blocks)

1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.10

1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18 1.19 1.20

1.21 1.22 1.23 1.24 1.25 1.26 1.27 1.28 1.29 1.30

1.31 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40

1.41 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49

Third Series: 0.50 Millimeter Increments (19 Blocks)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

Fourth Series: 10 Millimeter Increments (10 Blocks)

10 20 30 40 50 60 70 80 90 100

One Block 1.0005 mm

Set Number 4M (45 Blocks)

First Series: 0.001 Millimeter Increments (9 Blocks)

2.001 2.002 2.003 2.004 2.005 2.006 2.007 2.008 2.009

Second Series: 0.01 Millimeter Increments (9 Blocks)

2.01 2.02 2.03 2.04 2.05 2.06 2.07 2.08 2.09

Third Series: 0.10 Millimeter Increments (9 Blocks)

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

Fourth Series: 1 Millimeter Increments (9 Blocks)

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Fifth Series: 10 Millimeter Increments (9 Blocks)

10 20 30 40 50 60 70 80 90

Long Gage Block Set Number 8M (8 Blocks)

Whole Millimeter Series (8 Blocks)

125 150 175 200 250 300 400 500
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CUTTING TOOLS

Tool Contour.—Tools for turning, planing, etc., are made in straight, bent, offset, and
other forms to place the cutting edges in convenient positions for operating on differently
located surfaces. The contour or shape of the cutting edge may also be varied to suit differ-
ent classes of work. Tool shapes, however, are not only related to the kind of operation, but,
in roughing tools particularly, the contour may have a decided effect upon the cutting effi-
ciency of the tool. To illustrate, an increase in the side cutting-edge angle of a roughing
tool, or in the nose radius, tends to permit higher cutting speeds because the chip will be
thinner for a given feed rate. Such changes, however, may result in chattering or vibrations
unless the work and the machine are rigid; hence, the most desirable contour may be a com-
promise between the ideal form and one that is needed to meet practical requirements.
Terms and Definitions.—The terms and definitions relating to single-point tools vary
somewhat in different plants, but the following are in general use.

Fig. 1. Terms Applied to Single-point Turning Tools

 Single-point Tool: This term is applied to tools for turning, planing, boring, etc., which
have a cutting edge at one end. This cutting edge may be formed on one end of a solid piece
of steel, or the cutting part of the tool may consist of an insert or tip which is held to the
body of the tool by brazing, welding, or mechanical means.

 Shank: The shank is the main body of the tool. If the tool is an inserted cutter type, the
shank supports the cutter or bit. (See diagram, Fig. 1.)

 Nose: A general term sometimes used to designate the cutting end but usually relating
more particularly to the rounded tip of the cutting end.

 Face: The surface against which the chips bear, as they are severed in turning or planing
operations, is called the face.

 Flank: The flank is that end surface adjacent to the cutting edge and below it when the
tool is in a horizontal position as for turning.

 Base: The base is the surface of the tool shank that bears against the supporting tool-
holder or block.

 Side Cutting Edge: The side cutting edge is the cutting edge on the side of the tool. Tools
such as shown in Fig. 1 do the bulk of the cutting with this cutting edge and are, therefore,
sometimes called side cutting edge tools.

 End Cutting Edge: The end cutting edge is the cutting edge at the end of the tool.
On side cutting edge tools, the end cutting edge can be used for light plunging and facing

cuts. Cutoff tools and similar tools have only one cutting edge located on the end. These
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tools and other tools that are intended to cut primarily with the end cutting edge are some-
times called end cutting edge tools.

 Rake: A metal-cutting tool is said to have rake when the tool face or surface against
which the chips bear as they are being severed, is inclined for the purpose of either increas-
ing or diminishing the keenness or bluntness of the edge. The magnitude of the rake is most
conveniently measured by two angles called the back rake angle and the side rake angle.
The tool shown in Fig. 1 has rake. If the face of the tool did not incline but was parallel to
the base, there would be no rake; the rake angles would be zero.

 Positive Rake: If the inclination of the tool face is such as to make the cutting edge
keener or more acute than when the rake angle is zero, the rake angle is defined as positive.

 Negative Rake: If the inclination of the tool face makes the cutting edge less keen or
more blunt than when the rake angle is zero, the rake is defined as negative.

 Back Rake: The back rake is the inclination of the face toward or away from the end or
the end cutting edge of the tool. When the inclination is away from the end cutting edge, as
shown in Fig. 1, the back rake is positive. If the inclination is downward toward the end
cutting edge the back rake is negative.

 Side Rake: The side rake is the inclination of the face toward or away from the side cut-
ting edge. When the inclination is away from the side cutting edge, as shown in Fig. 1, the
side rake is positive. If the inclination is toward the side cutting edge the side rake is nega-
tive.

 Relief: The flanks below the side cutting edge and the end cutting edge must be relieved
to allow these cutting edges to penetrate into the workpiece when taking a cut. If the flanks
are not provided with relief, the cutting edges will rub against the workpiece and be unable
to penetrate in order to form the chip. Relief is also provided below the nose of the tool to
allow it to penetrate into the workpiece. The relief at the nose is usually a blend of the side
relief and the end relief.

 End Relief Angle: The end relief angle is a measure of the relief below the end cutting
edge.

 Side Relief Angle: The side relief angle is a measure of the relief below the side cutting
edge.

 Back Rake Angle: The back rake angle is a measure of the back rake. It is measured in a
plane that passes through the side cutting edge and is perpendicular to the base. Thus, the
back rake angle can be defined by measuring the inclination of the side cutting edge with
respect to a line or plane that is parallel to the base. The back rake angle may be positive,
negative, or zero depending upon the magnitude and direction of the back rake.

 Side Rake Angle: The side rake angle is a measure of the side rake. This angle is always
measured in a plane that is perpendicular to the side cutting edge and perpendicular to the
base. Thus, the side rake angle is the angle of inclination of the face perpendicular to the
side cutting edge with reference to a line or a plane that is parallel to the base.

 End Cutting Edge Angle: The end cutting edge angle is the angle made by the end cutting
edge with respect to a plane perpendicular to the axis of the tool shank. It is provided to
allow the end cutting edge to clear the finish machined surface on the workpiece.

 Side Cutting Edge Angle: The side cutting edge angle is the angle made by the side cut-
ting edge and a plane that is parallel to the side of the shank.

 Nose Radius: The nose radius is the radius of the nose of the tool. The performance of the
tool, in part, is influenced by nose radius so that it must be carefully controlled.

 Lead Angle: The lead angle, shown in Fig. 2, is not ground on the tool. It is a tool setting
angle which has a great influence on the performance of the tool. The lead angle is bounded
by the side cutting edge and a plane perpendicular to the workpiece surface when the tool
is in position to cut; or, more exactly, the lead angle is the angle between the side cutting
edge and a plane perpendicular to the direction of the feed travel.
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Fig. 2. Lead Angle on Single-point Turning Tool

 Solid Tool: A solid tool is a cutting tool made from one piece of tool material.
 Brazed Tool: A brazed tool is a cutting tool having a blank of cutting-tool material per-

manently brazed to a steel shank.
 Blank: A blank is an unground piece of cutting-tool material from which a brazed tool is

made.
 Tool Bit: A tool bit is a relatively small cutting tool that is clamped in a holder in such a

way that it can readily be removed and replaced. It is intended primarily to be reground
when dull and not indexed.

 Tool-bit Blank: The tool-bit blank is an unground piece of cutting-tool material from
which a tool bit can be made by grinding. It is available in standard sizes and shapes.

 Tool-bit Holder: Usually made from forged steel, the tool-bit holder is used to hold the
tool bit, to act as an extended shank for the tool bit, and to provide a means for clamping in
the tool post.

 Straight-shank Tool-bit Holder: A straight-shank tool-bit holder has a straight shank
when viewed from the top. The axis of the tool bit is held parallel to the axis of the shank.

 Offset-shank Tool-bit Holder: An offset-shank tool-bit holder has the shank bent to the
right or left, as seen in Fig. 3. The axis of the tool bit is held at an angle with respect to the
axis of the shank.

 Side cutting Tool: A side cutting tool has its major cutting edge on the side of the cutting
part of the tool. The major cutting edge may be parallel or at an angle with respect to the
axis of the tool.

 Indexable Inserts: An indexable insert is a relatively small piece of cutting-tool material
that is geometrically shaped to have two or several cutting edges that are used until dull.
The insert is then indexed on the holder to apply a sharp cutting edge. When all the cutting
edges have been dulled, the insert is discarded. The insert is held in a pocket or against
other locating surfaces on an indexable insert holder by means of a mechanical clamping
device that can be tightened or loosened easily.

 Indexable Insert Holder: Made of steel, an indexable insert holder is used to hold index-
able inserts. It is equipped with a mechanical clamping device that holds the inserts firmly
in a pocket or against other seating surfaces.

 Straight-shank Indexable Insert Holder: A straight-shank indexable insert tool-holder
is essentially straight when viewed from the top, although the cutting edge of the insert
may be oriented parallel, or at an angle to, the axis of the holder.

 Offset-shank Indexable Insert Holder: An offset-shank indexable insert holder has the
head end, or the end containing the insert pocket, offset to the right or left, as shown in Fig.
3.
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Fig. 3. Top: Right-hand Offset-shank, Indexable Insert Holder
Bottom: Right-hand Offset-shank Tool-bit Holder

 End cutting Tool: An end cutting tool has its major cutting edge on the end of the cutting
part of the tool. The major cutting edge may be perpendicular or at an angle, with respect to
the axis of the tool.

 Curved Cutting-edge Tool: A curved cutting-edge tool has a continuously variable side
cutting edge angle. The cutting edge is usually in the form of a smooth, continuous curve
along its entire length, or along a large portion of its length.

 Right-hand Tool: A right-hand tool has the major, or working, cutting edge on the right-
hand side when viewed from the cutting end with the face up. As used in a lathe, such a tool
is usually fed into the work from right to left, when viewed from the shank end.

 Left-hand Tool: A left-hand tool has the major or working cutting edge on the left-hand
side when viewed from the cutting end with the face up. As used in a lathe, the tool is usu-
ally fed into the work from left to right, when viewed from the shank end.

 Neutral-hand Tool: A neutral-hand tool is a tool to cut either left to right or right to left;
or the cut may be parallel to the axis of the shank as when plunge cutting.

 Chipbreaker: A groove formed in or on a shoulder on the face of a turning tool back of
the cutting edge to break up the chips and prevent the formation of long,continuous chips
which would be dangerous to the operator and also bulky and cumbersome to handle. A
chipbreaker of the shoulder type may be formed directly on the tool face or it may consist
of a separate piece that is held either by brazing or by clamping.

Relief Angles.—The end relief angle and the side relief angle on single-point cutting tools
are usually, though not invariably, made equal to each other. The relief angle under the
nose of the tool is a blend of the side and end relief angles.

The size of the relief angles has a pronounced effect on the performance of the cutting
tool. If the relief angles are too large, the cutting edge will be weakened and in danger of
breaking when a heavy cutting load is placed on it by a hard and tough material. On finish
cuts, rapid wear of the cutting edge may cause problems with size control on the part.
Relief angles that are too small will cause the rate of wear on the flank of the tool below the
cutting edge to increase, thereby significantly reducing the tool life. In general, when cut-
ting hard and tough materials, the relief angles should be 6 to 8 degrees for high-speed steel
tools and 5 to 7 degrees for carbide tools. For medium steels, mild steels, cast iron, and
other average work the recommended values of the relief angles are 8 to 12 degrees for
high-speed steel tools and 5 to 10 degrees for carbides. Ductile materials having a rela-
tively low modulus of elasticity should be cut using larger relief angles. For example, the
relief angles recommended for turning copper, brass, bronze, aluminum, ferritic malleable
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iron, and similar metals are 12 to 16 degrees for high-speed steel tools and 8 to 14 degrees
for carbides.

Larger relief angles generally tend to produce a better finish on the finish machined sur-
face because less surface of the worn flank of the tool rubs against the workpiece. For this
reason, single-point thread-cutting tools should be provided with relief angles that are as
large as circumstances will permit. Problems encountered when machining stainless steel
may be overcome by increasing the size of the relief angle. The relief angles used should
never be smaller than necessary.
Rake Angles.—Machinability tests have confirmed that when the rake angle along which
the chip slides, called the true rake angle, is made larger in the positive direction, the cut-
ting force and the cutting temperature will decrease. Also, the tool life for a given cutting
speed will increase with increases in the true rake angle up to an optimum value, after
which it will decrease again. For turning tools which cut primarily with the side cutting
edge, the true rake angle corresponds rather closely with the side rake angle except when
taking shallow cuts. Increasing the side rake angle in the positive direction lowers the cut-
ting force and the cutting temperature, while at the same time it results in a longer tool life
or a higher permissible cutting speed up to an optimum value of the side rake angle. After
the optimum value is exceeded, the cutting force and the cutting temperature will continue
to drop; however, the tool life and the permissible cutting speed will decrease.

As an approximation, the magnitude of the cutting force will decrease about one per cent
per degree increase in the side rake angle. While not exact, this rule of thumb does corre-
spond approximately to test results and can be used to make rough estimates. Of course, the
cutting force also increases about one per cent per degree decrease in the side rake angle.
The limiting value of the side rake angle for optimum tool life or cutting speed depends
upon the work material and the cutting tool material. In general, lower values can be used
for hard and tough work materials. Cemented carbides are harder and more brittle than
high-speed steel; therefore, the rake angles usually used for cemented carbides are less
positive than for high-speed steel.

Negative rake angles cause the face of the tool to slope in the opposite direction from pos-
itive rake angles and, as might be expected, they have an opposite effect. For side cutting
edge tools, increasing the side rake angle in a negative direction will result in an increase in
the cutting force and an increase in the cutting temperature of approximately one per cent
per degree change in rake angle. For example, if the side rake angle is changed from 5
degrees positive to 5 degrees negative, the cutting force will be about 10 per cent larger.
Usually the tool life will also decrease when negative side rake angles are used, although
the tool life will sometimes increase when the negative rake angle is not too large and when
a fast cutting speed is used.

Negative side rake angles are usually used in combination with negative back rake angles
on single-point cutting tools. The negative rake angles strengthen the cutting edges
enabling them to sustain heavier cutting loads and shock loads. They are recommended for
turning very hard materials and for heavy interrupted cuts. There is also an economic
advantage in favor of using negative rake indexable inserts and tool holders inasmuch as
the cutting edges provided on both the top and bottom of the insert can be used.

On turning tools that cut primarily with the side cutting edge, the effect of the back rake
angle alone is much less than the effect of the side rake angle although the direction of the
change in cutting force, cutting temperature, and tool life is the same. The effect that the
back rake angle has can be ignored unless, of course, extremely large changes in this angle
are made. A positive back rake angle does improve the performance of the nose of the tool
somewhat and is helpful in taking light finishing cuts. A negative back rake angle strength-
ens the nose of the tool and is helpful when interrupted cuts are taken. The back rake angle
has a very significant effect on the performance of end cutting edge tools, such as cut-off
tools. For these tools, the effect of the back rake angle is very similar to the effect of the side
rake angle on side cutting edge tools.
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Side Cutting Edge and Lead Angles.—These angles are considered together because
the side cutting edge angle is usually designed to provide the desired lead angle when the
tool is being used. The side cutting edge angle and the lead angle will be equal when the
shank of the cutting tool is positioned perpendicular to the workpiece, or, more correctly,
perpendicular to the direction of the feed. When the shank is not perpendicular, the lead
angle is determined by the side cutting edge and an imaginary line perpendicular to the
feed direction.

The flow of the chips over the face of the tool is approximately perpendicular to the side
cutting edge except when shallow cuts are taken. The thickness of the undeformed chip is
measured perpendicular to the side cutting edge. As the lead angle is increased, the length
of chip in contact with the side cutting edge is increased, and the chip will become longer
and thinner. This effect is the same as increasing the depth of cut and decreasing the feed,
although the actual depth of cut and feed remain the same and the same amount of metal is
removed. The effect of lengthening and thinning the chip by increasing the lead angle is
very beneficial as it increases the tool life for a given cutting speed or that speed can be
increased. Increasing the cutting speed while the feed and the tool life remain the same
leads to faster production.

However, an adverse effect must be considered. Chatter can be caused by a cutting edge
that is oriented at a high lead angle when turning and sometimes, when turning long and
slender shafts, even a small lead angle can cause chatter. In fact, an unsuitable lead angle of
the side cutting edge is one of the principal causes of chatter. When chatter occurs, often
simply reducing the lead angle will cure it. Sometimes, very long and slender shafts can be
turned successfully with a tool having a zero degree lead angle (and having a small nose
radius). Boring bars, being usually somewhat long and slender, are also susceptible to
chatter if a large lead angle is used. The lead angle for boring bars should be kept small, and
for very long and slender boring bars a zero degree lead angle is recommended. It is impos-
sible to provide a rule that will determine when chatter caused by a lead angle will occur
and when it will not. In making a judgment, the first consideration is the length to diameter
ratio of the part to be turned, or of the boring bar. Then the method of holding the work-
piece must be considered — a part that is firmly held is less apt to chatter. Finally, the over-
all condition and rigidity of the machine must be considered because they may be the real
cause of chatter.

Although chatter can be a problem, the advantages gained from high lead angles are such
that the lead angle should be as large as possible at all times.
End Cutting Edge Angle.—The size of the end cutting edge angle is important when tool
wear by cratering occurs. Frequently, the crater will enlarge until it breaks through the end
cutting edge just behind the nose, and tool failure follows shortly. Reducing the size of the
end cutting edge angle tends to delay the time of crater breakthrough. When cratering takes
place, the recommended end cutting edge angle is 8 to 15 degrees. If there is no cratering,
the angle can be made larger. Larger end cutting edge angles may be required to enable
profile turning tools to plunge into the work without interference from the end cutting
edge.
Nose Radius.—The tool nose is a very critical part of the cutting edge since it cuts the fin-
ished surface on the workpiece. If the nose is made to a sharp point, the finish machined
surface will usually be unacceptable and the life of the tool will be short. Thus, a nose
radius is required to obtain an acceptable surface finish and tool life. The surface finish
obtained is determined by the feed rate and by the nose radius if other factors such as the
work material, the cutting speed, and cutting fluids are not considered. A large nose radius
will give a better surface finish and will permit a faster feed rate to be used.

Machinability tests have demonstrated that increasing the nose radius will also improve
the tool life or allow a faster cutting speed to be used. For example, high-speed steel tools
were used to turn an alloy steel in one series of tests where complete or catastrophic tool
failure was used as a criterion for the end of tool life. The cutting speed for a 60-minute tool
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life was found to be 125 fpm when the nose radius was 1⁄16 inch and 160 fpm when the nose
radius was 1⁄4 inch.

A very large nose radius can often be used but a limit is sometimes imposed because the
tendency for chatter to occur is increased as the nose radius is made larger. A nose radius
that is too large can cause chatter and when it does, a smaller nose radius must be used on
the tool. It is always good practice to make the nose radius as large as is compatible with the
operation being performed.

Chipbreakers.—Many steel turning tools are equipped with chipbreaking devices to pre-
vent the formation of long continuous chips in connection with the turning of steel at the
high speeds made possible by high-speed steel and especially cemented carbide tools.
Long steel chips are dangerous to the operator, and  cumbersome to handle, and they may
twist around the tool and cause damage. Broken chips not only occupy less space, but per-
mit a better flow of coolant to the cutting edge. Several different forms of chipbreakers are
illustrated in Fig. 4.

Angular Shoulder Type: The angular shoulder type shown at A is one of the commonly
used forms. As the enlarged sectional view shows, the chipbreaking shoulder is located
back of the cutting edge. The angle a between the shoulder and cutting edge may vary from
6 to 15 degrees or more, 8 degrees being a fair average. The ideal angle, width W and depth
G, depend upon the speed and feed, the depth of cut, and the material. As a general rule,
width W, at the end of the tool, varies from 3⁄32 to 7⁄32 inch, and the depth G may range from
1⁄64 to 1⁄16 inch. The shoulder radius equals depth G. If the tool has a large nose radius, the
corner of the shoulder at the nose end may be beveled off, as illustrated at B, to prevent it
from coming into contact with the work. The width K for type B should equal approxi-
mately 1.5 times the nose radius.

Parallel Shoulder Type: Diagram C shows a design with a chipbreaking shoulder that is
parallel with the cutting edge. With this form, the chips are likely to come off in short
curled sections. The parallel form may also be applied to straight tools which do not have a
side cutting-edge angle. The tendency with this parallel shoulder form is to force the chips
against the work and damage it.

Fig. 4. Different Forms of Chipbreakers for Turning Tools

Groove Type: This type (diagram D) has a groove in the face of the tool produced by
grinding. Between the groove and the cutting edge, there is a land L. Under ideal condi-
tions, this width L, the groove width W, and the groove depth G, would be varied to suit the
feed, depth of cut and material. For average use, L is about 1⁄32 inch; G, 1⁄32 inch; and W, 1⁄16
inch. There are differences of opinion concerning the relative merits of the groove type and
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the shoulder type. Both types have proved satisfactory when properly proportioned for a
given class of work.

Chipbreaker for Light Cuts: Diagram E illustrates a form of chipbreaker that is some-
times used on tools for finishing cuts having a maximum depth of about 1⁄32 inch. This chip-
breaker is a shoulder type having an angle of 45 degrees and a maximum width of about 1⁄16
inch. It is important in grinding all chipbreakers to give the chip-bearing surfaces a fine fin-
ish, such as would be obtained by honing. This finish greatly increases the life of the tool.
Planing Tools.—Many of the principles which govern the shape of turning tools also
apply in the grinding of tools for planing. The amount of rake depends upon the hardness of
the material, and the direction of the rake should be away from the working part of the cut-
ting edge. The angle of clearance should be about 4 or 5 degrees for planer tools, which is
less than for lathe tools. This small clearance is allowable because a planer tool is held
about square with the platen, whereas a lathe tool, the height and inclination of which can
be varied, may not always be clamped in the same position.

Carbide Tools: Carbide tools for planing usually have negative rake. Round-nose and
square-nose end-cutting tools should have a “negative back rake” (or front rake) of 2 or 3
degrees. Side cutting tools may have a negative back rake of 10 degrees, a negative side
rake of 5 degrees, and a side cutting-edge angle of 8 degrees.
Indexable Inserts.—A large proportion of the cemented carbide, single-point cutting
tools are indexable inserts and indexable insert tool holders. Dimensional specifications
for solid sintered carbide indexable inserts are given inAmerican National Standard ANSI
B212.12-1991. Samples of the many insert shapes are shown in Table 3. Most modern,
cemented carbide, face milling cutters are of the indexable insert type. Larger size end
milling cutters, side milling or slotting cutters, boring tools, and a wide variety of special
tools are made to use indexable inserts. These inserts are primarily made from cemented
carbide, although most of the cemented oxide cutting tools are also indexable inserts.

The objective of this type of tooling is to provide an insert with several cutting edges.
When an edge is worn, the insert is indexed in the tool holder until all the cutting edges are
used up, after which it is discarded. The insert is not intended to be reground. The advan-
tages are that the cutting edges on the tool can be rapidly changed without removing the
tool holder from the machine, tool-grinding costs are eliminated, and the cost of the insert
is less than the cost of a similar, brazed carbide tool. Of course, the cost of the tool holder
must be added to the cost of the insert; however, one tool holder will usually last for a long
time before it, too, must be replaced.

Indexable inserts and tool holders are made with a negative rake or with a positive rake.
Negative rake inserts have the advantage of having twice as many cutting edges available
as comparable positive rake inserts, because the cutting edges on both the top and bottom
of negative rake inserts can be used, while only the top cutting edges can be used on posi-
tive rake inserts. Positive rake inserts have a distinct advantage when machining long and
slender parts, thin-walled parts, or other parts that are subject to bending or chatter when
the cutting load is applied to them, because the cutting force is significantly lower as com-
pared to that for negative rake inserts. Indexable inserts can be obtained in the following
forms: utility ground, or ground on top and bottom only; precision ground, or ground on all
surfaces; prehoned to produce a slight rounding of the cutting edge; and precision molded,
which are unground. Positive-negative rake inserts also are available. These inserts are
held on a negative-rake tool holder and have a chipbreaker groove that is formed to pro-
duce an effective positive-rake angle while cutting. Cutting edges may be available on the
top surface only, or on both top and bottom surfaces. The positive-rake chipbreaker surface
may be ground or precision molded on the insert.

Many materials, such as gray cast iron, form a discontinuous chip. For these materials an
insert that has plain faces without chipbreaker grooves should always be used. Steels and
other ductile materials form a continuous chip that must be broken into small segments
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when machined on lathes and planers having single-point, cemented-carbide and
cemented-oxide cutting tools; otherwise, the chips can cause injury to the operator. In this
case a chipbreaker must be used. Some inserts are made with chipbreaker grooves molded
or ground directly on the insert. When inserts with plain faces are used, a cemented-carbide
plate-type chipbreaker is clamped on top of the insert.

Identification System for Indexable Inserts.—The size of indexable inserts is deter-
mined by the diameter of an inscribed circle (I.C.), except for rectangular and parallelo-
gram inserts where the length and width dimensions are used. To describe an insert in its
entirety, a standard ANSI B212.4-1986 identification system is used where each position
number designates a feature of the insert. The ANSI Standard includes items now com-
monly used and facilitates identification of items not in common use. Identification con-
sists of up to ten positions; each position defines a characteristic of the insert as shown
below:

1) Shape: The shape of an insert is designated by a letter: R for round; S, square; T, trian-
gle; A, 85° parallelogram; B, 82° parallelogram; C, 80° diamond; D, 55° diamond; E, 75°
diamond; H, hexagon; K,  55° parallelogram; L,  rectangle; M, 86° diamond; O, octagon;
P, pentagon; V, 35° diamond; and W, 80° trigon.

2) Relief Angle (Clearances): The second position is a letter denoting the relief angles; N
for 0°; A, 3°; B, 5°; C, 7°; P, 11°; D, 15°; E, 20°; F, 25°; G, 30°; H, 0° & 11°*; J, 0° & 14°*;
K, 0° & 17°*; L, 0° & 20°*; M, 11° & 14°*; R, 11° & 17°*; S, 11° & 20°*. When mounted
on a holder, the actual relief angle may be different from that on the insert.

3) Tolerances: The third position is a letter and indicates the tolerances which control the
indexability of the insert. Tolerances specified do not imply the method of manufacture.

4) Type: The type of insert is designated by a letter. A, with hole; B, with hole and coun-
tersink; C, with hole and two countersinks; F, chip grooves both surfaces, no hole; G, same
as F but with hole; H, with hole, one countersink, and chip groove on one rake surface; J,
with hole, two countersinks and chip grooves on two rake surfaces; M, with hole and chip
groove on one rake surface; N, without hole; Q, with hole and two countersinks; R, without
hole but with chip groove on one rake surface; T, with hole, one countersink, and chip
groove on one rake face; U, with hole, two countersinks, and chip grooves on two rake
faces; and W, with hole and one countersink. Note: a dash may be used after position 4 to

1 2 3 4 5 6 7 8a

a Eighth, Ninth, and Tenth Positions are used only when required. 

9a 10a

T N M G 5 4 3 A

* Second angle is secondary facet angle, which may vary by ± 1°. 

Symbol

Tolerance
(± from nominal)

Symbol

Tolerance
(± from nominal)

Inscribed
Circle, Inch

Thicknes,
Inch

Inscribed
Circle, Inch

Thickness,
Inch

A 0.001 0.001 H 0.0005 0.001
B 0.001 0.005 J 0.002–0.005 0.001
C 0.001 0.001 K 0.002–0.005 0.001
D 0.001 0.005 L 0.002–0.005 0.001
E 0.001 0.001 M 0.002–0.004a

a Exact tolerance is determined by size of insert. See ANSI B94.25. 

0.005
F 0.0005 0.001 U 0.005–0.010a 0.005
G 0.001 0.005 N 0.002–0.004a 0.001
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separate the shape-describing portion from the following dimensional description of the
insert and is not to be considered a position in the standard description.

5) Size: The size of the insert is designated by a one- or a two-digit number. For regular
polygons and diamonds, it is the number of eighths of an inch in the nominal size of the
inscribed circle, and will be a one- or two-digit number when the number of eighths is a
whole number. It will be a two-digit number, including one decimal place, when it is not a
whole number. Rectangular and parallelogram inserts require two digits: the first digit
indicates the number of eighths of an inch width and the second digit, the number of quar-
ters of an inch length.

6) Thickness: The thickness is designated by a one- or two-digit number, which indicates
the number of sixteenths of an inch in the thickness of the insert. It is a one-digit number
when the number of sixteenths is a whole number; it is a two-digit number carried to one
decimal place when the number of sixteenths of an inch is not a whole number.

7) Cutting Point Configuration: The cutting point, or nose radius, is designated by a
number representing 1⁄64ths of an inch; a flat at the cutting point or nose, is designated by a
letter: 0 for sharp corner; 1, 1⁄64 inch radius; 2, 1⁄32 inch radius; 3, 3⁄64inch radius; 4, 1⁄16 inch
radius; 5, 5⁄64 inch radius; 6, 3⁄32 inch radius; 7, 7⁄64 inch radius; 8, 1⁄8 inch radius; A, square
insert with 45° chamfer; D, square insert with 30° chamfer; E, square insert with 15° cham-
fer; F, square insert with 3° chamfer; K, square insert with 30° double chamfer; L, square
insert with 15° double chamfer; M, square insert with 3° double chamfer; N, truncated tri-
angle insert; and P, flatted corner triangle insert.

8) Special Cutting Point Definition: The eighth position, if it follows a letter in the 7th
position, is a number indicating the number of 1⁄64ths of an inch measured parallel to the
edge of the facet.

9) Hand: R, right; L, left; to be used when required in ninth position.
10) Other Conditions: The tenth position defines special conditions (such as edge treat-

ment, surface finish) as follows: A, honed, 0.0005 inch to less than 0.003 inch; B, honed,
0.003 inch to less than 0.005 inch; C, honed, 0.005 inch to less than 0.007 inch; J, polished,
4 microinch arithmetic average (AA) on rake surfaces only; T, chamfered, manufacturer's
standard negative land, rake face only.

Indexable Insert Tool Holders.—Indexable insert tool holders are made from a good
grade of steel which is heat treated to a hardness of 44 to 48 Rc for most normal applica-
tions. Accurate pockets that serve to locate the insert in position and to provide surfaces
against which the insert can be clamped are machined in the ends of tool holders. A
cemented carbide seat usually is provided, and is held in the bottom of the pocket by a
screw or by the clamping pin, if one is used. The seat is necessary to provide a flat bearing
surface upon which the insert can rest and, in so doing, it adds materially to the ability of
the insert to withstand the cutting load. The seating surface of the holder may provide a
positive-, negative-, or a neutral-rake orientation to the insert when it is in position on the
holder. Holders, therefore, are classified as positive, negative, or neutral rake.

Four basic methods are used to clamp the insert on the holder: 1) Clamping, usually top
clamping;  2) Pin-lock clamping;  3) Multiple clamping using a clamp, usually a top
clamp, and a pin lock;  and  4) Clamping the insert with a machine screw.

All top clamps are actuated by a screw that forces the clamp directly against the insert.
When required, a cemented-carbide, plate-type chipbreaker is placed between the clamp
and the insert. Pin-lock clamps require an insert having a hole: the pin acts against the walls
of the hole to clamp the insert firmly against the seating surfaces of the holder. Multiple or
combination clamping, simultaneously using both a pin-lock and a top clamp, is recom-
mended when taking heavier or interrupted cuts. Holders are available on which all the
above-mentioned methods of clamping may be used. Other holders are made with only a
top clamp or a pin lock. Screw-on type holders use a machine screw to hold the insert in the
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pocket. Most standard indexable insert holders are either straight-shank or offset-shank,
although special holders are made having a wide variety of configurations.

The common shank sizes of indexable insert tool holders are shown in Table 1. Not all
styles are available in every shank size. Positive- and negative-rake tools are also not avail-
able in every style or shank size. Some manufacturers provide additional shank sizes for
certain tool holder styles. For more complete details the manufacturers' catalogs must be
consulted.

Table 1. Standard Shank Sizes for Indexable Insert Holders

Identification System for Indexable Insert Holders.—The following identification
system conforms to the American National Standard, ANSI B212.5-1986, Metric Holders
for Indexable Inserts.
Each position in the system designates a feature of the holder in the following sequence:

1) Method of Holding Horizontally Mounted Insert: The method of holding or clamping
is designated by a letter: C, top clamping, insert without hole; M,  top and hole clamping,
insert with hole; P, hole clamping, insert with hole; S, screw clamping through hole, insert
with hole; W, wedge clamping.

2) Insert Shape: The insert shape is identified by a letter: H, hexagonal; O, octagonal; P,
pentagonal; S, square; T, triangular; C, rhombic, 80° included angle; D, rhombic, 55°
included angle; E, rhombic, 75° included angle; M, rhombic, 86° included angle; V, rhom-
bic, 35° included angle; W, hexagonal, 80° included angle; L,  rectangular; A, parallelo-
gram, 85° included angle; B, parallelogram, 82° included angle; K,  parallelogram, 55°
included angle; R, round. The included angle is always the smaller angle.

3) Holder Style: The holder style designates the shank style and the side cutting edge
angle, or end cutting edge angle, or the purpose for which the holder is used. It is desig-

Basic
Shank
Size

Shank Dimensions for Indexable Insert Holders

A B Ca

a Holder length; may vary by manufacturer. Actual shank length depends on holder style. 

In. mm In. mm In. mm
1⁄2 × 1⁄2 × 41⁄2 0.500 12.70 0.500 12.70 4.500 114.30
5⁄8 × 5⁄8 × 41⁄2 0.625 15.87 0.625 15.87 4.500 114.30
5⁄8 × 11⁄4 × 6 0.625 15.87 1.250 31.75 6.000 152.40
3⁄4 × 3⁄4 × 41⁄2 0.750 19.05 0.750 19.05 4.500 114.30
3⁄4 × 1 × 6 0.750 19.05 1.000 25.40 6.000 152.40
3⁄4 × 11⁄4 × 6 0.750 19.05 1.250 31.75 6.000 152.40

1 × 1 × 6 1.000 25.40 1.000 25.40 6.000 152.40

1 × 11⁄4 × 6 1.000 25.40 1.250 31.75 6.000 152.40

1 × 11⁄2 × 6 1.000 25.40 1.500 38.10 6.000 152.40

11⁄4 × 11⁄4 × 7 1.250 31.75 1.250 31.75 7.000 177.80

11⁄4 × 11⁄2 × 8 1.250 31.75 1.500 38.10 8.000 203.20

13⁄8 × 21⁄16 × 63⁄8 1.375 34.92 2.062 52.37 6.380 162.05

11⁄2 × 11⁄2 × 7 1.500 38.10 1.500 38.10 7.000 177.80

13⁄4 × 13⁄4 × 91⁄2 1.750 44.45 1.750 44.45 9.500 241.30

2 × 2 × 8 2.000 50.80 2.000 50.80 8.000 203.20

1 2 3 4 5 — 6 — 7 — 8a — 9 — 10a

C T N A R — 85 — 25 — D — 16 — Q
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nated by a letter: A,  for straight shank with 0° side cutting edge angle; B, straight shank
with 15° side cutting edge angle; C, straight-shank end cutting tool with 0° end cutting
edge angle; D, straight shank with 45° side cutting edge angle; E, straight shank with 30°
side cutting edge angle; F, offset shank with 0° end cutting edge angle; G, offset shank
with 0° side cutting edge angle; J, offset shank with negative 3° side cutting edge angle; K,
offset shank with 15° end cutting edge angle; L, offset shank with negative 5° side cutting
edge angle and 5° end cutting edge angle; M, straight shank with 40° side cutting edge
angle; N, straight shank with 27° side cutting edge angle; R, offset shank with 15° side cut-
ting edge angle; S, offset shank with 45° side cutting edge angle; T, offset shank with 30°
side cutting edge angle; U, offset shank with negative 3° end cutting edge angle; V, straight
shank with 171⁄2° side cutting edge angle; W, offset shank with 30° end cutting edge angle;
Y, offset shank with 5° end cutting edge angle.

4) Normal Clearances: The normal clearances of inserts are identified by letters: A, 3°;
B, 5°; C, 7°; D, 15°; E, 20°; F, 25°; G, 30°; N, 0°; P, 11°.

5) Hand of tool: The hand of the tool is designated by a letter: R for right-hand; L,  left-
hand; and N, neutral, or either hand.

6) Tool Height for Rectangular Shank Cross Sections: The tool height for tool holders
with a rectangular shank cross section and the height of cutting edge equal to shank height
is given as a two-digit number representing this value in millimeters. For example, a height
of 32 mm would be encoded as 32; 8 mm would be encoded as 08, where the one-digit
value is preceded by a zero.

7) Tool Width for Rectangular Shank Cross Sections: The tool width for tool holders with
a rectangular shank cross section is given as a two-digit number representing this value in
millimeters. For example, a width of 25 mm would be encoded as 25; 8 mm would be
encoded as 08, where the one-digit value is preceded by a zero.

8) Tool Length: The tool length is designated by a letter: A, 32 mm; B, 40 mm; C, 50 mm;
D, 60 mm; E, 70 mm; F, 80 mm; G, 90 mm; H, 100 mm; J, 110 mm; K,  125 mm; L, 140
mm; M,  150 mm; N, 160 mm; P, 170 mm; Q, 180 mm; R, 200 mm; S, 250 mm; T, 300 mm;
U, 350 mm; V, 400 mm; W, 450 mm; X, special length to be specified; Y, 500 mm.

9) Indexable Insert Size: The size of indexable inserts is encoded as follows: For insert
shapes C, D, E, H. M , O, P, R, S, T, V, the side length (the diameter for R inserts) in milli-
meters is used as a two-digit number, with decimals being disregarded. For example, the
symbol for a side length of 16.5 mm is 16. For insert shapes A, B, K , L , the length of the
main cutting edge or of the longer cutting edge in millimeters is encoded as a two-digit
number, disregarding decimals. If the symbol obtained has only one digit, then it should be
preceded by a zero. For example, the symbol for a main cutting edge of 19.5 mm is 19; for
an edge of 9.5 mm, the symbol is 09.

10) Special Tolerances: Special tolerances are indicated by a letter: Q, back and end
qualified tool; F, front and end qualified tool; B, back, front, and end qualified tool. A qual-
ified tool is one that has tolerances of ± 0.08 mm for dimensions F, G, and C. (See Table 2.)

Table 2. Letter Symbols for Qualification of Tool Holders — Position 10 
 ANSI B212.5-1986

Letter Symbol

Q F B

Q
ua

lif
ic

at
io

n 
of

To
ol

 H
ol

de
r

Back and end
qualified tool

Front and end
 qualified tool

Back, front, and end
qualified tool
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Selecting Indexable Insert Holders.—A guide for selecting indexable insert holders is
provided by Table 3b. Some operations such as deep grooving, cut-off, and threading are
not given in this table. However, tool holders designed specifically for these operations are
available. The boring operations listed in Table 3b refer primarily to larger holes, into
which the holders will fit. Smaller holes are bored using boring bars. An examination of
this table shows that several tool-holder styles can be used and frequently are used for each
operation. Selection of the best holder for a given job depends largely on the job and there
are certain basic facts that should be considered in making the selection.

Rake Angle: A negative-rake insert has twice as many cutting edges available as a com-
parable positive-rake insert. Sometimes the tool life obtained when using the second face
may be less than that obtained on the first face because the tool wear on the cutting edges of
the first face may reduce the insert strength. Nevertheless, the advantage of negative-rake
inserts and holders is such that they should be considered first in making any choice. Posi-
tive-rake holders should be used where lower cutting forces are required, as when machin-
ing slender or small-diameter parts, when chatter may occur, and for machining some
materials, such as aluminum, copper, and certain grades of stainless steel, when positive-
negative rake inserts can sometimes be used to advantage. These inserts are held on nega-
tive-rake holders that have their rake surfaces ground or molded to form a positive-rake
angle.

Insert Shape: The configuration of the workpiece, the operation to be performed, and the
lead angle required often determine the insert shape. When these factors need not be con-
sidered, the insert shape should be selected on the basis of insert strength and the maximum
number of cutting edges available. Thus, a round insert is the strongest and has a maximum
number of available cutting edges. It can be used with heavier feeds while producing a
good surface finish. Round inserts are limited by their tendency to cause chatter, which
may preclude their use. The square insert is the next most effective shape, providing good
corner strength and more cutting edges than all other inserts except the round insert. The
only limitation of this insert shape is that it must be used with a lead angle. Therefore, the
square insert cannot be used for turning square shoulders or for back-facing. Triangle
inserts are the most versatile and can be used to perform more operations than any other
insert shape. The 80-degree diamond insert is designed primarily for heavy turning and
facing operations, using the 100-degree corners, and for turning and back-facing square
shoulders using the 80-degree corners. The 55- and 35-degree diamond inserts are
intended primarily for tracing.

Lead Angle: Tool holders should be selected to provide the largest possible lead angle,
although limitations are sometimes imposed by the nature of the job. For example, when
tuning and back-facing a shoulder, a negative lead angle must be used. Slender or small-
diameter parts may deflect, causing difficulties in holding size, or chatter when the lead
angle is too large.

End Cutting Edge Angle: When tracing or contour turning, the plunge angle is deter-
mined by the end cutting edge angle. A 2-deg minimum clearance angle should be pro-
vided between the workpiece surface and the end cutting edge of the insert. Table 3a
provides the maximum plunge angle for holders commonly used to plunge when tracing
where insert shape identifiers are S = square; T = triangle; D = 55-deg diamond, V = 35-deg
diamond. When severe cratering cannot be avoided, an insert having a small, end cutting
edge angle is desirable to delay the crater breakthrough behind the nose. For very heavy
cuts a small, end cutting edge angle will strengthen the corner of the tool. Tool holders for
numerical control machines are discussed in the NC section, beginning page1280.
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Table 3a. Maximum Plunge Angle for Tracing or Contour Turning

Tool
Holder
Style

Insert
Shape

Maximum
Plunge
Angle

Tool
Holder
Style

Insert
Shape

Maximum
Plunge
Angle

E T 58° J D 30°
D and S S 43° J V 50°

H D 71° N T 55°
J T 25° N D 58°–60°

Table 3b. Indexable Insert Holder Application Guide
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Table 3b. (Continued) Indexable Insert Holder Application Guide
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Sintered Carbide Blanks and Cutting Tools.—As shown in Table 4, American
National Standard ANSI B212.1-1984 (R1997) provides standard sizes and designations
for eight styles of sintered carbide blanks. These blanks are the unground solid carbide
from which either solid or tipped cutting tools are made. Tipped cutting tools are made by
brazing a blank onto a shank to produce the cutting tool; these tools differ from carbide
insert cutting tools which consist of a carbide insert held mechanically in a tool holder. A
typical single-point carbide-tipped cutting tool is shown in the diagram on page740.
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All dimensions are in inches.
See diagram on page740.

Table 4. American National Standard Sizes and Designations for Carbide Blanks  
ANSI B212.1-1984 (R1997)

T W L

Style

T W L

Style

1000 2000 0000 1000 3000 4000

Blank Designation Blank Designation
1⁄16

1⁄8 5⁄8 1010 2010 1⁄4 3⁄8 9⁄16 0350 1350 3350 4350

1⁄16
5⁄32

1⁄4 1015 2015 1⁄4 3⁄8 3⁄4 0360 1360 3360 4360
1⁄16

3⁄16
1⁄4 1020 2020 1⁄4 7⁄16

5⁄8 0370 1370 3370 4370

1⁄16
1⁄4 1⁄4 1025 2025 1⁄4 1⁄2 3⁄4 0380 1380 3380 4380

1⁄16
1⁄4 5⁄16 1030 2030 1⁄4 9⁄16 1 0390 1390 3390 4390

1⁄4 5⁄8 5⁄8 0400 1400 3400 4400
3⁄32

1⁄8 3⁄4 1035 2035 1⁄4 3⁄4 3⁄4 0405 1405 3405 4405

3⁄32
3⁄16

5⁄16 1040 2040 1⁄4 3⁄4 1 0410 1410 3410 4410
3⁄32

3⁄16
1⁄2 1050 2050 1⁄4 1 1 0415 1415 3415 4415

3⁄32
1⁄4 3⁄8 1060 2060

3⁄32
1⁄4 1⁄2 1070 2070 5⁄16

7⁄16
5⁄8 0420 1420 3420 4420

5⁄16
7⁄16

15⁄16 0430 1430 3430 4430
5⁄16

1⁄2 3⁄4 0440 1440 3440 4440

3⁄32
5⁄16

3⁄8 1080 2080 5⁄16
1⁄2 1 0450 1450 3450 4450

3⁄32
3⁄8 3⁄8 1090 2090 5⁄16

5⁄8 1 0460 1460 3460 4460

3⁄32
3⁄8 1⁄2 1100 2100 5⁄16

3⁄4 3⁄4 0470 1470 3470 4470
3⁄32

7⁄16
1⁄2 1105 2105 5⁄16

3⁄4 1 0475 1475 3475 4475

5⁄16
3⁄4 11⁄4 0480 1480 3480 4480

1⁄8 3⁄16
3⁄4 1110 2110

1⁄8 1⁄4 1⁄2 1120 2120 3⁄8 1⁄2 3⁄4 0490 1490 3490 4490

1⁄8 1⁄4 5⁄8 1130 2130 3⁄8 1⁄2 1 0500 1500 3500 4500

1⁄8 1⁄4 3⁄4 1140 2140 3⁄8 5⁄8 1 0510 1510 3510 4510

1⁄8 5⁄16
7⁄16 1150 2150 3⁄8 5⁄8 11⁄4 0515 1515 3515 4515

1⁄8 5⁄16
1⁄2 1160 2160 3⁄8 3⁄4 11⁄4 0520 1520 3520 4520

3⁄8 3⁄4 11⁄2 0525 1525 3525 4525

1⁄8 5⁄16
5⁄8 1170 2170 1⁄2 3⁄4 1 0530 1530 3530 4530

1⁄8 3⁄8 1⁄2 1180 2180 1⁄2 3⁄4 11⁄4 0540 1540 3540 4540

1⁄8 3⁄8 3⁄4 1190 2190 1⁄2 3⁄4 11⁄2 0550 1550 3550 4550

1⁄8 1⁄2 1⁄2 1200 2200

1⁄8 1⁄2 3⁄4 1210 2210

T W L F

Style
1⁄8 3⁄4 3⁄4 1215 2215

5000 6000 7000
5⁄32

3⁄8 9⁄16 1220 2220 1⁄16
1⁄4 5⁄16 … 5030 … …

5⁄32
3⁄8 3⁄4 1230 2230

5⁄32
5⁄8 5⁄8 1240 2240 3⁄32

1⁄4 3⁄8 1⁄16 … … 7060

3⁄32
5⁄16

3⁄8 … 5080 6080 …
3⁄16

5⁄16
7⁄16 1250 2250 3⁄32

3⁄8 1⁄2 … 5100 6100 …
3⁄16

5⁄16
5⁄8 1260 2260 3⁄32

7⁄16
1⁄2 … 5105 … …

3⁄16
3⁄8 1⁄2 1270 2270 1⁄8 5⁄16

5⁄8 3⁄32 … … 7170

3⁄16
3⁄8 5⁄8 1280 2280

3⁄16
3⁄8 3⁄4 1290 2290 1⁄8 1⁄2 1⁄2 … 5200 6200 …

5⁄32
3⁄8 3⁄4 1⁄8 … … 7230

3⁄16
7⁄16

5⁄8 1300 2300 5⁄32
5⁄8 5⁄8 … 5240 6240 …

3⁄16
7⁄16

13⁄16 1310 2310

3⁄16
1⁄2 1⁄2 1320 2320 3⁄16

3⁄4 3⁄4 … 5340 6340 …
3⁄16

1⁄2 3⁄4 1330 2330 1⁄4 1 3⁄4 … 5410 … …
3⁄16

3⁄4 3⁄4 1340 2340
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A typical single-point carbide tipped cutting tool. The side rake, side relief, and the clearance angles 
are normal to the side-cutting edge, rather than the shank, to facilitate its being ground on a tilting-table 
grinder. The end-relief and clearance angles are normal to the end-cutting edge. The back-rake angle is 
parallel to the side-cutting edge. The tip of the brazed carbide blank overhangs the shank of the tool by 
either 1⁄32 or 1⁄16 inch, depending on the size of the tool. For tools in Tables 5, 6, 7, 8, 11 and 12, the maxi-
mum overhang is 1⁄32 inch for shank sizes 4, 5, 6, 7, 8, 10, 12 and 44; for other shank sizes in these tables, 
the maximum overhang is 1⁄16 inch. In Tables 9 and 10 all tools have maximum overhang of 1⁄32 inch.

Eight styles of sintered carbide blanks. Standard dimensions for these blanks are given in Table 4.

Side Relief Angle

Side Clearance
Angle Tip

Overhang

Side Rake

End Cutting Edge
Angle (ECEA)Tip

Width

Side Cutting
Edge Angle (SCEA)

Shank
Width

Shank
Height

Nose Radius

Tip Thickness

Cutting Height

Tip Overhang
End Relief Angle

End Clearance Angle

Tip length

Back Rake

Overall length
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Table 5. American National Standard Style A Carbide Tipped Tools 
 ANSI B212.1-1984 (R1997)

Single-Point, Sintered-Carbide-Tipped Tools.—American National Standard ANSI
B212.1-1984 (R1997) covers eight different styles of single-point, carbide-tipped general
purpose tools. These styles are designated by the letters A to G inclusive. Styles A, B, F, G,
and E with offset point are either right- or left-hand cutting as indicated by the letters R or
L. Dimensions of tips and shanks are given in Tables 5 to 11. For dimensions and toler-
ances not shown, and for the identification system, dimensions, and tolerances of sintered
carbide boring tools, see the Standard.

Designation Shank Dimensions

Tip
Designationa

a “A” is straight shank, 0 deg., SCEA (side-cutting-edge angle). “R” is right-cut. “L” is left-cut.
Where a pair of tip numbers is shown, the upper number  applies to AR tools, the lower to AL tools. All
dimensions are in inches. 

Tip Dimensions

Style
ARa

Style
ALa

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

Square Shank

AR 4 AL 4 1⁄4 1⁄4 2 2040 3⁄32
3⁄16

5⁄16

AR 5 AL 5 5⁄16
5⁄16 21⁄4 2070 3⁄32

1⁄4 1⁄2
AR 6 AL 6 3⁄8 3⁄8 21⁄2 2070 3⁄32

1⁄4 1⁄2
AR 7 AL 7 7⁄16

7⁄16 3 2070 3⁄32
1⁄4 1⁄2

AR 8 AL 8 1⁄2 1⁄2 31⁄2 2170 1⁄8 5⁄16
5⁄8

AR 10 AL 10 5⁄8 5⁄8 4 2230 5⁄32
3⁄8 3⁄4

AR 12 AL 12 3⁄4 3⁄4 41⁄2 2310 3⁄16
7⁄16

13⁄16

AR 16 AL 16 1 1 6 { P3390
P4390

1⁄4 9⁄16 1

AR 20 AL 20 11⁄4 11⁄4 7 { P3460
P4460

5⁄16
5⁄8 1

AR 24 AL 24 11⁄2 11⁄2 8 { P3510
P4510

3⁄8 5⁄8 1

Rectangular Shank
AR 44 AL 44 1⁄2 1 6 P2260 3⁄16

5⁄16
5⁄8

AR 54 AL 54 5⁄8 1 6 { P3360
P4360

1⁄4 3⁄8 3⁄4

AR 55 AL 55 5⁄8 11⁄4 7 { P3360
P4360

1⁄4 3⁄8 3⁄4

AR 64 AL 64 3⁄4 1 6 { P3380
P4380

1⁄4 1⁄2 3⁄4

AR 66 AL 66 3⁄4 11⁄2 8 { P3430
P4430

5⁄16
7⁄16

15⁄16

AR 85 AL 85 1 11⁄4 7 { P3460
P4460

5⁄16
5⁄8 1

AR 86 AL 86 1 11⁄2 8 { P3510
P4510

3⁄8 5⁄8 1

AR 88 AL 88 1 2 10 { P3510
P4510

3⁄8 5⁄8 1

AR 90 AL 90 11⁄2 2 10 { P3540
P4540

1⁄2 3⁄4 11⁄4



742 CARBIDE TIPS AND TOOLS

Table 6. American National Standard Style B Carbide Tipped Tools
with 15-degree Side-cutting-edge Angle  ANSI B212.1-1984 (R1997)

A number follows the letters of the tool style and hand designation and for square shank
tools, represents the number of sixteenths of an inch of width, W, and height, H. With rect-
angular shanks, the first digit of the number indicates the number of eighths of an inch in
the shank width, W, and the second digit the number of quarters of an inch in the shank
height, H. One exception is the 11⁄2 × 2-inch size which has been arbitrarily assigned the
number 90.

Designation Shank Dimensions
Tip

Designationa

a Where a pair of tip numbers is shown, the upper number applies to BR tools, the lower to BL tools.
All dimensions are in inches. 

Tip Dimensions

Style
BR Style BL

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

Square Shank

BR 4 BL 4 1⁄4 1⁄4 2 2015 1⁄16
5⁄32

1⁄4
BR 5 BL 5 5⁄16

5⁄16 21⁄4 2040 3⁄32
3⁄16

5⁄16

BR 6 BL 6 3⁄8 3⁄8 21⁄2 2070 3⁄32
1⁄4 1⁄2

BR 7 BL 7 7⁄16
7⁄16 3 2070 3⁄32

1⁄4 1⁄2
BR 8 BL 8 1⁄2 1⁄2 31⁄2 2170 1⁄8 5⁄16

5⁄8
BR 10 BL 10 5⁄8 5⁄8 4 2230 5⁄32

3⁄8 3⁄4
BR 12 BL 12 3⁄4 3⁄4 41⁄2 2310 3⁄16

7⁄16
13⁄16

BR 16 BL 16 1 1 6 { 3390
4390

1⁄4 9⁄16 1

BR 20 BL 20 11⁄4 11⁄4 7 { 3460
4460

5⁄16
5⁄8 1

BR 24 BL 24 11⁄2 11⁄2 8 { 3510
4510

3⁄8 5⁄8 1

Rectangular Shank
BR 44 BL 44 1⁄2 1 6 2260 3⁄16

5⁄16
5⁄8

BR 54 BL 54 5⁄8 1 6 { 3360
4360

1⁄4 3⁄8 3⁄4

BR 55 BL 55 5⁄8 11⁄4 7 { 3360
4360

1⁄4 3⁄8 3⁄4

BR 64 BL 64 3⁄4 1 6 { 3380
4380

1⁄4 1⁄2 3⁄4

BR 66 BL 66 3⁄4 11⁄2 8 { 3430
4430

5⁄16
7⁄16

15⁄16

BR 85 BL 85 1 11⁄4 7 { 3460
4460

5⁄16
5⁄8 1

BR 86 BL 86 1 11⁄2 8 { 3510
4510

3⁄8 5⁄8 1

BR 88 BL 88 1 2 10 { 3510
4510

3⁄8 5⁄8 1

BR 90 BL 90 11⁄2 2 10 { 3540
4540

1⁄2 3⁄4 11⁄4

Tool designation
and carbide grade

Style GR right hand (shown)
Style GE left hand (not shown)

0°± 1°
15°± 1°

10°± 2°
7°±1°

Overhang

A

R

W

L

F
Ref

C

15°± 1°10°± 2°

7°±1°
To sharp corner

B

H

Overhang T

6°± 1°
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Table 7. American National Standard Style C Carbide Tipped Tools 
 ANSI B212.1-1984 (R1997)

All dimensions are in inches. Square shanks above horizontal line; rectangular below.

Table 8. American National Standard Style D, 80-degree Nose-angle Carbide Tipped 
Tools  ANSI B212.1-1984 (R1997)

All dimensions are in inches.

Designation

Shank Dimensions

Tip
Designnation

Tip Dimensions

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

C 4 1⁄4 1⁄4 2 1030 1⁄16
1⁄4 5⁄16

C 5 5⁄16
5⁄16 21⁄4 1080 3⁄32

5⁄16
3⁄8

C 6 3⁄8 3⁄8 21⁄2 1090 3⁄32
3⁄8 3⁄8

C 7 7⁄16
7⁄16 3 1105 3⁄32

7⁄16
1⁄2

C 8 1⁄2 1⁄2 31⁄2 1200 1⁄8 1⁄2 1⁄2
C 10 5⁄8 5⁄8 4 1240 5⁄32

5⁄8 5⁄8
C 12 3⁄4 3⁄4 41⁄2 1340 3⁄16

3⁄4 3⁄4
C 16 1 1 6 1410 1⁄4 1 3⁄4
C 20 11⁄4 11⁄4 7 1480 5⁄16 11⁄4 3⁄4
C 44 1⁄2 1 6 1320 3⁄16

1⁄2 1⁄2
C 54 5⁄8 1 6 1400 1⁄4 5⁄8 5⁄8
C 55 5⁄8 11⁄4 7 1400 1⁄4 5⁄8 5⁄8
C 64 3⁄4 1 6 1405 1⁄4 3⁄4 3⁄4
C 66 3⁄4 11⁄2 8 1470 5⁄16

3⁄4 3⁄4
C 86 1 11⁄2 8 1475 5⁄16 1 3⁄4

Designation

Shank Dimensions

Tip Designa-
tion

Tip Dimensions

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

D 4 1⁄4 1⁄4 2 5030 1⁄16
1⁄4 5⁄16

D 5 5⁄16
5⁄16 21⁄4 5080 3⁄32

5⁄16
3⁄8

D 6 3⁄8 3⁄8 21⁄2 5100 3⁄32
3⁄8 1⁄2

D 7 7⁄16
7⁄16 3 5105 3⁄32

7⁄16
1⁄2

D 8 1⁄2 1⁄2 31⁄2 5200 1⁄8 1⁄2 1⁄2
D 10 5⁄8 5⁄8 4 5240 5⁄32

5⁄8 5⁄8
D 12 3⁄4 3⁄4 41⁄2 5340 3⁄16

3⁄4 3⁄4
D 16 1 1 6 5410 1⁄4 1 3⁄4

W F

L

H

T

A

B

C

0.015 × 45° Maximum permissible

Tool designation
and carbide grade

Note – Tool must pass thru
slot of nominal width “A” 

Overhang

Overhang

0° ± 1°

10° ± 2°
7° ± 1°

90° ± 1°

0° ± 1°

5° ± 2°
Both sides

3°I2°

W F A

C ±

LT

Note – Tool must pass thru
slot of nominal width “A” 

Overhang

0° ± 1°

7° ± 1°
40° ± 1°

+0.000
–0.010

+0.000
–0.010

40° ± 1°

0° ± 1°

To sharp
corner

10° ± 2°
Both sides

B

Tool designation
and carbide grade

R

1
8

H
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Table 9. American National Standard Style E, 60-degree Nose-angle, Carbide 
Tipped Tools  ANSI B212.1-1984 (R1997)

All dimensions are in inches.

Table 10. American National Standard Styles ER and EL, 60-degree Nose-angle, 
Carbide Tipped Tools with Offset Point  ANSI B212.1-1984 (R1997)

All dimensions are in inches.

Designation

Shank Dimensions

Tip
Designation

Tip Dimensions

Width
A

Height
B

Length
C

Thickness
T

Width
W

Length
L

E 4 1⁄4 1⁄4 2 6030 1⁄16
1⁄4 5⁄16

E 5 5⁄16
5⁄16 21⁄4 6080 3⁄32

5⁄16
3⁄8

E 6 3⁄8 3⁄8 21⁄2 6100 3⁄32
3⁄8 1⁄2

E 8 1⁄2 1⁄2 31⁄2 6200 1⁄8 1⁄2 1⁄2
E 10 5⁄8 5⁄8 4 6240 5⁄32

5⁄8 5⁄8
E 12 3⁄4 3⁄4 41⁄2 6340 3⁄16

3⁄4 3⁄4

Designation Shank Dimensions Tip
Designa-

tion

Tip Dimensions

Style
ER

Style
EL

Width
A

Height
B

Length
C

Thick.
T

Width
W

Length
L

ER 4 EL 4 1⁄4 1⁄4 2 1020 1⁄16
3⁄16

1⁄4
ER 5 EL 5 5⁄16

5⁄16 21⁄4 7060 3⁄32
1⁄4 3⁄8

ER 6 EL 6 3⁄8 3⁄8 21⁄2 7060 3⁄32
1⁄4 3⁄8

ER 8 EL 8 1⁄2 1⁄2 31⁄2 7170 1⁄8 5⁄16
5⁄8

ER 10 EL 10 5⁄8 5⁄8 4 7170 1⁄8 5⁄16
5⁄8

ER 12 EL 12 3⁄4 3⁄4 41⁄2 7230 5⁄32
3⁄8 3⁄4
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Table 11. American National Standard Style F, Offset, End-cutting 
Carbide Tipped Tools  ANSI B212.1-1984 (R1997)

All dimensions are in inches. Where a pair of tip numbers is shown, the upper number applies to FR
tools, the lower number to FL tools.

Single-point Tool Nose Radii.—The tool nose radii recommended in the American
National Standard are as follows: For square-shank tools up to and including 3⁄8-inch square
tools, 1⁄64 inch; for those over 3⁄8-inch square through 11⁄4-inches square, 1⁄32 inch; and for
those above 11⁄4-inches square, 1⁄16 inch. For rectangular-shank tools with shank section of 1⁄2
× 1 inch through 1 × 11⁄2 inches, the nose radii are 1⁄32 inch, and for 1 × 2 and 11⁄2 × 2 inch
shanks, the nose radius is 1⁄16 inch.

Designation Shank Dimensions

Tip
Designation

Tip Dimensions

Style
FR

Style
FL

Width
A

Height
B

Length
C

Offset
G

Length
of

Offset
E

Thick-
ness

T
Width

W
Length

L

Square Shank

FR 8 FL 8 1⁄2 1⁄2 31⁄2 1⁄4 3⁄4 { P4170
P3170

1⁄8 5⁄16
5⁄8

FR 10 FL 10 5⁄8 5⁄8 4 3⁄8 1 { P1230
P3230

5⁄32
3⁄8 3⁄4

FR 12 FL 12 3⁄4 3⁄4 41⁄2 5⁄8 11⁄8 { P4310
P3310

3⁄16
7⁄16

13⁄16

FR 16 FL 16 1 1 6 3⁄4 13⁄8 { P4390
P3390

1⁄4 9⁄16 1

FR 20 FL 20 11⁄4 11⁄4 7 3⁄4 11⁄2 { P4460
P3460

5⁄16
5⁄8 1

FR 24 FL 24 11⁄2 11⁄2 8 3⁄4 11⁄2 { P4510
P3510

3⁄8 5⁄8 1

Rectangular Shank
FR 44 FL 44 1⁄2 1 6 1⁄2 7⁄8 { P4260

P1260
3⁄16

5⁄16
5⁄8

FR 55 FL 55 5⁄8 11⁄4 7 5⁄8 11⁄8 { P4360
P3360

1⁄4 3⁄8 3⁄4

FR 64 FL 64 3⁄4 1 6 5⁄8 13⁄16 { P4380
P3380

1⁄4 1⁄2 3⁄4

FR 66 FL 66 3⁄4 11⁄2 8 3⁄4 11⁄4 { P4430
P3430

5⁄16
7⁄16

15⁄16

FR 85 FL 85 1 11⁄4 7 3⁄4 11⁄2 { P4460
P3460

5⁄16
5⁄8 1

FR 86 FL 86 1 11⁄2 8 3⁄4 11⁄2 { P4510
P3510

3⁄8 5⁄8 1

FR 90 FL 90 11⁄2 2 10 3⁄4 15⁄8 { P4540
P3540

1⁄2 3⁄4 11⁄4
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Single-point Tool Angle Tolerances.—The tool angles shown on the diagrams in the
Tables 5 through 11 are general recommendations. Tolerances applicable to these angles
are ± 1 degree on all angles except end and side clearance angles; for these the tolerance is
± 2 degrees.

Table 12. American National Standard Style G, Offset, Side-cutting, 
Carbide Tipped Tools  ANSI B212.1-1984 (R1997)

All dimensions are in inches. Where a pair of tip numbers is shown, the upper number applies to
GR tools, the lower number to GL tools.

Designation Shank Dimensions

Tip
Designation

Tip Dimensions

Style
GR

Style
GL

Width
A

Height
B

Length
C

Offset
G

Length
of

Offset
E

Thick-
ness

T
Width

W
Length

L

Square Shank

GR 8 GL 8 1⁄2 1⁄2 31⁄2 1⁄4 11⁄16 { P3170
P4170

1⁄8 5⁄16
5⁄8

GR 10 GL 10 5⁄8 5⁄8 4 3⁄8 13⁄8 { P3230
P4230

5⁄32
3⁄8 3⁄4

GR 12 GL 12 3⁄4 3⁄4 41⁄2 3⁄8 11⁄2 { P3310
P2310

3⁄16
7⁄16

13⁄16

GR 16 GL 16 1 1 6 1⁄2 111⁄16 { P3390
P4390

1⁄4 9⁄16 1

GR 20 GL 20 11⁄4 11⁄4 7 3⁄4 113⁄16 { P3460
P4460

5⁄16
5⁄8 1

GR 24 GL 24 11⁄2 11⁄2 8 3⁄4 113⁄16 { P3510
P4510

3⁄8 5⁄8 1

Rectangular Shank

GR 44 GL 44 1⁄2 1 6 1⁄4 11⁄16 { P3260
P4260

3⁄16
5⁄16

5⁄8

GR 55 GL 55 5⁄8 11⁄4 7 3⁄8 13⁄8 { P3360
P4360

1⁄4 3⁄8 3⁄4

GR 64 GL 64 3⁄4 1 6 1⁄2 17⁄16 { P3380
P4380

1⁄4 1⁄2 3⁄4

GR 66 GL 66 3⁄4 11⁄2 8 1⁄2 15⁄8 { P3430
P4430

5⁄16
7⁄16

15⁄16

GR 85 GL 85 1 11⁄4 7 1⁄2 111⁄16 { P3460
P4460

5⁄16
5⁄8 1

GR 86 GL 86 1 11⁄2 8 1⁄2 111⁄16 { P3510
P4510

3⁄8 5⁄8 1

GR 90 GL 90 11⁄2 2 10 3⁄4 21⁄16 { P3540
P4540

1⁄2 3⁄4 11⁄4


