
MECHANISMS AND 
MECHANICAL DEVICES

SOURCEBOOK

Fourth Edition

NEIL SCLATER
NICHOLAS P. CHIRONIS

McGraw-Hill
New York • Chicago • San Francisco • Lisbon • London • Madrid

Mexico City • Milan • New Delhi • San Juan • Seoul
Singapore • Sydney • Toronto

Abbott Ex. 1015 - 1/29



Copyright © 2007, 2001, 1996, 1991 by The McGraw-Hill Companies, Inc. All rights
reserved. Printed in the United States of America. Except as permitted under the United
States Copyright Act of 1976, no part of this publication may be reproduced or dis-
tributed in any form or by any means, or stored in a data base or retrieval system, with-
out the prior written permission of the publisher.

1 2 3 4 5 6 7 8 9 0 BKM/BKM 0 1 2 1 0 9 8 7 6

ISBN-13: 978-0-07-146761-2
ISBN-10: 0-07-146761-0

The sponsoring editor for this book was Larry S. Hager and the production 
supervisor was Pamela A. Pelton. It was set in Times by International Typesetting 
and Composition. The art director for the cover was Anthony Landi.

Printed and bound by BookMart Press.

This book is printed on acid-free paper.

McGraw-Hill books are available at special quantity discounts to use as premiums and
sales promotions, or for use in corporate training programs. For more information, please
write to the Director of Special Sales, McGraw-Hill Professional, Two Penn Plaza, New
York, NY 10121-2298. Or contact your local bookstore.

Information contained in this work has been obtained by The McGraw-Hill
Companies, Inc. (“McGraw-Hill”) from sources believed to be reliable. However, 
neither McGraw-Hill nor its authors guarantee the accuracy or completeness of any
information published herein, and neither McGraw-Hill nor its authors shall be
responsible for any errors, omissions, or damages arising out of use of this information.
This work is published with the understanding that McGraw-Hill and its authors
are supplying information but are not attempting to render engineering or other
professional services. If such services are required, the assistance of an appropriate
professional should be sought.

Abbott Ex. 1015 - 2/29



PREFACE
This is the fourth edition of Mechanisms and Mechanical Devices Sourcebook, a well-
illustrated reference book containing a wide range of information on both classical and
modern mechanisms and mechanical devices. This edition contains three new chapters:
one on basic mechanisms; the second on mobile robots; and the third on new directions
in mechanical engineering. The chapter on basic mechanisms provides an overview of
the physical principles of mechanics; the chapter on mobile robots examines existing sci-
entific and military mobile robots and the scientific and engineering research in advanced
robotics; the chapter on new directions in mechanical engineering reviews the present
status and future prospects for microtechnology, highlighting progress in and acceptance
of microelectromechanical systems (MEMS). Also included in the chapter are articles on
nanotechnology, focused on the role mechanical engineers are playing in this burgeoning
science. The field of nanotechnology now involves several branches of engineering as
well as the physical, chemical, biological, and medical sciences. A previous section on
rapid prototyping has been updated and upgraded as a separate chapter. 

This edition contains a large core of archival drawings and text describing and illus-
trating proven mechanisms and mechanical devices carried over from previous editions.
This core has been reorganized to make topics of interest to readers easier to find. Some
previously published pages were deleted because their content was deemed to be of lit-
tle value in future designs, and some figures have been redrawn to make them easier to
understand. An extensive and comprehensive index has been provided to make this core
a valuable reference resource for engineers, designers, inventors, students, hobbyists, and
all enthusiasts for things mechanical. The 11 chapters in this core illustrate practical
design solutions that can be recycled into new products.

The first edition of this book, published in 1991, did not mention the influence of elec-
tronics and computer science on mechanical engineering and mechanical design. However,
since that time a sea change has occurred in the practice of mechanical engineering; today
it is difficult to find any contemporary mechanical system or appliance that does not in
some way include electronic components or circuits that improve its performance, simplify
its operation, or provide for additional safety features. Those components might be as sim-
ple as solid-state rectifiers or light-emitting diodes (LEDs) or as complex as microproces-
sor-based modules that permit the product or system to operate autonomously.

The chapter on basic mechanisms provides the reader with a useful introduction to
much of the content of this book; it will also serve as a refresher tutorial for those who
have studied mechanical principles in the past and want to get up to speed on the funda-
mentals again. Topics covered include the inclined plane, screw jack, levers, linkages,
gears, cams, and clutches. A previous tutorial chapter on motion control systems that
contained illustrations and text describing control schemes and key components has been
retained, and a former chapter on industrial robots has been revised and updated with
new illustrations and specifications for some of the latest industrial robots. The new
chapter on mobile robots extends the book’s coverage of robotics and points out their
growing economic and technical importance in scientific exploration and research as well
as military missions and emergency services.

The new chapter on rapid prototyping discusses the emerging leaders in the field and
reports on the trends: increasing popularity of 3-D plastic, paper, and wax models for
engineering and design evaluation, and the extrapolation of existing technologies into the
fabrication of functional metal and ceramic products. Replacement metal parts for older
out-of-production machines are now being made rapidly and cost-effectively by elimi-
nating the high cost and time delay involved in remaking the metal or ceramic dies or
casting molds used in mass-production manufacturing.

The earlier articles on MEMS have been revised by reporting on the new develop-
ments and significant gains in the complexity of those devices; some MEMS are now
being produced in large commercial volumes in established markets. The choices in
material alternatives to silicon are discussed, and new microphotographs show more
sophisticated multilayer devices.

The impact of electronic controls and communications circuits on mechanical engi-
neering is nowhere more evident than on the latest motor vehicles. Microprocessors and
electronics abound: they now control the engines and transmissions in all kinds of motor
vehicles, and they have improved vehicle performance and fuel efficiency. Vehicular
safety has also been improved by electronically deployed air-bags, antilock braking
(ABS), stability or skid control (ESC), traction control (TC), and tire-pressure monitor-
ing. Communication systems summon aid for drivers involved in accidents or break-
downs, and onboard navigation systems now provide map displays of streets to guide
drivers.    

xiii
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With the exception of illustrations generously contributed by corporations, and gov-
ernment laboratories (see Acknowledgments), all of the figures in the tutorial Chapters 1
to 4 and 18 and 19 were drawn by this author on a Dell personal computer with software
included in the Microsoft Windows XP package. Also, the five illustrations on the front
cover of this book were derived from selected figures in those chapters.  

Much of the archival core in this edition was first collected from a variety of published
sources by Douglas C. Greenwood, then an editor of Product Engineering magazine; it
first appeared in three volumes published by McGraw-Hill between 1959 and 1964.
Nicholas Chironis edited and reorganized much of this content and supplemented it with
contemporary technical articles to form the first edition of this book. In subsequent edi-
tions this core has been reorganized and new material has been added. References to man-
ufacturers or publications that no longer exist have since been deleted because they are no
longer valid sources for further information. The terms devices and mechanisms used to
describe objects in the core pages have been used interchangeably and only some of them
have been changed. However, the comprehensive index accounts for these differences in
designation. The names of the inventors of these mechanisms and devices have been
retained so that readers can research the status of any patents once held by them.

—Neil Sclater

xiv
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290

FOUR COUPLINGS FOR PARALLEL SHAFTS

Fig. 2 This coupling consists of two universal joints and a short
shaft. Velocity transmission is constant between the input and output
shafts if the shafts remain parallel and if the end yokes are arranged
symmetrically. The velocity of the central shaft fluctuates during rota-
tion, but high speed and wide angles can cause vibration. The shaft
offset can be varied, but axial freedom requires that one shaft be
spline mounted.

Fig. 3 This crossed-axis yoke coupling is a variation of the mecha-
nism shown in Fig. 2. Each shaft has a yoke connected so that it can
slide along the arms of a rigid cross member. Transmission is at a
constant velocity, but the shafts must remain parallel, although the
offset can vary. There is no axial freedom. The central cross member
describes a circle and is thus subjected to centrifugal loads.

Fig. 4 This Oldham coupling provides motion at a constant velocity
as its central member describes a circle. The shaft offset can vary,
but the shafts must remain parallel. A small amount of axial freedom
is possible. A tilt in the central member can occur because of the off-
set of the slots. This can be eliminated by enlarging its diameter and
milling the slots in the same transverse plane.

Fig. 1 One method of coupling shafts makes use of gears that can
replace chains, pulleys, and friction drives. Its major limitation is the
need for adequate center distance. However, an idler can be used for
close centers, as shown. This can be a plain pinion or an internal gear.
Transmission is at a constant velocity and there is axial freedom.

Abbott Ex. 1015 - 12/29



An unorthodox yet remarkably simple
arrangement of links and disks forms the
basis of a versatile parallel-shaft cou-
pling. This coupling—essentially three
disks rotating in unison and interconnected
in series by six links (se drawing)—can
adapt to wide variations in axial dis-
placement while it is running under load. 

Changes in radial displacement do not
affect the constant-velocity relationship
between the input and output shafts, nor
do they affect initial radial reaction
forces that might cause imbalance in the
system. Those features open up unusual
applications for it in automotive, marine,
machine-tool, and rolling-mill machin-
ery (see drawings). 

How it works. The inventor of the cou-
pling, Richard Schmidt of Madison,
Alabama, said that a similar link arrange-
ment had been known to some German
engineers for years. But those engineers
were discouraged from applying the the-
ory because they erroneously assumed
that the center disk had to be retained by
its own bearing. Actually, Schmidt found
that the center disk is free to assume its
own center of rotation. In operation, all
three disks rotate with equal velocity. 

The bearing-mounted connections of
links to disks are equally spaced at 120º
on pitch circles of the same diameter.
The distance between shafts can be var-
ied steplessly between zero (when the
shafts are in line) and a maximum that is
twice the length of the links (see draw-
ings.) There is no phase shift between
shafts while the coupling is undulating.

291

LINKS AND DISKS COUPLE OFFSET SHAFTS

Parallel-link connections between disks
(see upper drawing) exactly duplicate the
motion between the input and output
shafts—the basis of this principle in cou-
pling. The lower diagrams show three posi-
tions of the links as one shaft is shifted with
respect to the other shaft in the system.

Torque transmitted by three links in the group
adds up to a constant value, regardless of the
angle of rotation.
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A unique disk-and-link coupling that can
handle large axial displacement between
shafts, while the shafts are running under
load, has opened up new approaches to
transmission design. It was developed by
Richard Schmidt of Madison, Alabama. 

The coupling (drawing, upper right)
maintains a constant transmission ratio
between input and output shafts while
the shafts undergo axial shifts in their rel-
ative positions. This permits gear-and-
belt transmissions to be designed that
need fewer gears and pulleys. 

Half as many gears. In the internal-
gear transmission shown, a Schmidt

292

The parallelgram-type coupling
(above) introduces versatility to a
gear-transmission design (left) by
permitting both the input and output
to clutch in directly to any of the six
power gears.

DISK-AND-LINK COUPLINGS SIMPLIFY 
TORQUE TRANSMISSION

coupling on the input side permits the
input to be plugged in directly to any one
of six gears, all of which are in mesh
with the internal gear wheel. 

On the output side, after the power
flows through the gear wheel, a second
Schmidt coupling permits a direct power
takeoff from any of the same six gears.
Thus, any one of 6 � 6 minus 5 or 31 dif-
ferent speed ratios can be selected while
the unit is running. A more orthodox design
would require almost twice as many gears. 

Powerful pump. In the worm-type
pump (bottom left), as the input shaft
rotates clockwise, the worm rotor is

forced to roll around the inside of the
gear housing, which has a helical groove
running from end to end. Thus, the rotor
center-line will rotate counterclockwise
to produce a powerful pumping action
for moving heavy liquids.

In the belt drive (bottom right), the
Schmidt coupling permits the belt to be
shifted to a different bottom pulley while
remaining on the same top pulley. Normally,
because of the constant belt length, the
top pulley would have to be shifted too,
to provide a choice of only three output
speeds. With this arrangement, nine dif-
ferent output speeds can be obtained. 

The coupling allows a helically-shaped rotor to oscillate for pumping purposes. This coupling takes up slack when the bottom shifts.
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A concept in flexible drive-shaft cou-
plings permits unusually large degrees of
misalignment and axial motion during
the transmission of high amounts of
torque. Moreover, the rotational velocity
of the driven member remains constant
during transmission at angular misalign-
ments; in other words, cyclic pulsations
are not induced as they would be if, say,
a universal coupling or a Hooke’s joint
were employed. 

The coupling consists essentially of a
series of square space-frames, each bent
to provide offsets at the diagonals and
each bolted to adjacent members at alter-
nate diagonals. The concept was invented
by Robert B. Bossler, Jr. He was granted
U.S. Patent No. 3,177,684.

Couplings accommodate the
inevitable misalignments between rotat-
ing shafts in a driven train. These mis-
alignments are caused by imperfect parts,
dimensional variations, temperature
changes, and deflections of the support-
ing structures. The couplings accommo-
date misalignment either with moving
contacts or by flexing.

Most couplings, however, have parts
with moving contacts that require lubri-
cation and maintenance. The rubbing
parts also absorb power. Moreover, the
lubricant and the seals limit the coupling
environment and coupling life. Parts
wear out, and the coupling can develop a
large resistance to movement as the parts
deteriorate. Then, too, in many designs,
the coupling does not provide true con-
stant velocity.

For flexibility. Bossler studied the var-
ious types of couplings n the market and
first developed a new one with a moving
contact. After exhaustive tests, he
became convinced that if there were to be
the improvements he wanted, he had to
design a coupling that flexed without any
sliding or rubbing. 

Flexible-coupling behavior, however,
is not without design problems. Any flex-
ible coupling can be proportioned with
strong, thick, stiff members that easily
transmit a design torque and provide the
stiffness to operate at design speed.
However, misalignment requires flexing
of these members. The flexing produces
alternating stresses that can limit cou-
pling life. The greater the strength and
stiffness of a member, the higher the
alternating stress from a given misalign-
ment. Therefore, strength and stiffness
provisions that transmit torque at speed
will be detrimental to misalignment
accommodation capability.

The design problem is to proportion
the flexible coupling to accomplish
torque transmission and overcome mis-
alignment for the lowest system cost.
Bossler looked at a drive shaft, a good
example of power transmission—and
wondered how he could convert it into
one with flexibility. 

He began to evolve it by following
basic principles. How does a drive shaft
transmit torque? By tension and com-
pression. He began paring it down to the
important struts that could transmit
torque and found that they are curved
beams. But a curved beam in tension and
compression is not as strong as a straight
beam. He ended up with the beams
straight in a square space-frame with
what might be called a double helix
arrangement. One helix contained ele-
ments in compression; the other helix
contained elements in tension.

Flattening the helix. The total number
of plates should be an even number to
obtain constant velocity characteristics
during misalignment. But even with an
odd number, the cyclic speed variations
are minute, not nearly the magnitude of
those in a Hooke’s joint. 

Although the analysis and resulting
equations developed by Bossler are

293

INTERLOCKING SPACE-FRAMES FLEX AS THEY
TRANSMIT SHAFT TORQUE

This coupling tolerates unusually high
degrees of misalignment, with no variation 
in the high torque that’s being taken from 
the shaft.

based on a square-shaped unit, he con-
cluded that the perfect square is not the
ideal for the coupling, because of the
position of the mounting holes. The flat-
ter the helix—in other words the smaller
the distance S—the more misalignment
the coupling will tolerate.

Hence, Bossler began making the
space-frames slightly rectangular instead
of square. In this design, the bolt-heads
that fasten the plates together are offset
from adjoining pairs, providing enough
clearance for the design of a “flatter”
helix. The difference in stresses between
a coupling with square-shaped plates and
one with slightly rectangular plates is so
insignificant that the square-shape equa-
tions can be employed with confidence. 

Design equations. By making a few
key assumptions and approximations,
Bossler boiled the complex analytical
relationships down to a series of straight-
forward design equations and charts. The
derivation of the equations and the result-
ing verification from tests are given in
the NASA report The Bossler Coupling,
CR-1241.

Torque capacity. The ultimate torque
capacity of the coupling before buckling
that might occur in one of the space-
frame struts under compression is given
by Eq. 1. The designer usually knows or
establishes the maximum continuous
torque that the coupling must transmit.
Then he must allow for possible shock
loads and overloads. Thus, the clutch
should be designed to have an ultimate
torque capacity that is at least twice as
much, and perhaps three times as much,
as the expected continuous torque,
according to Bossler. 

Induced stress. At first glance, Eq. 1
seems to allow a lot of leeway in select-
ing the clutch size. The torque capacity
is easily boosted, for example, by picking
a smaller bolt-circle diameter, d, which
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Design equations for the Bossler coupling

Ultimate torque capacity 

(1)

Maximum stress per degree of misalignment.

(2) �max � 0.0276 Et/L 

Minimum thickness to meet required torque strength

(3)

Weight of coupling with minimum-thickness plates 

(4)

Maximum permissible misalignment 

(5)

Maximum permissible misalignment (simplified) 

(6)

Maximum permissible offset-angle 

(7)

Maximum permissible offset-angle (simplified) 

(8) b/d �
10.9C
T1/3n0.3

 where:  a
x� n

x� 1

c1 � (x � 1)
S
S1

d 2

b � 54.7 c bd2

TE2d
1/3 seC

n0.3

u/d � 10.9
n0.7

T1/3

umax � 54.7 c bd2

TE2d
1/3

sc n0.7

 W � 1.249 w aT
Eb 1/3

d4/3 b2/3 n1.3

t � 0.4415 adT
bE

b 1/3

 n0.3

T � 11.62
Ebt3

dn0.9

Critical speed frequency 

(9)

List of symbols 

b �Width of an element 
d � Diameter at the bold circle
E � Modulus of elasticity
f � First critical speed, rpm 
l � Flatwise moment of inertia of an element � bt3/12
k � Spring constant for single degree of freedom
L � Effective length of an element. This concept is required

because joint details tend to stiffen the ends of the 
elements. L � 0.667 d is recommended 

M �Mass of center shaft plus mass of one coupling with 
fasteners

n � Number of plates in each coupling
S � Offset distance by which a plate out of plane 
t � Thickness of an element

T � Torque applied to coupling, useful ultimate, usually
taken as lowest critical buckling torque

w �Weight per unit volume
W � Total weight of plates in a coupling

(El)e� Flexural stiffness, the moment that causes one radian of
flexural angle change per unit length of coupling

� � Equivalent angle change at each coupling during paral-
lel offset misalignment, deg 

� � Total angular misalignment, deg 
�c � Characteristic that limits stress for the material: yield

stress for static performance, endurance limit stress for
fatigue performance 

 where: k �
24(El)e

(nS)3  and (El)e � 0.886Ebt3S/L

 f �
60
2p

a k
Mb 1/2
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makes the clutch smaller, or by making
the plates thicker. But either solution
would also make the clutch stiffer, hence
would restrict the misalignment permitted
before the clutch becomes over- stressed.
The stress-misalignment relationship is
given in Eq. 2, which shows the maximum
flat-wise bending stress produced when a
plate is misaligned 1� and is then rotated
to transmit torque.

Plate thickness. For optimum mis-
alignment capability, the plates should be
selected with the least thickness that will
provide the required torque strength. To
determine the minimum thickness,
Bossler found it expedient to rearrange
Eq. 1 into the form shown in Eq. 3. The
weight of any coupling designed in
accordance to the minimum-thickness
equation can be determined from Eq. 4. 

Maximum misalignment. Angular
misalignment occurs when the center-
lines of the input and output shafts inter-
sect at some angle—the angle of mis-
alignment. When the characteristic limiting

stress is known for the material selected—
and for the coupling’s dimensions—the
maximum allowable angle of misalign-
ment can be computed from Eq. 5. 

If this allowance is not satisfactory, the
designer might have to juggle the size
factors by, say, adding more plates to the
unit. To simplify eq. 5, Bossler made
some assumptions in the ratio of
endurance limit to modulus and in the
ratio of dsb to obtain Eq. 6. 

Parallel offset. This condition exists
when the input and output shafts remain
parallel but are displaced laterally. As
with Eq. 6, Eq. 7 is a performance equa-
tion and can be reduced to design curves.
Bossler obtained Eq. 8 by making the
same assumptions as in the previous
case.

Critical speed. Because of the noncir-
cular configurations of the coupling, it is
important that the operating speed of the
unit be higher than its critical speed. It
should not only be higher but also should
avoid an integer relationship.
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COUPLING WITH OFF-CENTER PINS CONNECTS 
MISALIGNED SHAFTS

Two Hungarian engineers developed an
all-metal coupling (see drawing) for con-
necting shafts where alignment is not
exact—that is, where the degree of mis-
alignment does not exceed the magnitude
of the shaft radius.

The coupling is applied to shafts that
are being connected for either high-
torque or high-speed operation and that
must operate at maximum efficiency.
Knuckle joints are too expensive, and
they have too much play; elastic joints
are too vulnerable to the influences of
high loads and vibrations.

How it’s made. In essence, the cou-
pling consists of two disks, each keyed

Eccentrically bored bearings rotate to
make up for misalignment between shafts.

Bossler worked out a handy relation-
ship for critical speed (Eq. 9) that
employs a somewhat idealized value for
the spring constant k. 

Bossler also made other recommen-
dations where weight reduction is vital:

• Size of plates. Use the largest d con-
sistent with envelope and centrifugal
force loading. Usually, centrifugal
force loading will not be a problem
below 300 ft/s tip speed.

• Number of plates. Pick the least n
consistent with the required perfor-
mance.

• Thickness of plates. Select the
smallest t consistent with the
required ultimate torque. 

• Joint details. Be conservative; use
high-strength tension fasteners with
high preload. Provide fretting protec-
tion. Make element centerlines and
bolt centerlines intersect at a point. 

• Offset distance. Use the smallest S
consistent with clearance. 

to a splined shaft. One disk bears four
fixed-mounted steel studs at equal
spacing; the other disk has large-diam-
eter holes drilled at points facing the
studs.

Each large hole is fitted with a bearing
that rotates freely inside it on rollers or
needles. The bore of the bearings, how-
ever, is off-center. The amount of eccen-
tricity of the bearing bore is identical to
the deviation of the two shaft center
lines.

In operation, input and output shafts
can be misaligned, yet they still rotate
with the same angular relationship they
would have if perfectly aligned. 
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A universal joint that transmits power at
constant speeds through angles up to 45º
was designed by Malton Miller of
Minnesota.

Models of the true-speed drive that
can transmit up to 20 hp have been
developed. 

It had not been possible to transmit
power at constant speeds with only one
universal joint. Engineers had to specify
an intermediate shaft between two
Hooke’s joints or use a Rzappa-type joint
to get the desired effect. 

Ball-and-socket. Basically, the True-
Speed joint is a system of ball-and-socket
connections with large contact areas (low
unit pressure) to transmit torsional forces
across the joint. This arrangement mini-
mizes problems when high bearing pres-
sures build up against running surfaces.
The low-friction bearings also increase
efficiency. The joint is balanced to keep
vibration at high speeds to a minimum.

The joint consists of driving and driven
halves. Each half has a coupling sleeve at
its end of the driveshaft, a pair of driving

arms opposite each other and pivoted on a
cross pin that extends through the cou-
pling sleeve, and a ball-and-socket cou-
pling at the end of each driving arm. 

As the joint rotates, angular flexure in
one plane of the joint is accommodated
by the swiveling of the all-and-socket
couplings and, in the 90º plane, by the
oscillation of the driving arms about the
transverse pin. As rotation occurs, tor-
sion is transmitted from one half of the
joint to the other half through the swivel-
ing ball-and-socket couplings and the
oscillating driving arms. 

Balancing. Each half of the joint, in
effect, rotates about its own center shaft,
so each half is considered separate for
balancing. The center ball-and-socket
coupling serves only to align and secure
the intersection point of the two shafts. It
does not transmit any forces to the entire
drive unit. 

Balancing for rotation is achieved
by equalizing the weight of the two
driving arms of each half of the joint.
Balancing the acceleration forces due
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UNIVERSAL JOINT TRANSMITS TORQUE 45° 
AT CONSTANT SPEED

A novel arrangement of pivots and ball-socket joints transmits uniform motion.

An earlier version for angled shafts
required spring-loaded sliding rods.

to the oscillation of the ball-and-socket
couplings, which are offset from their
swiveling axes, is achieved by the use
of counterweights extending from the
opposite side of each driving arm.

The outer ball-and-socket couplings
work in two planes of motion, swiveling
widely in the plane perpendicular to the
main shaft and swiveling slightly about
the transverse pin in the plane parallel to
the main shaft. In this coupling configu-
ration, the angular displacement of the
driving shaft is exactly duplicated in the
driven shaft, providing constant rotational
velocity and constant torque at all shaft
intersection angles.

Bearings. The only bearing parts are
the ball-and-socket couplings and the
driving arms on the transverse pins.
Needle bearings support the driving arms
on the transverse pin, which is hardened
and ground. A high-pressure grease
lubricant coats the bearing surfaces of
the ball-and-socket couplings. Under
maximum rated loadings of 600 psi on
the ball-and-socket surfaces, there is no
appreciable heating or power loss due to
friction.

Capabilities. Units have been laboratory-
tested at all rated angles of drive under
dynamometer loadings. Although the
first available units were for smaller
capacities, a unit designed for 20 hp at
550 rpm, suitable for tractor power take-
off drive, has been tested. 

Similar couplings have been designed
as pump couplings. But the True-Speed
drive differs in that the speed and transfer
elements are positive. With the pump
coupling, on the other hand, the speed
might fluctuate because of spring
bounce.
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Hooke’s Joints 

The commonest form of a universal coupling is a Hooke’s joint.
It can transmit torque efficiently up to a maximum shaft align-
ment angle of about 36°. At slow speeds, on hand-operated
mechanisms, the permissible angle can reach 45°. The simplest
arrangement for a Hooke’s joint is two forked shaft-ends coupled
by a cross-shaped piece. There are many variations and a few of
them are included here. 

Constant-Velocity Couplings

The disadvantages of a single Hooke’s joint is that the velocity of
the driven shaft varies. Its maximum velocity can be found by
multiplying driving-shaft speed by the secant of the shaft angle;
for minimum speed, multiply by the cosine. An example of speed
variation: a driving shaft rotates at 100 rpm; the angle between the
shafts is 20°. The minimum output is 100 � 0.9397, which equals
93.9 rpm; the maximum output is 1.0642 � 100, or 106.4 rpm.
Thus, the difference is 12.43 rpm. When output speed is high, out-
put torque is low, and vice versa. This is an objectionable feature
in some mechanisms. However, two universal joints connected by
an intermediate shaft solve this speed-torque objection. 
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TEN UNIVERSAL SHAFT COUPLINGS 

Fig. 1 The Hooke’s joint can transmit heavy loads. Anti-friction
bearings are a refinement often used.

Fig. 4 A pinned-sleeve shaft-coupling is fastened to one shaft
that engages the forked, spherical end on the other shaft to pro-
vide a joint which also allows for axial shaft movement. In this
example, however, the angle between shafts must be small. Also,
the joint is only suitable for low torques.

Fig. 2 A pinned sphere shaft coupling replaces a cross-piece.
The result is a more compact joint.

Fig. 3 A grooved-sphere joint is a modification of a pinned
sphere. Torques on fastening sleeves are bent over the sphere on
the assembly. Greater sliding contact of the torques in grooves
makes simple lubrication essential at high torques and alignment
angles.

Fig. 5 A constant-velocity joint is made by coupling two
Hooke’s joints. They must have equal input and output angles to
work correctly. Also, the forks must be assembled so that they will
always be in the same plane. The shaft-alignment angle can be
double that for a single joint.
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This single constant-velocity coupling is based on the principle
(Fig. 6) that the contact point of the two members must always lie on
the homokinetic plane. Their rotation speed will then always be equal
because the radius to the contact point of each member will always
be equal. Such simple couplings are ideal for toys, instruments, and
other light-duty mechanisms. For heavy duty, such as the front-wheel
drives of military vehicles, a more complex coupling is shown 

diagrammatically in Fig. 7A. It has two joints close-coupled with a
sliding member between them. The exploded view (Fig. 7B) shows
these members. There are other designs for heavy-duty universal
couplings; one, known as the Rzeppa, consists of a cage that keeps
six balls in the homokinetic plane at all times. Another constant-
velocity joint, the Bendix-Weiss, also incorporates balls.

298

Fig. 6 

Fig. 8 This flexible shaft permits any shaft angle.
These shafts, if long, should be supported to prevent
backlash and coiling.

Fig. 7 

Fig. 9 This pump-type coupling has the reciprocating action of
sliding rods that can drive pistons in cylinders.

Fig. 10 This light-duty coupling is ideal for many simple, low-cost
mechanisms. The sliding swivel-rod must be kept well lubricated at
all times.
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NINETEEN METHODS FOR COUPLING 
ROTATING SHAFTS 

Methods for coupling rotating shafts vary from simple bolted
flange assembles to complex spring and synthetic rubber
assembles. Those including chain belts, splines, bands, and
rollers are shown here.
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Nineteen Methods for Coupling Rotating Shafts (continued)
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Nineteen Methods for Coupling Rotating Shafts (continued)
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FIVE DIFFERENT PIN-AND-LINK COUPLINGS

Fig. 2 This parallel-crank coupling drives the overhead camshaft
on engines. Each shaft has at lest two cranks connected by links.
Each must have full symmetry for constant velocity action and to
avoid dead points. By attaching ball joints at the ends of the links,
displacement between the crank assembles is possible.

Fig. 1 If constant velocity is not required, a pin and slot coupling
can be used. Velocity transmission is irregular because the effective
radius of operation is continually changing. The shafts must remain
parallel unless a ball joint is placed between the slot and pin. Axial
freedom is possible, but any change in the shaft offset will further
affect the fluctuation of velocity transmission.

Fig. 5 An unusual development in pin coupling is
shown. A large number of pins engages the lenticular or
shield-shaped sections formed from segments of theo-
retical large pins. The axes forming the lenticular sec-
tions are struck from the pith points of the coupling, and
the distance R 	 r is equal to the eccentricity between
the shaft centers. Velocity transmission is constant; axial
freedom is possible, but the shafts must remain parallel.

Fig. 3 This coupling is kinematically equivalent to Fig. 2. It can be
made by substituting two circular and contacting pins for each link.
Each shaft has a disk carrying three or more projecting pins. The
sum of the radii of the pins is equal to the eccentricity of offset of the
shafts. The center lines between each pair of pins remain parallel as
the coupling rotates. The pins need not have equal diameters.
Transmission is at a constant velocity, and axial freedom is possible.

Fig. 4 This coupling is similar to the coupling shown in Fig. 3.
However, holes replace one set of pins. The difference in radii is
equal to the eccentricity or offset. Velocity transmission is constant;
axial freedom is possible, but as in Fig. 3, the shaft axes must
remain fixed. This type of coupling can be installed in epicyclic
reduction gear boxes.
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TEN DIFFERENT SPLINED CONNECTIONS

CYLINDRICAL SPLINES    

1. SQUARE SPLINES make simple connections. They
are used mainly for transmitting light loads, where
accurate positioning is not critical. This spline is com-
monly used on machine tools; a cap screw is required to
hold the enveloping member.

2. SERRATIONS of small size are used mostly for transmitting light
loads. This shaft forced into a hole of softer material makes an inex-
pensive connection. Originally straight-sided and limited to small
pitches, 45º serrations have been standardized (SAE) with large pitches
up to 10 in. dia. For tight fits, the serrations are tapered.

3. STRAIGHT-SIDED splines have been widely used in the auto-
motive field. Such splines are often used for sliding members.
The sharp corner at the root limits the torque capacity to pres-
sures of approximately 1,000 psi on the spline projected area. For
different applications, tooth height is altered, as shown in the
table above.

4. MACHINE-TOOL splines have wide gaps between splines
to permit accurate cylindrical grinding of the lands—for pre-
cise positioning. Internal parts can be ground readily so that
they will fit closely with the lands of the external member.

5. INVOLUTE-FORM splines are used where high loads are to
be transmitted. Tooth proportions are based on a 30º stub tooth
form. (A) Splined members can be positioned either by close fit-
ting major or minor diameters. (B) Use of the tooth width or side

positioning has the advantage of a full fillet radius at the roots.
Splines can be parallel or helical. Contact stresses of 4,000 psi
are used for accurate, hardened splines. The diametral pitch
shown is the ratio of teeth to the pitch diameter.
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FACE SPLINES     
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6. SPECIAL INVOLUTE splines are made by using gear
tooth proportions. With full depth teeth, greater contact
area is possible. A compound pinion is shown made by
cropping the smaller pinion teeth and internally splining
the larger pinion.

7. TAPER-ROOT splines are for drivers that require positive
positioning. This method holds mating parts securely. With a 30º
involute stub tooth, this type is stronger than parallel root splines
and can be hobbed with a range of tapers.

8. MILLED SLOTS in hubs or shafts make inexpensive connections.
This spline is limited to moderate loads and requires a locking device
to maintain positive engagement. Apin and sleeve method is used for
light torques and where accurate positioning is not required. 9. RADIAL SERRATIONS made by milling or shap-

ing the teeth form simple connections. (A) Tooth
proportions decrease radially. (B) Teeth can be
straight-sided (castellated) or inclined; a 90º angle is
common.

10. CURVIC COUPLING teeth are machined by a face-mill cut-
ter. When hardened parts are used that require accurate position-
ing, the teeth can be ground. (A) This process produces teeth
with uniform depth. They can be cut at any pressure angle,

although 30º is most common. (B) Due to the cutting action, the
shape of the teeth will be concave (hour-glass) on one member
and convex on the other—the member with which it will be
assembled.
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FOURTEEN WAYS TO FASTEN HUBS TO SHAFTS

Fig. 1 A cup-point setscrew in hub (A) bears against a flat on a
shaft. This fastening is suitable for fractional horsepower drives with
low shock loads but is unsuitable when frequent removal and assem-
bly are necessary. The key with setscrew (B) prevents shaft marring
from frequent removal and assembly.

It can withstand high shock loads. Two keys 120° apart (C) transmit
extra heavy loads. Straight or tapered pin (D) prevents end play. For
experimental setups an expanding pin is suitable yet easy to remove.
Taper pin (E) parallel to shaft might require a shoulder on the shaft. It
can be used when a gear or pulley has no hub.

Fig. 2 A tapered shaft with a key and threaded
end is a rigid concentric assembly. It is suitable
for heavy-duty applications, yet it can be easily
disassembled.

Fig. 3 A feather key (A) allows axial gear movement. A keyway must be milled to the
end of the shaft. For a blind keyway (B) the hub and key must be drilled and tapped, but
the design allows the gear to be mounted anywhere on the shaft with only a short keyway.

Fig. 4 Splined shafts are frequently used when a gear must slide.
Square splines can be ground to close minor diameter gaps, but
involute splines are self-centering and stronger. Non-sliding gears
can be pinned to the shaft if it is provided with a hub.
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Fig. 5 A retaining ring allows quick gear removal in light-load
applications. A shoulder on the shaft is necessary. A shear pin can
secure the gear to the shaft if protection against an excessive load is
required.

Fig. 7 Interlocking tapered rings hold the hub tightly to the shaft when the nut is tight-
ened. Coarse machining of the hub and shaft does not affect concentricity as in pinned and
keyed assemblies. A shoulder is required (A) for end-of-shaft mounting. End plates and four
bolts (B) allow the hub to be mounted anywhere on the shaft.

Fig. 8 This split bushing has a tapered outer diameter. Split holes
in the bushing align with split holes in the hub. For tightening, the
hub half of the hole is tapped, and the bushing half is un-tapped.
A screw pulls the bushing into the hub as it is tightened, and it is
removed by reversing the procedure.

Fig. 9 The split hub of a stock precision gear is clamped onto a
shaft with a separate hub clamp. Manufacturers list correctly dimen-
sioned hubs and clamps so that they can be efficiently fastened to a
precision-ground shaft.

Fig. 6 A stamped gear and formed wire shaft can be used in light-
duty application. Lugs stamped on both legs of the wire prevent dis-
assembly. The bend radii of the shaft should be small enough to
allow the gear to seat.

Abbott Ex. 1015 - 29/29




