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Preface to the Third Edition

This publication is dedicated to engineers who work in the
eld of gears and gear production.

Gearing is a speci ¢ area of mechanical engineering.
Gearing encompasses the design, production, inspection, and
implementation of gears, as well as some other supplementary
subjects. This book is primarily focused on gear design and
gear production.

This book is a revised,* updated, and enlarged version of the
earlier published book by Darle W. Dudley entitled Handbook
of Practical Gear Design. The book was rst published by
McGraw-Hill Book Company in 1984 and by CRC Press ten
years later in 1994. Both editions originated from an earlier
book by the same author entitled Practical Gear Design, which
was published by McGraw-Hill Book Company in 1954. The
last edition (1984/1994) of the Gear Handbook is highly recog-
nized by the gear community all around the world.

As time passes, new knowledge is accumulated by the
gear industry, and along with that, some of experiences sum-
marized in the Gear Handbook are becoming obsolete. The
obsolete data should be removed from the book, while the
novel data in the eld should be added.

Keeping in mind the importance of the Gear Handbook
for practical gear engineers and practitioners, | appreciated
and supported the attempt undertaken by CRC Press to revise,
update, and enlarge the 1994 edition of this handbook.

Among the critical problems that arose when working on
the new edition of the Gear Handbook were as follows:

» The new edition of the Gear Handbook should ful I
current demands of the gear industry. This requires a
signi cant revision of the original text.

e At the same time, much effort was undertaken to
preserve the original text of the Gear Handbook, in
that way retaining the atmosphere of Dudley’s text.

*The rst revision of the Gear Handbook was published by CRC Press in
2012 (see Radzevich, S. P., Dudley’s Handbook of Practical Gear Design
and Manufacture, CRC Press, Boca Raton, Florida, 2012).

This contradiction between the hugely desired revision to
update the book and the desired limited revisions to allow
the book to be titled Dudley’s Handbook of Practical Gear
Design and Manufacture required a trade-off.

There were two options to consider.

The rst option was to make signi cant changes to the
original text of Dudley’s book. Following this way, the charm
and the philosophy of Dudley’s book would be lost (or ruined).
In this case, Dudley’s book will no longer be Dudley’s book.
It will be another book on gearing having the word Dudley’s
in the title.

The second option was to keep as close as possible to
the original text of Dudley’s book. In this case, Dudley’s
philosophy and his vision/understanding of gearing could
be preserved.

Both options are worth consideration, and it was hard to
make a decision which way to follow. Ultimately, the deci-
sion to make reasonable/limited changes to the original text
of Dudley’s book (where appropriate) was made. With that
said, a limited number of repetitions are inevitable. The
best was done in order to minimize the total number of the
repetitions.

Prior to beginning the revision of the Gear Handbook,
all earlier editions of Dudley’s book [starting from 1954
McGraw-Hill edition, and ending with the latest 1994 CRC
Press edition (including the 1962 and 1984 McGraw-Hill edi-
tions)] were carefully studied. Obsolete material was removed
from the text where appropriate. Several new chapters, as well
as new appendices are added. This made it possible to get the
book updated.

Stephen P. Radzevich
Sterling Heights, Michigan
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Preface to the First Edition

This is a revision of the book Practical Gear Design, pub-
lished by the McGraw-Hill Book Company in 1954. This book
is now called a “handbook” because of its broader coverage of
subjects pertaining to gear design and the recognition that the
content of the original book made it a lasting reference that
saw constant use in day-to-day gear work.

Although this revision is broader in scope and has more
pages, the plan of the book and the way many aspects of the
gear art are treated have been kept just the same. Those famil-
iar with Practical Gear Design will nd themselves right at
home as they read the Handbook of Practical Gear Design.
The main difference is that new things learned in the 1960s
and 1970s about how to better design, build, and use gears are
included in this book. Gear technology has made rapid prog-
ress, just as space technology and computer technology have
made rapid progress in the same time period.

This book has been written with the general engineer or
technician in mind. It is my hope that alert shop planning
engineers, tool engineers, engineering students, cost analysts,
shop supervisors, and progressive machine-tool operators will

nd this book of value and assistance when confronted with
problems involving gear design or manufacture or involving
failure in service.

The scope of the work includes the geometry of gear
design, manufacturing methods, and causes of gear instal-
lation failures. A gear design is not good design unless it is
practical and economical to manufacture and unless it is well
enough thought out to meet all the hazards of service in the

eld. It has been my aim to show how a practical gear design

must be based on the limitations and availability of machine
tools and tooling setup.

As in most phases of engineering, there are often divergent
methods advocated to gain a given result. The gearing art is
no exception. For instance, in Chapter 7, equations are given
to calculate the length of time required to make gear teeth by
various processes. Several experts in the gear eld reviewed
the data and equations in this chapter. Their comments indi-
cated that the data would be very helpful to most designers,
but they also pointed out that some gear designs would be dif-

cult to manufacture and a shop might—through no fault of
its own—nbe unable to meet production rates estimated by the
material in this chapter.

In spite of all that has been learned about how to design
gears, how to rate them for load-carrying capacity, and how
to use them properly in service, there is still an urgent need to
do more bench testing, to make better analyses of gear-tooth
stresses, and to learn more about effects of lubricants, varia-
tions in gear material quality, and peculiarities of the environ-
ment (corrosion, dirt in the oil, temperature transients, load
transients, etc.) in which the gears operate.

This book refers to many standards for gears that are in
current use. It can be expected that present standards will
be revised and enlarged as gear technology progresses. This
book, in several places, advises the reader to expect more and
better standards for gear work as the years go by. The book
gives practical advice about what to do, but it also cautions
the reader to always consider the latest rules and data in a
constantly changing array of gear trade standards.
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that this book has made much use of AGMA standards.

I wish to particularly acknowledge the assistance of a few
individuals with unusual knowledge and experience in the
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Introduction

This book (further the Gear Handbook) deals with gears
and gearing in both aspects, namely, gear design and gear
production.

Gears are produced in enormous amounts—nbillions of
gears are produced by industries every year. While the auto-
motive industry ranks as the primary consumer of gears,
numerous other industries also require huge amounts of gears:
aerospace (helicopter transmission, and so forth), construc-
tion machinery, and agricultural machinery, to name a few.
If we place cost savings in the production of every gear in
the range of just ten cents, the total cost savings could reach
hundreds of millions of dollars. This makes it clear that the
gear design and the gear production processes require careful
treatment.

There is much room for gear engineers and for gear prac-
titioners for further improvements in cost-saving processes.
The Gear Handbook can be helpful in solving many of the
gear design problems, as well as gear production problems.

UNIQUENESS OF THIS BOOK

Many books on gears and gearing, both in design and in man-
ufacturing areas, have been published so far. This third edi-
tion of the Gear Handbook is a unique one because of many
reasons.

First, the Gear Handbook is based on practical experience
of designing and production of gears. The collection of data
in the Gear Handbook is invaluable for practitioners in both
areas, namely, the gear design and the gear production areas.

Second, this third edition of the Gear Handbook is sig-
ni cantly enlarged in comparison to the earlier 2012 edi-
tion. New chapters are added, and a few more appendices are
attached at the end of the book as well. This makes the Gear
Handbook a comprehensive source of information for those
who are involved in design and production of gears.

Third, the uniqueness of the Gear Handbook is proven by
several earlier editions, starting from the 1954 edition. For
decades, the earlier editions of the book were successfully
used by gear experts all around the world. It is anticipated that
this new revised, updated, and enlarged edition of the Gear
Handbook will be acknowledged by the reader.

INTENDED AUDIENCE

Many readers will bene t from the Gear Handbook: mechan-
ical and manufacturing engineers involved in continuous
design and manufacturing process improvement and those
who are active or intend to become active in the eld. Senior
undergraduate and graduate university students of mechani-
cal and of manufacturing engineering are among them.

The Gear Handbook is intended to be used as a reference
book, as well as an invaluable source of practical data for gear
design engineers and for gear manufacturers.

THE ORGANIZATION OF THIS BOOK

This handbook is organized in 16 chapters followed by 6
appendices.

Gear design trends are considered in Chapter 1. Both man-
ufacturing trends and selection of the right kind of gear are
disclosed.

Section 1.1 encompasses small low-cost gears for toys,
gadgets, and mechanisms. Then application gears, control
gears, vehicle gears, marine gears, aerospace gear, and others
are discussed.

The Kinds of external spur and helical gears, straight bevel
gears, spiral bevel gears, hypoid and face gears are covered
in Section 1.2.

Gear types and nomenclature are discussed in Chapter
2. The discussion begins with classi cation of gears, which
includes parallel axis gearing, nonparallel coplanar gears
operating on intersecting axes, nonparallel noncoplanar gears
operating on nonintersecting axes, and special gear types. The
discussion is followed by nomenclature of all practical kinds
of gears, which includes, but not limited to, nomenclature of
spur and helical gears, both external and internal, crossed-
helical gear nomenclature and formulas, bevel gear nomen-
clature and formulas, worm gear nomenclature and formulas,
nomenclature of face gears, and beveloid gears. Advanced
terminology in gear design is brie y discussed at the end of
the chapter.

Gear tooth design is disclosed in Chapter 3. This includes
basic requirements of gear teeth, standard systems of gear
tooth proportions, general equations relating to center dis-
tance along with elements of center distance.

Preliminary design considerations are summarized in
Chapter 4. Here, the stress formula is discussed in detail. This
consideration is followed by data needed for gear drawings.

Design formulas are discussed in Chapter 5. Calculation
of gear tooth data and gear rating practice are covered in this
chapter.

Chapter 6 is devoted to the consideration of gear materials.
Steel for gears, localized hardening of gear teeth, cast irons
for gears, as well as nonferrous gear metals and nonmetallic
gears are considered in this section of the book.

In Chapter 7, the concept of direct gear design is contrib-
uted by Dr. Alex Kapelevich. In this chapter, the geometry
of asymmetric tooth gears, gear mesh characteristics, asym-
metric tooth gearing limits, tooth geometry optimization, and
analytical and experimental comparisons of symmetric and
asymmetric tooth gears, along with the implementation of
asymmetric tooth gears, are discussed.

In Chapter 8, elements of nite-element analysis of gears
are discussed (this chapter is contributed by Dr. Sandeep
Vijayakar). The following topics are covered in this chapter:
motivation for computer modeling of gears, a short description
of how the nite element works, two- and three-dimensional
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element setup, selection of the order of elements, contact prob-
lem setup, calculation of bending stresses, contact pressures
and load distribution calculation, examples, and limitations.

Load rating of gears is discussed in Chapter 9. The discus-
sion includes but is not limited to main nomenclature, coplanar
gears, RH—conventional fatigue limit of factor K, RF—
conventional fatigue limit of factor U, crossed-helical gears,
hypoid gears, and worm gearing. The chapter ends with an
analysis of the state of the standards for load rating of gears.

In parallel to gear design, gear manufacturing methods
are considered in the book. Chapter 10 is devoted in detail to
the consideration of various methods for producing the gears.
This includes gear tooth cutting by hobbing, shaping, mill-
ing, broaching, and others. Gear grinding methods, such as
form grinding, generating grinding, and thread grinding are
discussed. This is followed by the discussion of gear shaving,
rolling, and honing methods. The consideration of the gear
manufacturing methods is ended by a discussion of gear cast-
ing and forming methods.

The design of tools to make gear teeth is disclosed in
Chapter 11. The design of shaper cutters, gear hobs, spur gear
milling cutter, gear shaving cutter, punch tools, and sintering
tools are considered in this section of the book.

Chapter 12 is devoted to the consideration of the kinds and
the causes of gear failures. This includes an analysis of gear
system problems, an analysis of tooth failures, and gear bear-
ing failures, along with the consideration of some causes of
gear failure other than excess transmission load.

Special design problems are disclosed in Chapter 13.
Center distance problems, pro le modi cation problems, as
well as load rating problems are considered in detail in this
section of the book.

Gear reactions and mountings are outlined in Chapter 14.
The discussion begins with an analysis of mechanics of gear
reactions, which is then followed by consideration of basic
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reactions, bearing loads, and mounting types. After that, basic
mounting arrangements are considered and corresponding
recommendations are given. This is followed by an analysis of
bearing load calculations for spur gears and for helical gears.
Then mounting practice for bevel and hypoid gears along with
calculation of bevel and hypoid bearing loads is considered.
Chapter 14 is ended by an analysis of bearing load calcula-
tions for worms, for Spiroid, and for other gear types, as well
as analysis of design of the body of the gear.

Finally, gear vibration is discussed in Chapter 15. This sec-
tion of the book begins with the fundamental of vibration.
Then, the measurement of vibration is considered. Examples
of vibration in geared units are provided. Approximate vibra-
tion limits are outlined and control of vibration in manufac-
turing gears and in the eld are discussed.

Six appendices are attached at the very end of the book.

Appendix A: The Evolution of the Gear Art

Appendix B: Complementary Material

Appendix C: Numerical Data Tables

Appendix D: On the Concept of Novikov Gearing and
on the Inadequacy of the Terms Wildhaber—Novikov
Gearing and W-N Gearing

Appendix E: An Improved Load Equalizing Means for
Planetary Pinions

Appendix F: Geometrically Accurate (Ideal or Perfect)
Crossed-Axis Gearing with Line Contact between
the Tooth Flanks of the Gear and the Pinion

All comments and constructive suggestions on content of
the book should be sent to the publisher, CRC Press, Taylor &
Francis Group, at http://www.crcpress.com.

Stephen P. Radzevich
Sterling Heights, Michigan


http://www.crcpress.com

1 Gear-Design Trends

Gears are used in most types of machinery. Like nuts and
bolts, they are a common machine element which will be
needed from time to time by almost all machine designers.
Gears have been in use for over three thousand years,* and
they are an important element in all manner of machinery
used in current times (see Appendix A).

Gear design is a highly complicated art. The constant pres-
sure to build less expensive, quieter running, lighter-weight,
and more powerful machinery has resulted in a steady change
in gear designs. At present much is known about gear load-
carrying capacity, and many complicated processes for mak-
ing gears are available.

The industrialized nations are all doing gear research work
in university laboratories and in manufacturing companies.
Even less-developed countries are doing a certain amount
of research work in the mathematics of gears and in gear
applications of particular interest. At the 1981 International
Symposium on Gearing and Power Transmission in Tokyo,
Japan, 162 papers were presented by delegates from 24
nations. After the excellent world gear conferences in Paris,
France, in 1977, and Dubrovnik, Yugoslavia, in 1978, the even
larger Tokyo gear conference in 1981 was a high-water mark
in the gear art.

Most machine designers do not have the time to keep up
with all the developments in the eld of gear design. This
makes it hard for them to quickly design gears which will be
competitive with the best that are being used in their eld.
There is a great need for practical gear-design information.
Even though there is a wealth of published information on
gears, gear designers often nd it hard to locate the infor-
mation they need quickly. This book is written to help gear
designers get the vital information they need as easily as
possible.

Those who are just starting to learn about gears need to
start by learning some basic words that have special mean-
ings in the gear eld. The glossary in Table 1.1 is intended
to give simple de nitions of these terms as they are under-
stood by gear people. Table 1.2 shows the metric and English
gear symbols for the terms which are used in this chapter. The
glossary in Chapter 5 (Table 5.1) de nes gear-manufacturing
terms. See the AGMA! standards for English and metric gear
nomenclature.

In Chapter 2, Section 2.1 gives a simple explanation of
some basics of gearing. Beginners will probably nd it helpful

* The book The Evolution of the Gear Art (1969) by D. W. Dudley gives a
brief review of the history of gears through the ages. Consult the section
Literature at the end of the book for complete data on Dudley’s book and
on other important references. A slightly edited version of the book The
Evolution of the Gear Art (1969) can be found out in Appendix A.

T AGMA stands for the American Gear Manufacturers Association.

to read Section 2.1 and the previously mentioned tables before
they continue with the rest of Chapter 1.

1.1 MANUFACTURING TRENDS

Before plunging into the formulas for calculating gear dimen-
sions, it is desirable to make a brief survey of how gears are
presently being made and used in different applications.

The methods used to manufacture gears depend on design
requirements, machine tools available, quantity required,
cost of materials, and tradition. In each particular eld of
gear work, certain methods have become established as
the standard way of making gears. These methods tend to
change from time to time, but the tradition of the industry
tends to act as a brake to restrain any abrupt changes that
result from technological developments. The gear designer,
studying gears as a whole, can get a good perspective of
gear work by reviewing the methods of manufacture in each

eld.

111 SwmaLL, Low-Cost GEARs FOR Tovs,
GADGETS, AND MECHANISMS

There is a large eld of gear work in which tooth stress is
of almost no consequence. Speeds are slow, and life require-
ments do not amount to much. Almost any type of cogwheel
which could transmit rotary motion might be used. In this sort
of situation, the main thing the designer must look for is low
cost and high volume of production.

The simplest type of gear drive—such as those used in
toys—frequently uses punched gears. Pinions with a small
number of teeth may be die-cast or extruded. If loads are light
enough and quietness of operation is desired, injection-molded
gears and pinions may be used. Molded-plastic gears from a
toy train are shown in Figure 1.1. Things such as Im projec-
tors, oscillating fans, cameras, cash registers, and calculators
frequently need quiet-running gears to transmit insigni cant
amounts of power. Molded-plastic gears are widely used in
such instances. It should be said, though, that the devices just
mentioned often need precision-cut gears, where loads and
speeds become appreciable.

Die-cast gears on zinc alloy, brass, or aluminum are often
used to make small, low-cost gears. This process is particu-
larly favored where the gear wheel is integrally attached to
some other element, such as a sheave, cam, or clutch member.
The gear teeth and the special contours of whatever is attached
to the gear may all be nished to close accuracy merely by
die-casting the part in a precision metal mold. Many low-cost
gadgets on the market today would be very much more expen-
sive if it were necessary to machine all the complicated gear
elements that are in them.
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TABLE 1.1

Glossary of Gear Nomenclature, Chapter 1

Term

Addendum
Axial section
Bevel gears
Circular pitch

Dedendum
Diametral pitch

External gears
Face gears

Gear

Helical gears
Helix angle

Internal gears
Module

Normal section
Pinion

Pitch diameter
Pressure angle
Ratio

Spiroid gears

Spur gears

Transverse section

Whole depth
Worm gears

Definition

The radial height of a gear tooth above the pitch circle.

A section through a gear in a lengthwise direction that contains the axis of the gear.

Gears with teeth on the outside of a conical-shaped body (normally used on 90° axes).

The circular distance from a point on one gear tooth to a like point on the next tooth, taken along the pitch circle. Two gears must
have the same circular pitch to mesh with each other. As they mesh, their circles will be tangent to one another.

The radial height of a gear tooth below the pitch circle.

A measure of tooth size in the English system. In units, it is the number of teeth per inch of pitch diameter. As the tooth size
increases, the diametral pitch decreases. Diametral pitches usually range from 25 to 1.

Gears with teeth on the outside of a cylinder.

Gears with teeth on the end of the cylinder.

A geometric shape that has teeth uniformly spaced around the circumference. In general, a gear is made to mesh its teeth with
another gear. (A sprocket looks like a gear but is intended to drive a chain instead of another gear.)

Gears with teeth that spiral around the body of the gear.

The inclination of the tooth in a lengthwise direction. (If the helix angle is 0°, the tooth is parallel to the axis of the gear—and is
really a spur-gear tooth.)

Gears with teeth on the inside of a hollow cylinder. (The mating gear for an internal gear must be an external gear.)

A measure of tooth size in the metric system. In units, it is millimeters of pitch diameter per tooth. As the tooth size increases, the
module also increases. Modules usually range from 1 to 25.

A section through the gear that is perpendicular to the tooth at the pitch circle. (For spur gears, a normal section is also a transverse
section.)

When two gears mesh together, the smaller of the two is called the pinion. The larger is called the gear.

The diameter of the pitch circle of a gear.

The slope of the gear tooth at the pitch-circle position. (If the pressure angle iswere 0°, the tooth is parallel to the axis of the
gear—and is really a spur-gear tooth.)

Ratio is an abbreviation for gear-tooth ratio, which is the number of teeth on the gear divided by the number of teeth on its mating
pinion.

A family of gears in which the tooth design is in an intermediate zone between bevel-, worm-, and face-gear designs. The Spiroid
design is patented by the Spiroid Division of lllinois Tool Works, Chicago, Illinois.

Gears with teeth straight and parallel to the axis of rotation.

A section through a gear perpendicular to the axis of the gear.

The total radial height of a gear tooth (whole depth = addendum + dedendum).

Gearsets in which one member of the pair has teeth wrapped around a cylindrical body like screw threads. (Normally this gear, called
the worm, has its axis at 90° to the worm-gear axis.)

Note: For terms relating to gear materials, see Chapter 4. For terms relating to gear manufacture, see Chapter 5. For terms relating to the speci cs of gear
design and rating, see Chapters 2 and 3. For a simple introduction to gears, see Chapter 2, Section 2.1.

Metal forming is more and more widely used as a means of
making small gear parts. Pinions and gears with small num-
bers of teeth may be cut from rod stock with cold-drawn or
extruded teeth already formed in the rod. Figure 1.2 shows
some rods with cold-drawn teeth. Small worms may have
cold-rolled threads. The forming operations tend to produce
parts with very smooth, work-hardened surfaces. This feature
is important in many devices where the friction losses in the
gearing tend to be the main factor in the power consumption
of the device.

Figure 1.3 shows an assortment of stamped and molded
gears used in small mechanisms.

1.1.2 ArpLIANCE GEARS

Home appliances such as washing machines, food mix-
ers, and fans use large numbers of small gears. Because of

competition, these gears must be made for only a relatively
few cents apiece. Yet they must be quiet enough to suit a dis-
criminating homemaker and must be able to endure for many
years with little or no more lubrication than that given to them
at the factory.

Medium-carbon-steel gears nished by conventional cut-
ting used to be the standard in this eld. Cut gears are still in
widespread use, but the cutting is often done by high-speed
automatic machinery. The worker on the cutting machine
does little more than bring up trays of blanks and take away
trays of nished parts.

Modern appliances are making more and more use of gears
other than cut steel gears. Figure 1.4 shows some sintered-iron
gears from an automatic washer. Sintered-iron gears are very
inexpensive (in large quantities), run quietly, and frequently
wear less than comparable cut gears. The sintered metal is
porous and may be impregnated with a lubricant. It may also
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TABLE 1.2
Gear Terms, Symbols, and Units, Chapter 1
Metric English
Term Symbol Unit Symbol Unit First Reference or Definition
Module m mm - - Equation 1.