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PREFACE

This is the fifth edition of a one-of-a-kind engineering reference book covering the past,
present, and future of mechanisms and mechanical devices. It includes clear illustrations
and straightforward descriptions of specific subjects rather than the theory and mathe-
matics found in most engineering textbooks. You will find that this book contains
hundreds of detailed line drawings that will hold your interest regardless of your back-
ground in mechanical engineering. The text accompanying the illustrations is intended
to help you to understand the basic concepts of subjects that may or may not be familiar
to you.

You will find drawings and illustrations that are simply interesting and informative
and perhaps others that could spur your creativity and prompt you to recycle them into
your new designs or redesigns. They may offer solutions you had not previously consid-
ered because they were not visible inside contemporary products unless the product is
disassembled. Solid state electronics and computer circuitry have displaced many earlier
mechanical solutions, no doubt improving product reliability and efficiency while reduc-
ing their price.

Nevertheless, many of those displaced mechanical components have lives of their own
and may very well turn up in other products in different form performing different func-
tions after undergoing dimensional and material transformations.

Classical, proven mechanisms and mechanical devices may seem to disappear only to
reappear in other forms and applications. Anyone who believes that all mechanisms will
be replaced by electronics need only examine the sophistication of the latest self-winding
mechanical watches, digital cameras, gyro-stabilized vehicles, and navigational systems.

This book illustrates the ongoing importance of classical mechanical devices as well as
the latest mechatronic devices formed by the merger between mechanics and electronics.
It is a must addition to your personal technical library, and it offers you a satisfying way
to “get up to speed” on new subjects or those you may have studied in the past but have
now faded from your memory. Moreover, it is hoped that this book will encourage you to
refresh your knowledge of these and other topics that interest you by accessing the many
related Web sites on the Internet.

What’s New in This Book?

This fifth edition contains three new chapters: Chapter 3, Stationary and Mobile Robots,
Chapter 4, Mechanisms for Renewable Power Generation, and Chapter 17, 3D Digital
Prototypes and Simulation. Chapter 18, Rapid Prototyping, has been updated and com-
pletely revised, and new articles have been added to Chapters 5 through 16 that make up
the archival core of the book. Five new articles have been added to Chapter 13, Motion-
Specific Devices, Mechanisms, and Machines, which is part of the archival core. Also, five
new articles have been added to Chapter 19, New Directions in Mechanical Engineering.

A Quick Overview of Some Chapters

Chapter 1 on basic mechanisms explains the physics of mechanisms including inclined
planes, jacks, levers, linkage, gears, pulleys, genevas, cams, and clutches—all compo-
nents in modern machines. A glossary of common mechanical terms is included.

Chapter 2 on motion control explains open- and closed-loop systems with diagrams
and text. Described and illustrated are the key mechanical, electromechanical, and elec-
tronic components that comprise modern automated robotic and mechatronic systems,
including actuators, encoders, servomotors, stepper motors, resolvers, solenoids, and
tachometers. It includes a glossary of motion control terms.

Chapter 3, a new discussion of robots, includes an overview of stationary industrial
robots and a wide range of mobile robots. Drawings and text explain the geometry of
industrial robots and leading specifications are given for four of the newest robots. Seven
mobile robots are described accompanied by their illustrations and leading specifications.
They operate on Mars, on Earth, in the air, and under the sea. Other articles describe
innovative NASA robots that climb, crawl, hop, and rappel down cliffs. In addition, a
glossary defines common robot terms.

Chapter 4, a new addition, describes the leading contenders for generating carbon-free
renewable power, which happen to be mechanical in nature. They are driven by the free
energy of the wind, sun, and natural water motion. Examples described and illustrated
include wind turbines and their farms, four different solar thermal farm concepts, and
proposed methods for tapping ocean tidal and wave energy. Both the upsides and down-
sides of these plants are stated. Attention is given to location, efficiency, public acceptance,

Xi
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backup power sources, and connections to the power grid. Included is a glossary of wind
turbine terms.

Chapter 17, also new, explains the features of the latest computer software making it
possible to design new or revise old products in 3D right on the computer screen, taking
advantage of features including the ability to manipulate, “slice and dice,” and re-
dimension the virtual model in a range of colors to finalize the design complete with
manufacturing data. Compatible simulation software permits a model to be subjected to
virtual mechanical and multiphysics stresses to verify its design and choice of materials
without the need to build a physical model for testing. Included in the chapter is a glossary
of CAD/CAE terms.

Chapter 18, an update of an earlier chapter on rapid prototyping, explains and illus-
trates innovations and new additions to the many commercial additive and subtractive
processes for building 3D solid prototypes. They are being made from soft or hard mate-
rials for “hands-on” evaluation. Some prototypes are just for display while others are
built to withstand laboratory stress testing. However, the newer applications include the
fabrication of replacement parts for older machines, specialized metal tools, and molds
for casting.

Chapter 19 is an update of a collection of articles discussing cutting-edge topics in
mechanical engineering. These include the latest developments in microelectromechani-
cal devices (MEMS) and progress in developing practical applications for the carbon
allotropes, nanotubes, and graphene in products ranging from transparent sheets, strong
fiber, cable, capacitors, batteries, springs, and transistors. Other topics include electron
microscopes for R&D and a proposed long-range Moon rover.

The central core of the book, Chapters 5 through 16, contains an encyclopedic col-
lection of archival drawings and descriptions of proven mechanisms and mechanical
devices. This revised collection is a valuable resource for engineers, designers, teachers,
and students as well as enthusiasts for all things mechanical. New entries describe a pre-
cision linear actuator, polygon connections, slip clutches, shape memory alloy latches,
and an energy exchanger for making desalination more efficient.

A complete Index makes it easy for readers to find all of the references to specific
mechanisms, mechanical devices, components, and systems mentioned in the book.

Engineering Choices to Examine

Renewable Energy versus Fossil Fuel for Power Generation

The chapter on renewable power generation discusses three of the most promising
mechanical methods for generating carbon-free, grid-compatible electric power. Wind
turbine farms and concentrating solar thermal (CST) plants are the most likely candidates
for government subsidies. These technologies are described and illustrated, and their
upsides and downsides are explained. Electricity can also be generated by ocean waves
and tides, but these technologies lag far behind wind and solar thermal plants.

The U.S. government is offering financial incentives for building electrical generating
plants fueled by renewable energy, primarily for reducing atmospheric carbon dioxide
(CO,) emissions, considered by some to be the principal source of manmade global
warming. The administration has set the goal of increasing the number of carbon-free,
non-hydro power plants from about 3 percent today to 20 percent by 2020. Wind and
solar thermal power plants have the best chance of meeting this goal, but many worry that
the building of these plants and eliminating many fossil-fueled plants could endanger the
utility industries’ efforts to meet the nation’s growing demand for low-cost, readily avail-
able electric power.

Renewable energy power sources are handicapped by the inability of the overbur-
dened power grid to transport electricity from remote parts of the country where most of
these installations will be located to metropolitan areas where electricity demand is highest.
When the wind dies or after sunset, these plants must be able to provide backup genera-
tion or energy storage to meet their power commitments to the grid. This backup could
include banks of batteries, heat stored in molten salt vats, and natural gas-powered steam
generators, but the optimum choices have not been resolved because of variables such as
plant power output and climate.

Digital 3D versus Rapid Prototyping

Recently introduced computer software makes it possible to design a product in a 3D for-
mat from concept sketch to shop documentation on a computer. This process, 3D digital
prototyping or modeling, can begin as an original design or be imported from another
source. The software permits a 3D image to be disassembled and its dimensions, materi-
als, and form changed before being reassembled as a new or modified product design on
the same screen. The designer can work cooperatively with other specialists to merge
valuable contributions for the achievement of the most cost-effective design. Changes
can easily be made before the design is released for manufacture.



Virtual simulation software permits the 3D digital prototype to be given one or more
virtual stress tests with the results appearing graphically in color on the computer screen.
These simulations can include both mechanical and physical stress, and their results cor-
relate so closely with actual laboratory tests results that, in many cases, these tests can be
omitted. This saves time and the expense of ordering physical prototypes and can accel-
erate the whole design process and reduce time-to-market

There are, however, many reasons why physical models are desired. These include the
advantages of having a solid model for “hands on” inspection, giving all persons with
responsibilities for its design and marketing an opportunity to evaluate it. However, some
products require mandatory laboratory testing of a physical model to determine its com-
pliance with industry and consumer safety standards. Rapid prototyping has gained more
acceptance as the cost of building prototypes has declined.

Solid prototypes can be made from wax, photopolymers, and even powdered metals,
but those built for laboratory testing or as replacement parts can now be made from pow-
dered metal fused by lasers. After furnace firing they gain the strength to match that of
machined or cast parts. Rapid prototyping depends on dimensional data derived from a
CAD drawing for the preparation of software that directs all additive and subtractive rapid
prototyping machines.

The Origins of This Book

Many of the figures and illustrations in the archival Chapters 4 through 16 originally
appeared in foreign and domestic engineering magazines, some 50 or more years ago.
They were originally collected and republished in three McGraw-Hill reference books
dating back to the 1950s and 1960s. The author/editor of those books, Douglas C.
Greenwood, was then an editor for McGraw-Hill’s Product Engineering magazine. The
late Nicholas Chironis, the author/editor of the first edition of this book, selected illus-
trations and text from these books that he believed were worthy of preservation. He saw
them as a collection of successful design concepts that could be recycled for use in new
and modified products and would be a resource for engineers, designers, and students.

New illustrations and text were added in the subsequent four editions of this book.
The older content has been reorganized, redrawn as necessary, and in some cases deleted.
All original captions have been edited for improved readability and uniformity of style.
All illustrations are dimensionless because they are scalable to suit the intended applica-
tion. References to manufacturers and publications that no longer exist were deleted but,
where available, the names of inventors were retained for readers wishing to research the
status of the inventors’ patents. All government and academic laboratories and manufac-
turers mentioned in this edition have Internet Web sites that can be explored for further
information on specific subjects.

About the lllustrations

With the exception of illustrations obtained from earlier publications and those contributed
by laboratories or manufacturers, the figures in this book were drawn by the author on a
desktop computer. The sources for these figures include books, magazines, and Internet
Web sites. The author believes that clear 3D line or wireframe drawings with callouts com-
municate engineering information more rapidly and efficiently than photographs, which
often contain extraneous or unclear details.
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INTRODUCTION

Complex machines from internal combustion engines to heli-
copters and machine tools contain many mechanisms. However,
it might not be as obvious that mechanisms can be found in con-
sumer goods from toys and cameras to computer drives and
printers. In fact, many common hand tools such as scissors,
screwdrivers, wrenches, jacks, and hammers are actually true
mechanisms. Moreover, the hands and feet, arms, legs, and jaws
of humans qualify as functioning mechanisms as do the paws and
legs, flippers, wings, and tails of animals.

There is a difference between a machine and a mechanism:
All machines transform energy to do work, but only some mech-
anisms are capable of performing work. The term machinery
means an assembly that includes both machines and mecha-
nisms. Figure la illustrates a cross section of a machine—an
internal combustion engine. The assembly of the piston, con-
necting rod, and crankshaft is a mechanism, termed a slider-crank
mechanism. The basic schematic drawing of that mechanism,
Fig. 1b, called a skeleton outline, shows only its fundamen-
tal structure without the technical details explaining how it is
constructed.

PHYSICAL PRINCIPLES

|+ Cylinder (K C

— Piston

Connecting
rod

Fig. 1 Cross section of a cylinder of an internal combustion
engine showing piston reciprocation (a), and the skeleton outline of
the linkage mechanism that moves the piston (b).

Efficiency of Machines

Simple machines are evaluated on the basis of efficiency and
mechanical advantage. While it is possible to obtain a larger
force from a machine than the force exerted upon it, this refers
only to force and not energy; according to the law of conserva-
tion of energy, more work cannot be obtained from a machine
than the energy supplied to it. Because work = force X distance,
for a machine to exert a larger force than its initiating force or
operator, that larger force must be exerted through a correspond-
ingly shorter distance. As a result of friction in all moving
machinery, the energy produced by a machine is less than that
applied to it. Consequently, by interpreting the law of conservation
of energy, it follows that:

Input energy = output energy + wasted energy

This statement is true over any period of time, so it applies to
any unit of time; because power is work or energy per unit of
time, the following statement is also true:

Input power = output power + wasted power

The efficiency of a machine is the ratio of its output to its
input, if both input and output are expressed in the same units of
energy or power. This ratio is always less than unity, and it is usu-
ally expressed in percent by multiplying the ratio by 100.

. output energy
Percent efficiency = “nput energy X 100

or

output power

Percent efficiency = “input power X 100

A machine has high efficiency if most of the power supplied
to it is passed on to its load and only a fraction of the power is
wasted. The efficiency can be as high as 98 percent for a large
electrical generator, but it is likely to be less than 50 percent for
a screw jack. For example, if the input power supplied to a 20-hp
motor with an efficiency of 70 percent is to be calculated, the
foregoing equation is transposed.

output power

= = X
Input power percent efficiency 100

_ 20hp X 100 = 28.6h

T It

Mechanical Advantage

The mechanical advantage of a mechanism or system is the ratio
of the load or weight W, typically in pounds or kilograms, divided
by the effort or force F exerted by the initiating entity or opera-
tor, also in pounds or kilograms. If friction has been considered
or is known from actual testing, the mechanical advantage, MA,
of a machine is:

_ load _ W
MA = effort ~ F




However, if it is assumed that the machine operates without
friction, the ratio of W divided by F is called the theoretical
mechanical advantage, TA.

load w

TA = effort  F

Velocity Ratio

Machines and mechanisms are used to translate a small amount
of movement or distance into a larger amount of movement or

INCLINED PLANE

The inclined plane, shown in Fig. 2, has an incline length / (AB) =
8 ft and a height & (BC) = 3 ft. The inclined plane permits a
smaller force to raise a given weight than if it were lifted directly
from the ground. For example, if a weight W of 1000 Ib is to be

1000 Ib

Fig.2 Diagram for calculating mechanical advantage of an
inclined plane.

PULLEY SYSTEMS

A single pulley simply changes the direction of a force so its
mechanical advantage is unity. However, considerable mechani-
cal advantage can be gained by using a combination of pulleys.
In the typical pulley system, shown in Fig. 3a, each block con-
tains two pulleys or sheaves within a frame or shell. The upper
block is fixed and the lower block is attached to the load and
moves with it. A cable fastened at the end of the upper block
passes around four pulleys before being returned to the operator
or other power source.

Figure 3b shows the pulleys separated for clarity. To raise the
load through a height A, each of the sections of the cable A, B,
C, and D must be moved to a distance equal to h. The operator
or other power source must exert a force F through a distance
s = 4h so that the velocity ratio of s to & is 4. Therefore, the the-
oretical mechanical advantage of the system shown is 4, corre-
sponding to the four cables supporting the load W. The theoret-
ical mechanical advantage TA for any pulley system similar to
that shown equals the number of parallel cables that support the
load.

distance. This property is known as the velocity ratio. It is
defined as the ratio of the distance moved by the effort per sec-
ond divided by the distance moved by the load per second for a
machine or mechanism. It is widely used in determining the
mechanical advantage of gears or pulleys.

VR = distance moved by effort/second
~ distance moved by load/second

raised vertically through a height BC of 3 ft without using an
inclined plane, a force F of 1000 Ib must be exerted over that
height. However, with an inclined plane, the weight is moved
over the longer distance of 8 ft, but a force F of only ¥/ of 1000
or 375 Ib would be required because the weight is moved through
a longer distance. To determine the mechanical advantage of the
inclined plane, the following formula is used:

height £

F = Wsin# sinf = length [

where height h = 3 ft, length / = 8 ft, sin § = 0.375, and weight
W = 1000 Ib.

F =1000 X 0.375
F=3751b

] _ load _ W _ 1000 _
Mechanical advantage MA = offort  F 375 27

a b

Fig. 3 Four cables supporting the load of this pulley
combination give it a mechanical advantage of 4.



SCREW-TYPE JACK

Mechanisms are often required to move a large load with a small
effort. For example, a car jack allows an ordinary human to lift a
car which may weigh as much as 6000 b, while the person only
exerts a force equivalent to 20 or 30 Ib.

The screw jack, shown in Fig. 4, is a practical application of
the inclined plane because a screw is considered to be an inclined
plane wrapped around cylinder. A force F must be exerted at the
end of a length of horizontal bar / to turn the screw to raise the

D

load (weight W) of 1000 Ib. The 5-ft bar must be moved through

a complete turn or a circle of length s = 27 [ to advance the load Pitch * Radius —D‘I
a distance & of 1.0 in. or 0.08 ft equal to the pitch p of the screw. /

The pitch of the screw is the distance advanced in a complete Pr= A ‘

turn. Neglecting friction:

W X h
s

F =

where s = 2w/ =2 X 3.14 X 5, h = p = 0.08, and W = 1000 Ib

1000 X 0.08 80 . : : :
= = = Fig. 4 Diagram for calculating the mechanical advantage of a
F 2 X 314 X5 31.4 251b sc?ew jack.g 9 9

. _load _ 2wl 314 _
Mechanical advantage MA = ot — 7 008 393

LEVERS AND MECHANISMS

Levers

Levers are the simplest of mechanisms; there is evidence that Class 1

Stone Age humans used levers to extend their reach or power;

they made them from logs or branches to move heavy loads such Effort Load
as rocks. It has also been reported that primates and certain birds

use twigs or sticks to extend their reach and act as tools to assist @ %

them in obtaining food. [
A lever is a rigid beam that can rotate about a fixed point Aﬂm]h.

along its length called the fulcrum. Physical effort applied to one

end of the beam will move a load at the other end. The act of

moving the fulcrum of a long beam nearer to the load permits a Class 2 Load

large load to be lifted with minimal effort. This is another way to @

obtain mechanical advantage.
The three classes of lever are illustrated in Fig. 5. Each is [ T ]

capable of providing a different level of mechanical advantage. § ﬂh

These levers are called Class 1, Class 2, and Class 3. The differ-

ences in the classes are determined by: Effort

* Position along the length of the lever where the effort is

applied Class 3
* Position along the length of the lever where the load is applied @
. POSition along the length ofthe]everwherethefu]crum or | R R T T T T R |

pivot point is located Aﬂm @

Class 1 lever, the most common, has its fulcrum located at or Effort
about the middle with effort exerted at one end and load posi-

tioned at the opposite end, both on the same side of the lever.
Examples of Class 1 levers are playground seesaw, crowbar, scis- Fig. 5 Three levers classified by the locations of their fulcrums,
sors, claw hammer, and balancing scales. loads, and efforts.
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Class 2 lever has its fulcrum at one end; effort is exerted at the
opposite end, and the opposing load is positioned at or near the
middle. Examples of Class 2 levers are wheelbarrow, simple bot-
tle openers, nutcracker, and foot pump for inflating air mattresses
and inflatable boats.

Class 3 lever also has its fulcrum on one end; load is exerted
at the opposite end, and the opposing effort is exerted on or about
the middle. Examples of Class 3 levers are shovel and fishing rod
where the hand is the fulcrum, tweezers, and human and animal
arms and legs.

The application of a Class 1 lever is shown in Fig. 6. The lever
is a bar of length AB with its fulcrum at X, dividing the length of
the bar into parts: /; and /,. To raise a load W through a height
of h, a force F must be exerted downward through a distance s.
The triangles AXC and BXD are similar and proportional; there-
fore, ignoring friction:

l
and mechanical advantage MA = 71
2

_h

5=
h b

Fig. 6 Diagram for calculating the mechanical advantage of a
simple lever for raising a weight.

Winches, Windlasses, and Capstans

Winches, windlasses, and capstans are machines that convert
rotary motion into linear motion, usually with some mechanical

LINKAGES

advantage. These machines are essentially Class 1 levers: effort
is applied to a lever or crank, the fulcrum is the center of the
drum, and the load is applied to the rope, chain, or cable.

Manually operated windlasses and capstans, mechanically the
same, were originally used on sailing ships to raise and lower
anchors. Operated by one or more levers by one or more sailors,
both had barrels or drums on which rope or chain was wound. In
the past, windlasses were distinguished from capstans; windlasses
had horizontal drums and capstans had vertical drums. The mod-
ern term winch is now the generic name for any manual or power-
operated drum for hauling a load with cable, chain, or rope. The
manually operated winch, shown in Fig. 7, is widely used today
on sailboats for raising and trimming sails, and sometimes for
weighing anchors.

Ignoring friction, the mechanical advantage of all of these
machines is approximately the length of the crank divided by the
diameter of the drum. In the winch example shown, when the left
end of the line is held under tension and the handle or crank is
turned clockwise, a force is applied to the line entering on the
right; it is attached to the load to perform such useful work as
raising or tensioning sails.

Length

Drum
diameter

Fig. 7 Diagram for calculating the mechanical advantage of a
manually operated winch for raising anchors or sails.

A linkage is a mechanism formed by connecting two or more
levers together. Linkages can be designed to change the direc-
tion of a force or make two or more objects move at the same
time. Many different fasteners are used to connect linkages
together yet allow them to move freely such as pins, end-threaded
bolts with nuts, and loosely fitted rivets. There are two general
classes of linkages: simple planar linkages and more complex
specialized linkages; both are capable of performing tasks such
as describing straight lines or curves and executing motions at
differing speeds. The names of the linkage mechanisms given
here are widely but not universally accepted in all textbooks and
references.

Linkages can be classified according to their primary functions:

* Function generation: the relative motion between the links
connected to the frame

» Path generation: the path of a tracer point
* Motion generation: the motion of the coupler link

Simple Planar Linkages

Four different simple planar linkages shown in Fig. 8 are identi-
fied by function:

* Reverse-motion linkage, Fig. 8a, can make objects or force
move in opposite directions; this can be done by using the input
link as a lever. If the fixed pivot is equidistant from the moving
pivots, output link movement will equal input link movement,
but it will act in the opposite direction. However, if the fixed
pivot is not centered, output link movement will not equal input
link movement. By selecting the position of the fixed pivot,
the linkage can be designed to produce specific mechanical
advantages. This linkage can also be rotated through 360°.

* Push-pull linkage, Fig. 8b, can make the objects or force
move in the same direction; the output link moves in the
same direction as the input link. Technically classed as a
four-bar linkage, it can be rotated through 360° without
changing its function.



Moving Pivot Moving Pivots

Fixed
Pivots

Moving Pivot <tfmmie-  Moving Pivots -«fmmie

a. Reverse-Motion Linkage b. Push-Pull Linkage

"

Moving Pivots
. o Moving Pivot

Fixed
Pivot

Moving Pivots

Moving Pivot

c. Parallel-motion Linkage d. Bell-Crank Linkage

Fig. 8 Functions of four basic planar linkage mechanisms.

* Parallel-motion linkage, Fig. 8c, can make objects or forces
move in the same direction, but at a set distance apart. The
moving and fixed pivots on the opposing links in the parallel-
ogram must be equidistant for this linkage to work correctly.
Technically classed as a four-bar linkage, this linkage can also
be rotated through 360° without changing its function.
Pantographs that obtain power for electric trains from over-
head cables are based on parallel-motion linkage. Drawing
pantographs that permit original drawings to be manually
copied without tracing or photocopying are also adaptations of
this linkage; in its simplest form it can also keep tool trays in
a horizontal position when the toolbox covers are opened.

* Bell-crank linkage, Fig. 8d, can change the direction of
objects or force by 90°. This linkage rang doorbells before
electric clappers were invented. More recently this mecha-
nism has been adapted for bicycle brakes. This was done by
pinning two bell cranks bent 90° in opposite directions
together to form tongs. By squeezing the two handlebar
levers linked to the input ends of each crank, the output ends
will move together. Rubber blocks on the output ends of
each crank press against the wheel rim, stopping the bicycle.
If the pins which form a fixed pivot are at the midpoints of
the cranks, link movement will be equal. However, if those
distances vary, mechanical advantage can be gained.

Specialized Linkages

In addition to changing the motions of objects or forces, more
complex linkages have been designed to perform many special-
ized functions: These include drawing or tracing straight lines;
moving objects or tools faster in a retraction stroke than in an
extension stroke; and converting rotating motion into linear
motion and vice versa.

The simplest specialized linkages are four-bar linkages. These
linkages have been versatile enough to be applied in many dif-
ferent applications. Four-bar linkages actually have only three
moving links but they have one fixed link and four pin joints
or pivots. A useful mechanism must have at least four links
but closed-loop assemblies of three links are useful elements in
structures. Because any linkage with at least one fixed link is a
mechanism, both the parallel-motion and push-pull linkages men-
tioned earlier are technically machines.
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Four-bar linkages share common properties: three rigid mov-
ing links with two of them hinged to fixed bases which form a
frame. Link mechanisms are capable of producing rotating, oscil-
lating, or reciprocating motion by the rotation of a crank.
Linkages can be used to convert:

* Continuous rotation into another form of continuous rota-
tion, with a constant or variable angular velocity ratio

¢ Continuous rotation into oscillation or continuous oscillation
into rotation, with a constant or variable velocity ratio

¢ One form of oscillation into another form of oscillation, or
one form of reciprocation into another form of reciprocation,
with a constant or variable velocity ratio

There are four different ways in which four-bar linkages can
perform inversions or complete revolutions about fixed pivot
points. One pivoting link is considered to be the input or driver
member and the other is considered to be the output or driven
member. The remaining moving link is commonly called a
connecting link. The fixed link, hinged by pins or pivots at each
end, is called the foundation link.

Three inversions or linkage rotations of a four-bar chain are
shown in Figs. 9, 10, and 11. They are made up of links AB, BC,
CD, and AD. The forms of the three inversions are defined by
the position of the shortest link with respect to the link selected
as the foundation link. The ability of the driver or driven links to
make complete rotations about their pivots determines their
functions.

Drag-link mechanism, Fig. 9, demonstrates the first inversion.
The shortest link AD between the two fixed pivots is the founda-
tion link, and both driver link AB and driven link CD can make
full revolutions.

Crank-rocker mechanism, Fig. 10, demonstrates the second
inversion. The shortest link AB is adjacent to AD, the foundation
link. Link AB can make a full 360° revolution while the opposite
link CD can only oscillate and describe an arc.

Double-rocker mechanism, Fig. 11, demonstrates the third
inversion. Link AD is the foundation link, and it is opposite the
shortest link BC. Although link BC can make a full 360° revolu-
tion, both pivoting links AB and CD can only oscillate and
describe arcs.

The fourth inversion is another crank-rocker mechanism that
behaves in a manner similar to the mechanism shown in Fig. 10,

Circles of rotation

Fig. 9 Four-bar drag-link mechanism: Both the driver link AB and
driven link CD can rotate through 360°. Link AD is the foundation link.



Fig. 10 Crank-rocker mechanism: Link AB can make a 360°
revolution while link CD oscillates with C describing an arc.
Link AD is the foundation link.

Oscillatory
motions

Fig. 11 Double-rocker mechanism: Short link BC can make a
360° revolution, but pivoting links AB and CD can only oscillate,
describing arcs.

but the longest link, CD, is the foundation link. Because of this
similarity between these two mechanisms, the fourth inversion is
not illustrated here. A drag-link mechanism can produce either a
nonuniform output from a uniform input rotation rate or a uni-
form output from a nonuniform input rotation rate.

Straight-Line Generators

Figures 12 to 15 illustrate examples of classical linkages capable of
describing straight lines, a function useful in many different kinds of
machines, particularly machine tools. The dimensions of the rigid
links are important for the proper functioning of these mechanisms.

Watt’s straight-line generator, illustrated in Fig. 12, can
describe a short vertical straight line. Equal length links AB and
CD are hinged at A and D, respectively. The midpoint E of con-
necting link BC traces a figure eight pattern over the full mecha-
nism excursion, but a straight line is traced in part of the excur-
sion because point E diverges to the left at the top of the stroke
and to the right at the bottom of the stroke. This linkage was used
by Scottish instrument maker, James Watt, in a steam-driven
beam pump in about 1769, and it was a prominent mechanism in
early steam-powered machines.

Scott Russell straight-line generator, shown in Fig. 13, can
also describe a straight line. Link AB is hinged at point A and
pinned to link CD at point B. Link CD is hinged to a roller at
point C which restricts it to horizontal oscillating movement.

| straight line
1

Fig. 12 Watt’s straight-line generator: The center point E of link
BC describes a straight line when driven by either links AB or CD.

Straight Line
D

Fig. 13 Scott Russell straight-line generator: Point D of link DC
describes a straight line as driver link AB oscillates, causing the
slider at C to reciprocate left and right.

This configuration confines point D to a motion that traces a ver-
tical straight line. Both points A and C lie in the same horizontal
plane. This linkage works if the length of link AB is about
40 percent of the length of CD, and the distance between points D
and B is about 60 percent of the length of CD.

Peaucellier’s straight-line linkage, drawn as Fig. 14, can
describe more precise straight lines over its range than either the
Watt’s or Scott Russell linkages. To make this linkage work cor-
rectly, the length of link BC must equal the distance between
points A and B set by the spacing of the fixed pivots; in this fig-
ure, link BC is 15 units long while the lengths of links CD, DF,
FE, and EC are equal at 20 units. As links AD and AE are moved,

E 1
Straight line

Fig. 14 Peaucellier's straight-line generator: Point F describes a
straight line when either link AD or AE acts as the driver.



point F can describe arcs of any radius. However, the linkage can
be restricted to tracing straight lines (infinite radiuses) by select-
ing link lengths for AD and AE. In this figure they are 45 units
long. This linkage was invented in 1873 by the French engineer,
Captain Charles-Nicolas Peaucellier.

Tchebicheff’s straight-line generator, shown in Fig. 15, can also
describe a horizontal line. Link CB with E as its midpoint traces a
straight horizontal line for most of its transit as links AB and DC are
moved to the left and right of center. To describe this straight line,
the length of the foundation link AD must be twice the length of
link CB. To make this mechanism work as a straight-line generator,
CB is 10 units long, AD is 20 units long, and both AB and DC are
25 units long. With these dimensions, link CB will assume a verti-
cal position when it is at the right and left extremes of its travel
excursion. This linkage was invented by nineteenth-century
Russian mathematician, Pafnuty Tchebicheff or Chebyshev.

-

Straight Line

Fig. 15 Tchebicheff’s straight-line generator: Point E of link CB
describes a straight line when driven by either link AB or DC. Link
CB moves into a vertical position at both extremes of its travel.

Rotary/Linear Linkages

Slider-crank mechanism (or a simple crank), shown as Fig. 16,
converts rotary to linear motion and vice versa, depending on its
application. Link AB is free to rotate 360° around the hinge while
link BC oscillates back and forth because point C is hinged to a
roller which restricts it to linear motion. Either the slider or the
rotating link AB can be the driver.

This mechanism is more familiar as the piston, connecting
rod, and crankshaft of an internal combustion engine, as illus-
trated in Fig. 1. The piston is the slider at C, the connecting rod
is link BC, and the crankshaft is link AB. In a four-stroke engine,
the piston is pulled down the cylinder by the crankshaft, admitting

Fig. 16 Slider-crank mechanism: This simple crank converts the
360° rotation of driver link AB into linear motion of link BC, causing
the slider at C to reciprocate.
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the air-fuel mixture; in the compression stroke the piston is driven
back up the cylinder by the crankshaft to compress the air-fuel
mixture. However, the roles change in the combustion stroke
when the piston drives the crankshaft. Finally, in the exhaust
stroke the roles change again as the crankshaft drives the piston
back to expel the exhaust fumes.

Scotch-yoke mechanism, pictured in Fig. 17, functions in a man-
ner similar to that of the simple crank mechanism except that its lin-
ear output motion is sinusoidal. As wheel A, the driver, rotates, the
pin or roller bearing at its periphery exerts torque within the closed
yoke B; this causes the attached sliding bar to reciprocate, tracing a
sinusoidal waveform. Part a shows the sliding bar when the roller is
at 270°, and part b shows the sliding bar when the roller is at 0°.

Rotary-to-linear mechanism, drawn in Fig. 18, converts a uni-
form rotary motion into an intermittent reciprocating motion.
The three teeth of the input rotor contact the steps in the frame or
yoke, exerting torque 3 times per revolution, moving the yoke
with attached bar. Full linear travel of the yoke is accomplished
in 30° of rotor rotation followed by a 30° delay before returning
the yoke. The reciprocating cycle is completed 3 times per revo-
lution of the input. The output is that of a step function.

Sliding bar Wheel A

Roller bearing

Fig. 17 Scotch-yoke mechanism translates the rotary motion of
the wheel with a peripheral roller into reciprocating motion of the
yoke with supporting bars as the roller exerts torque within the
yoke. The yoke is shown in its left (270°) position in (a) and in its
center (0°) position in (b).

Rotor

Support

Support
e

-—» Frame i

Fig. 18 Rotary-to-linear mechanism converts the uniform rotation
of the 3-tooth rotor into a reciprocating motion of the frame and
supporting bars. The reciprocating cycle is completed 3 times per
rotor revolution.



SPECIALIZED MECHANISMS

Geneva wheel mechanism, illustrated in Fig. 19, is an example
of intermittent gearing that converts continuous rotary motion
into intermittent rotary motion. Geneva wheel C makes a quar-
ter turn for every turn of lever AB attached to driving wheel A.
When pin B on lever AB turns clockwise, it enters one of the
four slots of geneva wheel C; the pin moves downward in the
slot, applying enough torque to the geneva wheel to turn it coun-
terclockwise !/, revolution before it leaves the slot. As wheel A
continues to rotate clockwise, it engages the next three slots in a
sequence to complete one geneva wheel rotation. If one of the
slots is obstructed, the pin can only move through part of the
revolution, in either direction, before it strikes the closed slot,
stopping the rotation of the geneva wheel. This mechanism has
been used in mechanical windup watches, clocks, and music
boxes to prevent overwinding.

Oscillation D

Fig. 19 Geneva wheel escapement mechanism: Pin B at the end of
lever AB (attached to wheel A) engages a slot in geneva wheel C as
wheel A rotates clockwise. Pin B moves down the slot, providing
torque to drive the geneva wheel counterclockwise Y, revolution before
it exits the first slot; it then engages the next three slots to drive the
geneva wheel through one complete counterclockwise revolution.

Swing-arm quick-return mechanism, drawn as Fig. 20, con-
verts rotary motion into nonuniform reciprocating motion. As
drive link AB rotates 360° around pin A, it causes the slider at B
to reciprocate up and down along link CD. This, in turn, causes
CD to oscillate left and right, describing an arc. Link DE, pinned
to D with a rolling slider pinned at E, moves slowly to the right
before being returned rapidly to the left.

Whitworth quick-return mechanism, shown as Fig. 21, con-
verts rotary motion to nonuniform reciprocating motion. Drive
link AB rotates 360° about pin A causing the slider at B to recip-
rocate back and forth along link CD; this, in turn, causes link CD
to rotate 360° around point C. Link DE is pinned to link CD at D

Fig. 20 Swing-arm quick-return mechanism: As drive link AB
rotates 360° around A, it causes the slider at B to reciprocate up and
down along link CD, causing CD to oscillate though an arc. This
motion drives link DE in a reciprocating motion that moves the rolling
slider at E slowly to the right before returning it rapidly to the left.

Rotation: D around €

Rapid
~eif—

reciprocates

Rotation: B around A

Fig. 21 Whitworth’s quick-return mechanism: As drive link AB rotates
360° around A, it causes the slider at B to reciprocate back and forth
along link CD, which, in turn causes CD to rotate 360° around C. This,
motion causes link DE to reciprocate, first moving rolling slider at E
slowly to the right before returning it rapidly to the left.

and a rolling slider at E. The slider at E is moved slowly to the
right before being returned rapidly to the left. This mechanism,
invented in the nineteenth century by English engineer, Joseph
Whitworth, has been adapted for shapers, machine tools with
moving arms that cut metal from stationary workpieces. A hard-
ened cutting tool attached at the end of the arm (equivalent to
point E) advances slowly on the cutting stroke but retracts
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rapidly on the backstroke. This response saves time and improves
productivity in shaping metal.

Simple ratchet mechanism, drawn as Fig. 22, can only be
turned in a counterclockwise direction. The ratchet wheel has
many wedge-shaped teeth that can be moved incrementally to
turn an oscillating drive lever. As driving lever AB first moves
clockwise to initiate counterclockwise movement of the wheel,
it drags pawl C pinned at B over one or more teeth while pawl
D prevents the wheel from turning clockwise. Then, as lever
AB reverses to drive the ratchet wheel counterclockwise, pawl
D is released, allowing the wheel to turn it in that direction.
The amount of backward incremental motion of lever AB is
directly proportional to pitch of the teeth: smaller teeth will
reduce the degree of rotation while larger teeth will increase
them. The contact surfaces of the teeth on the wheel are typi-
cally inclined, as shown, so they will not be disengaged if the
mechanism is subjected to vibration or shock under load. Some
ratchet mechanisms include a spring to hold pawl D against
the teeth to assure no clockwise wheel rotation as lever AB is
reset.

GEARS AND GEARING

Fig. 22 This ratchet wheel can be turned only in a
counterclockwise direction. As driving lever AB moves clock-
wise, it drags pawl C, pinned at B over one or more teeth while
pawl D prevents the wheel from turning clockwise. Then as
lever AB reverses to drive the ratchet wheel counterclockwise,
pawl D is released allowing the wheel to turn it in that direction.

A gear is a wheel with evenly sized and spaced teeth machined
or formed around its perimeter. Gears are used in rotating
machinery not only to transmit motion from one point to another,
but also for the mechanical advantage they offer. Two or more
gears transmitting motion from one shaft to another is called a
gear train, and gearing is a system of wheels or cylinders with
meshing teeth. Gearing is chiefly used to transmit rotating
motion but can also be adapted to translate reciprocating motion
into rotating motion and vice versa.

Gears are versatile mechanical components capable of per-
forming many different kinds of power transmission or motion
control. Examples of these are

* Changing rotational speed

* Changing rotational direction

* Changing the angular orientation of rotational motion

* Multiplication or division of torque or magnitude of rotation
* Converting rotational to linear motion, and its reverse

» Offsetting or changing the location of rotating motion

The teeth of a gear can be considered as levers when they mesh
with the teeth of an adjoining gear. However, gears can be rotated
continuously instead of rocking back and forth through short dis-
tances as is typical of levers. A gear is defined by the number of
its teeth and its diameter. The gear that is connected to the source
of power is called the driver, and the one that receives power from
the driver is the driven gear. It always rotates in a direction oppos-
ing that of the driving gear; if both gears have the same number of
teeth, they will rotate at the same speed. However, if the number
of teeth differs, the gear with the smaller » number of teeth will
rotate faster. The size and shape of all gear teeth that are to mesh
properly for working contact must be equal.

Figure 23 shows two gears, one with 15 teeth connected at the
end of shaft A, and the other with 30 teeth connected at the end
of shaft B. The 15 teeth of smaller driving gear A will mesh with
15 teeth of the larger gear B, but while gear A makes one revolu-
tion gear B will make only Y revolution.

The number of teeth on a gear determines its diameter. When
two gears with different diameters and numbers of teeth are meshed
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30 teeth

15 teeth

Fig. 23 Gear B has twice as many teeth as gear A, and it turns at
half the speed of gear A because gear speed is inversely propor-
tional to the number of teeth on each gear wheel.

together, the number of teeth on each gear determines gear ratio,
velocity ratio, distance ratio, and mechanical advantage. In Fig. 23,
gear A with 15 teeth is the driving gear and gear B with 30 teeth is
the driven gear. The gear ratio GR is determined as:

number of teeth on driven gear B
GR =

number of teeth on driving gear A

30 _ 2 .

15 1 (also written as 2:1)

The number of teeth in both gears determines the rotary dis-
tance traveled by each gear and their angular speed or velocity
ratio. The angular speeds of gears are inversely proportional to
the numbers of their teeth. Because the smaller driving gear A in
Fig. 23 will revolve twice as fast as the larger driven gear B,
velocity ratio VR is:

VR — velocity of driving gear A
- velocity of driven gear B 1

(also written as 2:1)



In this example load is represented by driven gear B with
30 teeth and the effort is represented by driving gear A with
15 teeth. The distance moved by the load is twice that of the
effort. Using the general formula for mechanical advantage MA:

load _ 30 _

MA = ffort = 15 ~ 2

Simple Gear Trains

A gear train made up of multiple gears can have several drivers
and several driven gears. If the train contains an odd number of
gears, the output gear will rotate in the same direction as the
input gear, but if the train contains an even number of gears, the
output gear will rotate opposite that of the input gear. The num-
ber of teeth on the intermediate gears does not affect the overall
velocity ratio, which is governed purely by the number of teeth
on the first and last gear.

In simple gear trains, high or low gear ratios can only be
obtained by combining large and small gears. In the simplest
basic gearing involving two gears, the driven shaft and gear
revolves in a direction opposite that of the driving shaft and gear.
If it is desired that the two gears and shafts rotate in the same
direction, a third idler gear must be inserted between the driving
gear and the driven gear. The idler revolves in a direction oppo-
site that of the driving gear.

A simple gear train containing an idler is shown in Fig. 24.
Driven idler gear B with 20 teeth will revolve 4 times as fast
counterclockwise as driving gear A with 80 teeth turning clock-
wise. However, gear C, also with 80 teeth, will only revolve one
turn clockwise for every four revolutions of idler gear B, making
the velocities of both gears A and C equal except that gear C
turns in the same direction as gear A. In general, the velocity
ratio of the first and last gears in a train of simple gears is not
changed by the number of gears inserted between them.

20 Teeth

80 Teeth 80 Teeth

Fig. 24 Gear train: When gear A turns once clockwise, gear B
turns four times counter clockwise, and gear wheel C turns once
clockwise. Gear B reverses the direction of gear C so that both
gears A and C turn in the same direction with no change in the
speed of gear C.

Compound Gear Trains

More complex compound gear trains can achieve high and low
gear ratios in a restricted space by coupling large and small gears
on the same axle. In this way gear ratios of adjacent gears can be
multiplied through the gear train. Figure 25 shows a set of com-
pound gears with the two gears B and D mounted on the middle
shaft. Both rotate at the same speed because they are fastened
together. If gear A (80 teeth) rotates at 100 rpm clockwise, gear
B (20 teeth) turns at 400 rpm counterclockwise because of its
velocity ratio of 1 to 4. Because gear D (60 teeth) also turns at
400 rpm and its velocity ratio is 1 to 3 with respect to gear C

""""" \ w1200 rpm

Bnnn 20 teeth
80 teeth 60 teeth

Fig. 25 Compound gears: Two gears B and D are mounted on a
central shaft and they turn at the same speed. If gear A rotates at
100 rpm clockwise, gears B and D turn counterclockwise at 400 rpm,
and gear C, driven by gear D, turns clockwise at 1200 rpm.

(20 teeth), gear C will turn at 1200 rpm clockwise. The velocity
ratio of a compound gear train can be calculated by multiplying
the velocity ratios for all pairs of meshing gears. For example, if
the driving gear has 45 teeth and the driven gear has 15 teeth, the
velocity ratio is %/,5 = /.

Gear Classification

All gears can be classified as either external gears or internal or
annual gears:

* External gears have teeth on the outside surface of the disk
or wheel.

» [Internal or annual gears have teeth on the inside surface of a
ring or cylinder.

Spur gears are cylindrical external gears with teeth that are
cut straight across the edge of the disk or wheel parallel to the
axis of rotation. The spur gears shown in Fig. 26a are the simplest
gears. They normally translate rotating motion between two par-
allel shafts. An internal or annual gear, as shown in Fig. 26b, is
a variation of the spur gear except that its teeth are cut on the
inside of a ring or flanged wheel rather than on the outside.
Internal gears usually drive or are driven by a pinion. The disad-
vantage of a simple spur gear is its tendency to produce thrust
that can misalign other meshing gears along their respective
shafts, thus reducing the face widths of the meshing gears and
reducing their mating surfaces.

Rack gears, as the one shown in Fig. 26¢, have teeth that lie
in the same plane rather than being distributed around a wheel.
This gear configuration provides straight-line rather than rotary
motion. A rack gear functions like a gear with an infinite radius.

Pinions are small gears with a relatively small number of teeth
which can be mated with rack gears.

Rack and pinion gears, shown in Fig. 26¢, convert rotary
motion to linear motion; when mated together they can transform
the rotation of a pinion into reciprocating motion, or vice versa.
In some systems, the pinion rotates in a fixed position and
engages the rack which is free to move; the combination is found
in the steering mechanisms of vehicles. Alternatively, the rack is
fixed while the pinion rotates as it moves up and down the rack:
Funicular railways are based on this drive mechanism; the driv-
ing pinion on the rail car engages the rack positioned between the
two rails and propels the car up the incline.

Bevel gears, as shown in Fig. 26d, have straight teeth cut into
conical circumferences which mate on axes that intersect, typi-
cally at right angles between the input and output shafts. This
class of gears includes the most common straight and spiral bevel
gears as well as miter and hypoid gears.
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b Internal/annual gear

d Bevel gears

e Helical gears

f Herringbone gears

Fig. 26 Gear types: Eight common types of gears and gear pairs
are shown here.

Straight bevel gears are the simplest bevel gears. Their straight
teeth produce instantaneous line contact when they mate. These
gears provide moderate torque transmission, but they are not as
smooth running or quiet as spiral bevel gears because the straight
teeth engage with full-line contact. They permit medium load
capacity.

Spiral bevel gears have curved oblique teeth. The spiral angle
of curvature with respect to the gear axis permits substantial
tooth overlap. Consequently, the teeth engage gradually and at
least two teeth are in contact at the same time. These gears have
lower tooth loading than straight bevel gears and they can turn up
to 8 times faster. They permit high load capacity.

Miter gears are mating bevel gears with equal numbers of
teeth used between rotating input and output shafts with axes that
are 90° apart.

Hypoid gears are helical bevel gears used when the axes of
the two shafts are perpendicular but do not intersect. They are
commonly used to connect driveshafts to rear axles of automo-
biles, and are often incorrectly called spiral gearing.

Helical gears are external cylindrical gears with their teeth cut
at an angle rather than parallel to the axis. A simple helical gear,
as shown in Fig. 26e, has teeth that are offset by an angle with
respect to the axis of the shaft so that they spiral around the shaft
in a helical manner. Their offset teeth make them capable of smoother
and quieter action than spur gears, and they are capable of driving
heavy loads because the teeth mesh at an acute angle rather than
at 90°. When helical gear axes are parallel they are called parallel
helical gears, and when they are at right angles they are called
helical gears. Herringbone and worm gears are based on helical
gear geometry.
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Herringbone or double helical gears, as shown in Fig. 26f,
are helical gears with V-shaped right-hand and left-hand helix
angles side by side across the face of the gear. This geometry
neutralizes axial thrust from helical teeth.

Worm gears, also called screw gears, are other variations of
helical gearing. A worm gear has a long, thin cylindrical form
with one or more continuous helical teeth that mesh with a heli-
cal gear. The teeth of the worm gear slide across the teeth of the
driven gear rather than exerting a direct rolling pressure as do the
teeth of helical gears. Worm gears are widely used to transmit
rotation, at significantly lower speeds, from one shaft to another
at a 90° angle.

Face gears have straight tooth surfaces, but their axes lie in
planes perpendicular to shaft axes. They are designed to mate
with instantaneous point contact. These gears are used in right-
angle drives, but they have low load capacities.

Practical Gear Configurations

Isometric drawing Fig. 27 shows a special planetary gear con-
figuration. The external driver spur gear (lower right) drives the
outer ring spur gear (center) which, in turn, drives three internal
planet spur gears; they transfer torque to the driven gear (lower
left). Simultaneously, the central planet spur gear produces a
summing motion in the pinion gear (upper right) which engages
a rack with a roller follower contacting a radial disk cam (middle
right).

Motion of armature
controlied by cam

Fig. 27 A special planetary-gear mechanism: The principal of rel-
ative motion of mating gears illustrated here can be applied to spur
gears in a planetary system. The motion of the central planet gear

produces the motion of a summing gear.

Isometric drawing Fig. 28 shows a unidirectional drive. The
output shaft B rotates in the same direction at all times, regard-
less of the rotation of the input shaft A. The angular velocity of
output shaft B is directly proportional to the angular velocity of
input shaft A. The spur gear C on shaft A has a face width that is
twice as wide as the faces on spur gears F and D, which are
mounted on output shaft B. Spur gear C meshes with idler E and
with spur gear D. Idler E meshes with the spur gears C and F.
Output shaft B carries two free-wheel disks, G and H, which are
oriented unidirectionally.

When input shaft A rotates clockwise (bold arrow), spur gear D
rotates counterclockwise and it idles around free-wheel disk H.
Simultaneously, idler E, which is also rotating counterclockwise,
causes spur gear F to turn clockwise and engage the rollers
on free-wheel disk G. Thus, shaft B is made to rotate clockwise.
On the other hand, if the input shaft A turns counterclockwise



Fig. 28 The output shaft of this unidirectional drive always rotates
in the same direction regardless of the direction of rotation of the
input shaft.

(dotted arrow), spur gear F will idle while spur gear D engages
free-wheel disk H, which drives shaft B so that it continues to
rotate clockwise.

Gear Tooth Geometry

The geometry of gear teeth, as shown in Fig. 29, is determined
by pitch, depth, and pressure angle.

Space Tooth

Addendum Width  profile

Addendum circle

Dedendum Pitch circle

Circular tooth
thickness \

Circular

Clearance

wWorking

F Dedend
ace Chordal tooth ecisgeum depth
thickness whole
Root depth
T Bottom tooth —_
] land (too V i

A, | A, fillet o

Line of centers

Fig. 29 Gear-tooth geometry.

Gear Terminology

addendum: The radial distance between the fop land and the
pitch circle. This distance is measured in inches or millimeters.

addendum circle: The circle defining the outer diameter of the
gear.

circular pitch: The distance along the pitch circle from a point
on one tooth to a corresponding point on an adjacent tooth. It is
also the sum of the tooth thickness and the space width. This dis-
tance is measured in inches or millimeters.

clearance: The radial distance between the bottom land and
the clearance circle. This distance is measured in inches or
millimeters.

contact ratio: The ratio of the number of teeth in contact to the
number of teeth not in contact.

dedendum: The radial distance between the pitch circle and the
dedendum circle. This distance is measured in inches or millimeters.

dedendum circle: The theoretical circle through the botfom
lands of a gear.

depth: A number standardized in terms of pitch. Full-depth
teeth have a working depth of 2/P. If the teeth have equal
addenda (as in standard interchangeable gears), the addendum
is 1/P. Full-depth gear teeth have a larger contact ratio than stub
teeth, and their working depth is about 20 percent more than
stub gear teeth. Gears with a small number of teeth might
require undercutting to prevent one interfering with another
during engagement.

diametral pitch (P): The ratio of the number of teeth to the pitch
diameter. A measure of the coarseness of a gear, it is the index of
tooth size when U.S. units are used, expressed as teeth per inch.

pitch: A standard pitch is typically a whole number when mea-
sured as a diametral pitch (P). Coarse pitch gears have teeth
larger than a diametral pitch of 20 (typically 0.5 to 19.99).
Fine-pitch gears usually have teeth of diametral pitch greater
than 20. The usual maximum fineness is 120 diametral pitch,
but involute-tooth gears can be made with diametral pitches as
fine as 200, and cycloidal tooth gears can be made with diame-
tral pitches to 350.

pitch circle: A theoretical circle upon which all calculations are
based.

pitch diameter: The diameter of the pitch circle, the imaginary
circle that rolls without slipping with the pitch circle of the mat-
ing gear, measured in inches or millimeters.

pressure angle: The angle between the footh profile and a line
perpendicular to the pitch circle, usually at the point where the
pitch circle and the tooth profile intersect. Standard angles are
20° and 25°. It affects the force that tends to separate mating
gears. A high pressure angle decreases the contact ratio, but it
permits the teeth to have higher capacity and it allows gears to
have fewer teeth without undercutting.

Gear Dynamics Terminology

backlash: The amount by which the width of a tooth space
exceeds the thickness of the engaging tooth measured on the
pitch circle. It is the shortest distance between the noncontacting
surfaces of adjacent teeth.

gear efficiency: The ratio of output power to input power taking
into consideration power losses in the gears and bearings and
from windage and the churning of the gear lubricant.

gear power: A gear’s load and speed capacity. It is determined
by gear dimensions and type. Helical and helical-type gears have
capacities to approximately 30,000 hp, spiral bevel gears to about
5000 hp, and worm gears to about 750 hp.

gear ratio: The number of teeth in the larger gear of a pair divid-
ed by the number of teeth in the pinion gear (the smaller gear of
a pair). It is also the ratio of the speed of the pinion to the speed
of the gear. In reduction gears, the ratio of input speed to output
speed.

gear speed: A value determined by a specific pitchline velocity.
It can be increased by improving the accuracy of the gear teeth
and the balance of all rotating parts.

undercutting: The recessing in the bases of gear tooth flanks to
improve clearance.
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PULLEYS AND BELTS

Pulleys and belts transfer rotating motion from one shaft to
another. Essentially, pulleys are gears without teeth that depend
on the frictional forces of connecting belts, chains, ropes, or
cables to transfer torque. If both pulleys have the same diameter,
they will rotate at the same speed. However, if one pulley is larger
than the other, mechanical advantage and velocity ratio are
gained. As with gears, the velocities of pulleys are inversely pro-
portional to their diameters. A large drive pulley driving a smaller
driven pulley by means of a belt or chain is shown in Fig. 30. The
smaller pulley rotates faster than the larger pulley in the same
direction as shown in Fig. 30a. If the belt is crossed, as shown in
Fig. 30b, the smaller pulley also rotates faster than the larger pul-
ley, but its rotation is in the opposite direction.

A familiar example of belt and pulley drive can be seen in
automotive cooling fan drives. A smooth pulley connected to the
engine crankshaft transfers torque to a second smooth pulley
coupled to the cooling fan with a reinforced rubber endless belt.
Before reliable direct-drive industrial electric motors were devel-
oped, a wide variety of industrial machines equipped with smooth
pulleys of various diameters were driven by endless leather belts
from an overhead driveshaft. Speed changes were achieved by
switching the belt to pulleys of different diameters on the same

SPROCKETS AND CHAINS

Sprockets and chains offer another method for transferring rotat-
ing motion from one shaft to another where the friction of a drive
belt would be insufficient to transfer power. The speed relation-
ships between sprockets of different diameters coupled by chains
are the same as those between pulleys of different diameters cou-
pled by belts, as shown in Fig. 30. Therefore, if the chains are
crossed, the sprockets will rotate in different directions. Bicycles

CAM MECHANISMS

A cam is a mechanical component capable of transmitting motion
to a follower by direct contact. In a cam mechanism, the cam is
the driver and the driven member is called the follower. The fol-
lower can remain stationary, translate, oscillate, or rotate. The
general form of a plane cam mechanism is illustrated in the kine-
matic diagram Fig. 31. It consists of two shaped members A and
B with smooth, round, or elongated contact surfaces connected to
a third body C. Either body A or body B can be the driver, while
the other body is the follower. These shaped bodies can be
replaced by an equivalent mechanism. Points 1 and 2 are pin-
jointed at the centers of curvature of the contacting surfaces. If
any change is made in the relative positions of bodies A and B,
points 1 and 2 are shifted, and the links of the equivalent mecha-
nisms have different lengths.
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Fig. 30 Belts on
pulleys: With a
continuous belt both
pulleys rotate in the
same direction (a),
but with a crossed
belt both pulleys
rotate in opposite
directions (b).

machine. The machines included lathes and milling machines,
circular saws in sawmills, looms in textile plants, and grinding
wheels in grain mills. The source of power could have been a
water wheel, windmill, or a steam engine.

have sprocket and chain drives. The teeth on the sprockets mesh
with the links on the chains. Powered winches on large ships act
as sprockets because they have teeth that mate with the links of
heavy chain for raising anchors. Another example can be seen in
tracked equipment including bulldozers, cranes, and military
tanks. The flexible treads have teeth that mate with teeth on driv-
ing sprockets that propel these machines.

A Kinematic
equivalent

C

Fig. 31 Basic cam mechanism and its kinematic equivalent.
Points 1 and 2 are centers of curvature of the contact point.



Translating
roller
follower

Radial cam

Fig. 32 Radial open cam with a translating roller follower. The
roller is kept in contact with the cam by the mass of the load.

A widely used open radial-cam mechanism is shown in Fig. 32.
The roller follower is the most common follower used in these
mechanisms because it can transfer power efficiently between the
cam and follower by reducing friction and minimizing wear
between them. The arrangement shown here is called a gravity
constraint cam; it is simple and effective and can be used with
rotating disk or end cams if the weight of the follower system is
enough to keep it in constant contact with the cam profile.
However, in most practical cam mechanisms, the cam and fol-
lower are constrained at all operating speeds by preloaded com-
pression springs. Cams can be designed by three methods:

* Shaping the cam body to some known curve, such as a spi-
ral, parabola, or circular arc

* Designing the cam mathematically to determine follower
motion and then plotting the tabulated data to form the
cam

* Drawing the cam profile freehand using various drafting
curves

The third method is acceptable only if the cam motion is
intended for low speeds that will permit the use of a smooth,
“bumpless” curve. In situations where higher loads, mass, speed,
or elasticity of the members are encountered, a detailed study
must be made of both the dynamic aspects of the cam curve and
the accuracy of cam fabrication.

Many different kinds of machines include cams, particularly
those that operate automatically such as printing presses, textile
looms, gear-cutters, and screw machines. Cams open and close
the valves in internal combustion engines, index cutting tools on
machine tools, and operate switches and relays in electrical con-
trol equipment. Cams can be made in an infinite variety of shapes
from metal or hard plastic. Some of the most important cams will
be considered here. The possible applications of mechanical
cams are still unlimited despite the introduction of electronic
cams that mimic mechanical cam functions with appropriate
computer software.

Classification of Cam Mechanisms

Cam mechanisms can be classified by their input/output motions,
the configuration and arrangement of the follower, and the shape
of the cam. Cams can also be classified by the kinds of motions
made by the follower and the characteristics of the cam profile.
The possible kinds of input/output motions of cam mechanisms
with the most common disk cams are shown in Figs. 33a to e;
they are examples of rotating disk cams with translating followers.
By contrast, Fig. 33f shows a follower arm with a roller that
swings or oscillates in a circular arc with respect to the follower
hinge as the cam rotates. The follower configurations in Figs. 33a
to d are named according to their characteristics: a knife-edge; b, e,
and f roller; c flat-faced; and d spherical-faced. The face of the
flat follower can also be oblique with respect to the cam. The fol-
lower is an element that moves either up and down or side to side
as it follows the contour of the cam.

Knife edge Roller

Spherical

Flat-faced faced

l—Offset

Rotating

E Offset roller

Fig. 33 Cam configurations: Six different configurations of radial
open cams and their followers.

There are two basic types of follower: in-line and offset. The
centerline of the in-line follower passes through the centerline of
the camshaft. Figures 33a to d show five followers that move in
a plane perpendicular to the axis of rotation of the camshaft.
By contrast, the centerline of the offset follower, as illustrated
in Fig. 33e, does not pass through the centerline of the camshaft.
The amount of offset is the horizontal distance between the two
centerlines. Follower offset reduces the side thrust introduced by
the roller follower. Figure 33f illustrates a translating or swing-
arm rotating follower that must be constrained to maintain con-
tact with the cam profile.

The most common rotating disk or plate cams can be made in
a variety of shapes including offset round, egg-shaped, oval, and
cardioid or heart-shaped. Most cams are mounted on a rotating
shaft. The cam and follower must be constrained at all operating
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speeds to keep them in close contact throughout its cycle if a cam
mechanism is to function correctly. Followers are typically spring-
loaded to maintain constant contact with the shaped surface of
the cam, but gravity constraint is still an option.

If it is anticipated that a cam mechanism will be subjected
to severe shock and vibration, a grooved disk cam, as shown in
Fig. 34, can be used. The cam contour is milled into the face of a
disk so that the roller of the cam follower will be confined and
continuously constrained within the side walls of the groove
throughout the cam cycle. The groove confines the follower roller
during the entire cam rotation. Alternatively, the groove can be
milled on the outer circumference of a cylinder or barrel to form a
cylindrical or barrel cam, as shown in Fig. 35. The follower of this
cam can translate or oscillate. A similar groove can also be milled
around the conical exterior surface of a grooved conical cam.

Fig. 34 Grooved cam made by milling a contoured cam groove into
a metal or plastic disk. A roller follower is held within the grooved
contour by its depth, eliminating the need for spring-loading.

Roller follower

Fig. 35 Cylindrical or barrel cam: A roller follower tracks the
groove precisely because of the deep contoured groove milled
around the circumference of the rotating cylinder.

By contrast, the barrel-shaped end cam, shown in Fig. 36, has a
contour milled on one end. This cam is usually rotated, and its fol-
lower can also either translate or oscillate, but the follower system
must be carefully controlled to exercise the required constraint
because the follower roller is not confined by a groove. Another dis-
tinct form of cam is the translating cam, as shown in Fig. 37. It is
typically mounted on a bed or carrier that moves back and forth in
a linear reciprocal motion under a stationary vertical translating fol-
lower, usually with a roller. However, the cam can also be mounted
so that it remains stationary while a follower system moves in a lin-
ear reciprocal motion over the limited range of the cam.

The unusual dual-rotary cam configuration shown in Fig. 38
is a constant-diameter cam;, it consists of two identical disk cams
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Roller
follower

Machined
contour

Fig. 36 End cam: A roller follower tracks a cam contour machined
at the end of this rotating cylindrical cam.

Machined
contour

Roller
follower

Fig. 37 Translating cam: A roller follower either tracks the recipro-
cating motion of the cam profile or is driven back and forth over a
stationary cam profile.

Roller 17 —Cam 2

Fig. 38 Constant-diameter cam: Two identical cams, 1 and 2, are
separated on the same shaft and offset at an angle that provides a
virtual constant diameter. Cam 1 with roller follower 1 is the func-
tioning cam, and cam 2 with roller follower 2 constrains cam 1 to
smooth its motion.



with followers mounted a fixed distance apart on a common
shaft, but the cams are offset so that if superimposed their con-
tours form a virtual circle of constant diameter. Cam 1 is the
functional cam while cam 2 acts as a constraint, effectively can-
celing out the irregular motion that occurs with a single rotary
cam and follower.

The motions of the followers of all of these cam mechanisms
can be altered to obtain a different sequence by changing the con-
tour of the cam profile. The timing of the sequence of disk and
cylinder cams can be changed by altering the rotational speed of
their camshafts. The timing of the sequence of the translation
cam can be changed by altering the rate of reciprocal motion of
the bed on which it is mounted on its follower system. The rota-
tion of the follower roller does not influence the motion of any of
the cam mechanisms.

Cam Terminology

Figure 39 illustrates the nomenclature for a radial open disk cam
with a roller follower on a plate cam.

base circle: The circle with the shortest radius from the cam center
to any part of the cam profile.

cam profile: The outer surface of a disk cam as it was machined.

follower travel: For a roller follower of a disk cam it is the
vertical distance of follower travel measured at the center
point of the roller as it travels from the base circle to the cam
profile.

motion events: When a cam rotates through one cycle, the fol-
lower goes through rises, dwells, and returns. A rise is the motion
of the follower away from the cam center; a dwell occurs when
the follower is resting; and a return is the motion of the follower
toward the cam center.

pitch curve: For a roller follower of a disk cam it is the path gen-
erated by the center point of the roller as the follower is rotated
around a stationary plate cam.

CLUTCH MECHANISMS

Follower

Follower travel Pressure angle

Prime circle

Fig. 39 Cam nomenclature: This diagram identifies the industry-
accepted technical terms for cam features.

pressure angle: For a roller follower of a disk cam it is the angle
at any point between the normal to the pitch curve and the instan-
taneous direction of follower motion. This angle is important in
cam design because it indicates the steepness of the cam profile.

prime circle (reference circle): For a roller follower of a disk
cam it is the circle with the shortest radius from the cam center
to the pitch curve.

stroke or throw: The longest distance or widest angle through
which the follower moves or rotates.

working curve: The working surface of a cam that contacts the
follower. For a roller follower of a plate cam it is the path traced
by the center of the roller around the cam profile.

A clutch is defined as a coupling that connects and disconnects
the driving and driven parts of a machine; an example is an
engine and a transmission. Clutches typically contain a driving
shaft and a driven shaft, and they are classed as either externally
or internally controlled. Externally controlled clutches can be
controlled either by friction surfaces or components that engage
or mesh positively. Internally controlled clutches are controlled
by internal mechanisms or devices; they are further classified as
overload, overriding, and centrifugal. There are many different
schemes for a driving shaft to engage a driven shaft.

Externally Controlled Friction Clutches

Friction-Plate Clutch. This clutch, shown in Fig. 40, has a
control arm, which when actuated, advances a sliding plate on
the driving shaft to engage a mating rotating friction plate on the
same shaft; this motion engages associated gearing that drives
the driven shaft. When reversed, the control arm disengages the
sliding plate. The friction surface can be on either plate, but is
typically only on one.

Cone Clutch. A clutch operating on the same principle as the
friction-plate clutch except that the control arm advances a cone
on the driving shaft to engage a mating rotating friction cone on
the same shaft; this motion also engages any associated gearing
that drives the driven shaft. The friction surface can be on either
cone but is typically only on the sliding cone.

Expanding Shoe Clutch. This clutch is similar to the friction-
plate clutch except that the control arm engages linkage that
forces several friction shoes radially outward so they engage the
inner surface of a drum on or geared to the driven shaft.

Externally Controlled Positive Clutches

Jaw Clutch. This clutch is similar to the plate clutch except that
the control arm advances a sliding jaw on the driving shaft to
make positive engagement with a mating jaw on the driven shaft.

Other examples of externally controlled positive clutches are
the planetary transmission clutch consisting essentially of a sun
gear keyed to a driveshaft, two planet gears, and an outer driven
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Fig. 40 Friction plate clutch: When the left sliding plate on the
driving shaft is clamped by the control arm against the right friction
plate idling on the driving shaft, friction transfers the power of the
driving shaft to the friction plate. Gear teeth on the friction plate
mesh with a gear mounted on the driven shaft to complete the
transfer of power to the driven mechanism. Clutch torque depends
on the axial force exerted by the control arm.

ring gear. The pawl and ratchet clutch consists essentially of a
pawl-controlled driving ratchet keyed to a driven gear.

Internally Controlled Clutches

Internally controlled clutches can be controlled by springs,
torque, or centrifugal force. The spring and ball radial-detent
clutch, for example, disengages when torque becomes excessive,
allowing the driving gear to continue rotating while the driveshaft
stops rotating. The wrapped-spring clutch consists of two separate
rotating hubs joined by a coil spring. When driven in the right
direction, the spring tightens around the hubs increasing the fric-
tion grip. However, if driven in the opposite direction the spring
relaxes, allowing the clutch to slip.

The expanding-shoe centrifugal clutch is similar to the exter-
nally controlled expanding shoe clutch except that the friction
shoes are pulled in by springs until the driving shaft attains a pre-
set speed. At that speed centrifugal force drives the shoes radially
outward so that they contact the drum. As the driveshaft rotates
faster, pressure between the shoes and drum increases, thus
increasing clutch torque.

Driven

) Driving
ring

cam

shaft

Fig. 41 Overrunning clutch: As driving cam A revolves clockwise,
the rollers in the wedge-shaped gaps between cam A and outer
ring B are forced by friction into those wedges and are held there;
this locks ring B to cam A and drives it clockwise. However, if ring B
is turned counterclockwise, or is made to revolve clockwise faster
than cam A, the rollers are freed by friction, the clutch slips, and no
torque is transmitted.

The overrunning or overriding clutch, as shown in Fig. 41, is
a specialized form of a cam mechanism, also called a cam and
roller clutch. The inner driving cam A has wedge-shaped notches
on its outer rim that hold rollers between the outer surface of A
and the inner cylindrical surfaces of outer driven ring B. When
driving cam A is turning clockwise, frictional forces wedge the
rollers tightly into the notches to lock outer driven ring B in posi-
tion so it also turns in a clockwise direction. However, if driven
ring B is reversed or runs faster clockwise than driving cam A
(when it is either moving or immobile) the rollers are set free, the
clutch will slip and no torque is transmitted. Some versions of
this clutch include springs between the cam faces and the rollers
to ensure faster clutching action if driven ring B attempts to drive
driving cam A by overcoming residual friction. A version of this
clutch is the basic free-wheel mechanism that drives the rear axle
of a bicycle.

Some low-cost, light-duty overrunning clutches for one-direction-
only torque transmission intersperse cardioid-shaped pellets called
sprags with cylindrical rollers. This design permits cylindrical
internal drivers to replace cammed drivers. The sprags bind in the
concentric space between the inner driver and the outer driven ring
if the ring attempts to drive the driver. The torque rating of the
clutch depends on the number of sprags installed. For acceptable
performance a minimum of three sprags, equally spaced around
the circumference of the races, is usually necessary.

GLOSSARY OF COMMON MECHANICAL TERMS

acceleration: The time rate of change of velocity of a body. It is
always produced by force acting on a body. Acceleration is mea-
sured as feet per second per second (ft/s?) or meters per second
per second (m/s?).

component forces: The individual forces that are the equivalent
of the resultant.

concurrent forces: Forces whose lines of action or directions
pass through a common point or meet at a common point.

crank: A side link that revolves relative to the frame.
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crank-rocker mechanism: A four-bar linkage characterized by
the ability of the shorter side link to revolve through 360° while
the opposing link rocks or oscillates.

couple: Two equal and opposite parallel forces that act at dia-
metrically opposite points on a body to cause it to rotate around
a point or an axis through its center.

displacement: Distance measured from a fixed reference point
in a specified direction; it is a vector quantity; units are measured
in inches, feet, miles, centimeters, meters, and kilometers.



double-crank mechanism: A four-bar linkage characterized by
the ability of both of its side links to oscillate while the shortest
link (opposite the foundation link) can revolve through 360°.

dynamics: The study of the forces that act on bodies not in equi-
librium, both balanced and unbalanced; it accounts for the masses
and accelerations of the parts as well as the external forces acting
on the mechanisms. It is a combination of kinetics and kinematics.

efficiency of machines: The ratio of a machine’s output divided
by its input is typically expressed as a percent. There are energy
or power losses in all moving machinery caused primarily by
friction. This causes inefficiency, so a machine’s output is always
less than its input; both output and input must be expressed in the
same units of power or energy. This ratio, always a fraction, is
multiplied by 100 to obtain a percent. It can also be determined
by dividing the machine’s mechanical advantage by its velocity
ratio and multiplying that ratio by 100 to get a percent.

energy: A physical quantity present in three-dimensional space
in which forces can act on a body or particle to bring about phys-
ical change; it is the capacity for doing work. Energy can take
many forms, including mechanical, electrical, electromagnetic,
chemical, thermal, solar, and nuclear. Energy and work are related
and measured in the same units: foot-pounds, ergs, or joules; it
cannot be destroyed, but it can be wasted.

* Kinetic energy is the kind of energy a body has when it is in
motion. Examples are a rolling soccer ball, a speeding auto-
mobile, or a flying airplane.

» Potential energy is the kind of energy that a body has
because of its position or state. Examples are a concrete
block poised at the edge of a building, a shipping container
suspended above ground by a crane, or a roadside bomb.

equilibrium: In mechanics, a condition of balance or static equi-
librium between opposing forces. An example is when there are
equal forces at both ends of a seesaw resting on a fulcrum.

force: Strength or energy acting on a body to push or pull it; it is
required to produce acceleration. Except for gravitation, one
body cannot exert a force on another body unless the two are in
contact. The Earth exerts a force of attraction on bodies, whether
they are in contact or not. Force is measured in poundals (Ib-ft/s?)
or newtons (kg-m/s?).

fulcrum: A pivot point or edge about which objects are free to
rotate.

kinematic chain: A combination of links and pairs without a
fixed link.

kinematics: The study of the motions of bodies without consid-
ering how the variables of force and mass influence the motion.
It is described as the geometry of motion.

kinetics: The study of the effects of external forces including
gravity upon the motions of physical bodies.

lever: A simple machine that uses opposing torque around a ful-
crum to perform work.

linear motion: Motion in a straight line. An example is when a
car is driving on a straight road.

link: A rigid body with pins or fasteners at its ends to connect it
to other rigid bodies so it can transmit a force or motion. All
machines contain at least one link, either in a fixed position rel-
ative to the Earth or capable of moving the machine and the link
during the motion; this link is the frame or fixed link of the
machine.

linkages: Mechanical assemblies consisting of two or more
levers connected to produce a desired motion. They can also be
mechanisms consisting of rigid bodies and lower pairs.

machine: An assembly of mechanisms or parts or mechanisms
capable of transmitting force, motion, and energy from a power
source; the objective of a machine is to overcome some form of
resistance to accomplish a desired result. There are two functions
of machines: (1) the transmission of relative motion and (2) the
transmission of force; both require that the machine be strong
and rigid. While both machines and mechanisms are combinations
of rigid bodies capable of definite relative motions, machines
transform energy, but mechanisms do not. A simple machine is an
elementary mechanism. Examples are the lever, wheel and axle,
pulley, inclined plane, wedge, and screw.

machinery: A term generally meaning various combinations of
machines and mechanisms.

mass: The quantity of matter in a body indicating its inertia.
Mass also initiates gravitational attraction. It is measured in ounces,
pounds, tons, grams, and kilograms.

mechanical advantage: The ratio of the load (or force W) divided
by the effort (or force F) exerted by an operator. If friction is con-
sidered in determining mechanical advantage, or it has been
determined by the actual testing, the ratio W/F is the mechanical
advantage MA. However, if the machine is assumed to operate
without friction, the ratio W/F is the theoretical mechanical advan-
tage TA. Mechanical advantage and velocity ratio are related.

mechanics: A branch of physics concerned with the motions of
objects and their response to forces. Descriptions of mechanics
begin with definitions of such quantities as acceleration, dis-
placement, force, mass, time, and velocity.

mechanism: In mechanics, it refers to two or more rigid or resis-
tant bodies connected together by joints so they exhibit definite
relative motions with respect to one another. Mechanisms are
divided into two classes:

* Planar: Two-dimensional mechanisms whose relative
motions are in one plane or parallel planes.

* Spatial: Three-dimensional mechanisms whose relative
motions are not all in the same or parallel planes.

moment of force or torque: The product of the force acting to
produce a turning effect and the perpendicular distance of its line
of action from the point or axis of rotation. The perpendicular
distance is called the moment arm or the lever arm torque. It is
measured in pound-inches (Ib-in.), pound-feet (Ib-ft), or newton-
meters (N-m).

moment of inertia: A physical quantity giving a measure of the
rotational inertia of a body about a specified axis of rotation; it
depends on the mass, size, and shape of the body.

nonconcurrent forces: Forces whose lines of action do not meet
at a common point.

noncoplanar forces: Forces that do not act in the same plane.

oscillating motion: Repetitive forward and backward circular
motion such as that of a clock pendulum.

pair: A joint between the surfaces of two rigid bodies that keeps
them in contact and relatively movable. It might be as simple as
a pin, bolt, or hinge between two links or as complex as a uni-
versal joint between two links. There are two kinds of pairs in
mechanisms classified by the type of contact between the two
bodies of the pair: lower pairs and higher pairs.

* Lower pairs are surface-contact pairs classed either as revo-
lute or prismatic. Examples: a hinged door is a revolute pair
and a sash window is a prismatic pair.

e Higher pairs include point, line, or curve pairs. Examples:
paired rollers, cams and followers, and meshing gear teeth.
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power: The time rate of doing work. It is measured in foot-pounds
per second (ft-1b/s), foot-pounds per minute (ft-1b/min), horsepower,
watts, kilowatts, newton-meters/s, ergs/s, and joules/s.

reciprocating motion: Repetitive back and forth linear motion
as that of a piston in an internal combustion engine.

resultant: In a system of forces, it is the single force equivalent
of the entire system. When the resultant of a system of forces is
zero, the system is in equilibrium.

rotary motion: Circular motion as in the turning of a bicycle wheel.

skeleton outline: A simplified geometrical line drawing showing
the fundamentals of a simple machine devoid of the actual details
of its construction. It gives all of the geometrical information
needed for determining the relative motions of the main links.
The relative motions of these links might be complete circles,
semicircles, or arcs, or even straight lines.

statics: The study of bodies in equilibrium, either at rest or in
uniform motion.
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torque: An alternative name for moment of force.

velocity: The time rate of change with respect to distance. It is
measured in feet per second (ft/s), feet per minute (ft/min),
meters per second (m/s), or meters per minute (m/min).

velocity ratio: A ratio of the distance movement of the effort
divided by the distance of movement of the load per second for a
machine. This ratio has no units.

weight: The force on a body due to the gravitational attraction of
the Earth; weight W = mass n X acceleration g due to the Earth’s
gravity; mass of a body is constant but g, and therefore W vary
slightly over the Earth’s surface.

work: The product of force and distance: the distance an object
moves in the direction of force. Work is not done if the force
exerted on a body fails to move that body. Work, like energy, is
measured in units of ergs, joules, or foot-pounds.
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MOTION CONTROL SYSTEMS OVERVIEW

Introduction

A modern motion control system typically consists of a motion
controller, a motor drive or amplifier, an electric motor, and feed-
back sensors. The system might also contain other components
such as one or more belt-, ballscrew-, or leadscrew-driven linear
guides or axis stages. A motion controller today can be a stand-
alone programmable controller, a personal computer containing a
motion control card, or a programmable logic controller (PLC).

Elevation
Brushless Z
servorototors
) Multiaxis motion

controller

travel X

Fig. 1 This multiaxis X-Y-Z motion platform is an example of a
motion control system.

All of the components of a motion control system must work
together seamlessly to perform their assigned functions. Their
selection must be based on both engineering and economic con-
siderations. Figure 1 illustrates a typical multiaxis X-Y-Z motion
platform that includes the three linear axes required to move a
load, tool, or end effector precisely through three degrees of free-
dom. With additional mechanical or electromechanical compo-
nents on each axis, rotation about the three axes can provide up
to six degrees of freedom, as shown in Fig. 2.

Motion control systems today can be found in such diverse
applications as materials handling equipment, machine tool

X

-
L

Fig.2 The right-handed coordinate system showing six degrees
of freedom.
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centers, chemical and pharmaceutical process lines, inspection
stations, robots, and injection molding machines.

Merits of Electric Systems

Most motion control systems today are powered by electric
motors rather than hydraulic or pneumatic motors or actuators
because of the many benefits they offer:

* More precise load or tool positioning, resulting in fewer
product or process defects and lower material costs

* Quicker changeovers for higher flexibility and easier product
customizing

* Increased throughput for higher efficiency and capacity

» Simpler system design for easier installation, programming,
and training

* Lower downtime and maintenance costs
* Cleaner, quieter operation without oil or air leakage

Electric-powered motion control systems do not require
pumps or air compressors, and they do not have hoses or piping
that can leak hydraulic fluids or air. This discussion of motion
control is limited to electric-powered systems.

Motion Control Classification

Motion control systems can be classified as open-loop or closed-
loop. An open-loop system does not require that measurements
of any output variables be made to produce error-correcting sig-
nals; by contrast, a closed-loop system requires one or more
feedback sensors that measure and respond to errors in output
variables.

Closed-Loop System

A closed-loop motion control system, as shown in block diagram
Fig. 3, has one or more feedback loops that continuously com-
pare the system’s response with input commands or settings to
correct errors in motor and/or load speed, load position, or motor
torque. Feedback sensors provide the electronic signals for cor-
recting deviations from the desired input commands. Closed-
loop systems are also called servosystems.

Desired Motion
output - Load
commands Controller

Feedback

loops Feedback
SENSors

Measurements
(Alternative)

Fig. 3 Block diagram of a basic closed-loop control system.

Each motor in a servosystem requires its own feedback sen-
sors, typically encoders, resolvers, or tachometers, that close
loops around the motor and load. Variations in velocity, position,
and torque are typically caused by variations in load conditions,
but changes in ambient temperature and humidity can also affect
load conditions.
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Fig. 4 Block diagram of a velocity-control system.

A velocity-control loop, as shown in block diagram Fig. 4,
typically contains a tachometer that is able to detect changes in
motor speed. This sensor produces error signals that are propor-
tional to the positive or negative deviations of motor speed from
its preset value. These signals are sent to the motion controller so
that it can compute a corrective signal for the amplifier to keep
motor speed within those preset limits despite load changes.

Position
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resolver Alternative 1
et = = - ——— P ——
position source

Fig. 5 Block diagram of a position-control system.

A position-control loop, as shown in block diagram Fig. 5,
typically contains either an encoder or resolver capable of direct
or indirect measurements of load position. These sensors gener-
ate error signals that are sent to the motion controller, which pro-
duces a corrective signal for the amplifier. The output of the ampli-
fier causes the motor to speed up or slow down to correct the
position of the load. Most position-control closed-loop systems
also include a velocity-control loop.

The ballscrew slide mechanism, shown in Fig. 6, is an exam-
ple of a mechanical system that carries a load whose position must
be controlled in a closed-loop servosystem because it is not

Bearing ways

Carriage

Ball screw

Coupling

Bolt nut

Fig. 6 Ballscrew-driven single-axis slide mechanism without
position feedback sensors.

Rotary encoder
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Fig. 7 Examples of position feedback sensors installed on a
ballscrew-driven slide mechanism: (a) rotary encoder, (b) linear
encoder, and (c) laser interferometer.

equipped with position sensors. Three examples of feedback sen-
sors mounted on the ballscrew mechanism that can provide posi-
tion feedback are shown in Fig. 7: (a) is a rotary optical encoder
mounted on the motor housing with its shaft coupled to the motor
shaft; (b) is an optical linear encoder with its graduated scale
mounted on the base of the mechanism; and (c) is the less com-
monly used but more accurate and expensive laser interferometer.

A torque-control loop contains electronic circuitry that mea-
sures the input current applied to the motor and compares it with
a value proportional to the torque required to perform the desired
task. An error signal from the circuit is sent to the motion con-
troller, which computes a corrective signal for the motor amplifier
to keep motor current, and hence torque, constant. Torque-control
loops are widely used in machine tools where the load can
change due to variations in the density of the material being
machined or the sharpness of the cutting tools.

Trapezoidal Velocity Profile

If a motion control system is to achieve smooth, high-speed
motion without overstressing the servomotor, the motion con-
troller must command the motor amplifier to ramp up motor
velocity gradually until it reaches the desired speed and then
ramp it down gradually until it stops after the task is complete.
This keeps motor acceleration and deceleration within limits.
The trapezoidal profile, shown in Fig. 8, is widely used
because it accelerates motor velocity along a positive linear
“upramp” until the desired constant velocity is reached. When
the motor is shut down from the constant velocity setting, the
profile decelerates velocity along a negative “down ramp” until
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Fig. 8 Servomotors are accelerated to constant velocity and
decelerated along a trapezoidal profile to assure efficient operation.

the motor stops. Amplifier current and output voltage reach max-
imum values during acceleration, then step down to lower values
during constant velocity and switch to negative values during
deceleration.

Closed-Loop Control Techniques

The simplest form of feedback is proportional control, but
there are also derivative and integral control techniques, which
compensate for certain steady-state errors that cannot be elimi-
nated from proportional control. All three of these techniques
can be combined to form proportional-integral-derivative
(PID) control.

* In proportional control the signal that drives the motor or
actuator is directly proportional to the linear difference
between the input command for the desired output and the
measured actual output.

* In integral control the signal driving the motor equals the
time integral of the difference between the input command
and the measured actual output.

* In derivative control the signal that drives the motor is pro-
portional to the time derivative of the difference between the
input command and the measured actual output.

* In proportional-integral-derivative (PID) control the signal
that drives the motor equals the weighted sum of the differ-
ence, the time integral of the difference, and the time deriva-
tive of the difference between the input command and the
measured actual output.

Open-Loop Motion Control Systems

A typical open-loop motion control system includes a stepper
motor with a programmable indexer or pulse generator and motor
driver, as shown in Fig. 9. This system does not need feedback
sensors because load position and velocity are controlled by the
predetermined number and direction of input digital pulses sent
to the motor driver from the controller. Because load position is
not continuously sampled by a feedback sensor (as in a closed-
loop servosystem), load positioning accuracy is lower and posi-
tion errors (commonly called step errors) accumulate over time.
For these reasons open-loop systems are most often specified in
applications where the load remains constant, load motion is sim-
ple, and low positioning speed is acceptable.

Position__| C?r?u-ugﬁ] er Step Load
command (Position) motor

Fig. 9 Block diagram of an open-loop motion control system.
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Kinds of Controlled Motion

There are five different kinds of motion control: point-to-point,
sequencing, speed, torque, and incremental.

* In point-to-point motion control the load is moved between a
sequence of numerically defined positions where it is
stopped before it is moved to the next position. This is done
at a constant speed, with both velocity and distance moni-
tored by the motion controller. Point-to-point positioning can
be performed in single-axis or multiaxis systems with servo-
motors in closed loops or stepping motors in open loops.
X-Y tables and milling machines position their loads by
multiaxis point-to-point control.

* Sequencing control is the control of such functions as opening
and closing valves in a preset sequence or starting and stop-
ping a conveyor belt at specified stations in a specific order.

» Speed control is the control of the velocity of the motor or
actuator in a system.

» Torgue control is the control of motor or actuator current so
that torque remains constant despite load changes.

e Incremental motion control is the simultaneous control of
two or more variables such as load location, motor speed, or
torque.

Motion Interpolation

When a load under control must follow a specific path to get
from its starting point to its stopping point, the movements of the
axes must be coordinated or interpolated. There are three kinds
of interpolation: linear, circular, and contouring.

Linear interpolation is the ability of a motion control system
having two or more axes to move the load from one point to
another in a straight line. The motion controller must determine
the speed of each axis so that it can coordinate their movements.
True linear interpolation requires that the motion controller mod-
ify axis acceleration, but some controllers approximate true lin-
ear interpolation with programmed acceleration profiles. The
path can lie in one plane or be three dimensional.

Circular interpolation is the ability of a motion control sys-
tem having two or more axes to move the load around a circular
trajectory. It requires that the motion controller modify load
acceleration while it is in transit. Again the circle can lie in one
plane or be three dimensional.

Contouring is the path followed by the load, tool, or end-
effector under the coordinated control of two or more axes. It
requires that the motion controller change the speeds on different
axes so that their trajectories pass through a set of predefined
points. Load speed is determined along the trajectory, and it can
be constant except during starting and stopping.

Computer-Aided Emulation

Several important types of programmed computer-aided motion
control can emulate mechanical motion and eliminate the need
for actual gears or cams. Electronic gearing is the control by
software of one or more axes to impart motion to a load, tool, or
end effector that simulates the speed changes that can be per-
formed by actual gears. Electronic camming is the control by
software of one or more axes to impart a motion to a load, tool,
or end effector that simulates the motion changes that are typi-
cally performed by actual cams.

Mechanical Components

The mechanical components in a motion control system can be
more influential in the design of the system than the electronic
circuitry used to control it. Product flow and throughput, human
operator requirements, and maintenance issues help to determine
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Fig. 10 Leadscrew drive: As the leadscrew rotates, the load is
translated in the axial direction of the screw.

the mechanics, which in turn influence the motion controller and
software requirements.

Mechanical actuators convert a motor’s rotary motion into lin-
ear motion. Mechanical methods for accomplishing this include
the use of leadscrews, shown in Fig. 10, ballscrews, shown in
Fig. 11, worm-drive gearing, shown in Fig. 12, and belt, cable, or
chain drives. Method selection is based on the relative costs of the
alternatives and consideration for the possible effects of backlash.
All actuators have finite levels of torsional and axial stiffness that
can affect the system’s frequency response characteristics.

Linear guides or stages constrain a translating load to a single
degree of freedom. The linear stage supports the mass of the load

Ball return slots

Fig. 11 Ballscrew drive: Ballscrews use recirculating balls to reduce
friction and gain higher efficiency than conventional leadscrews.

Screw (worm)

Gear
(wheel) ¢

Fig. 12 Worm-drive systems can provide high speed and high torque.

Motor produces
rotary motion

Carriage

Bolt nut translates
rotary to linear motion

Fig. 13 Ballscrew-driven single-axis slide mechanism translates
rotary motion into linear motion.

to be actuated and assures smooth, straight-line motion while
minimizing friction. A common example of a linear stage is a
ballscrew-driven single-axis stage, illustrated in Fig. 13. The
motor turns the ballscrew, and its rotary motion is translated into
the linear motion that moves the carriage and load by the stage’s
bolt nut. The bearing ways act as linear guides. As shown in Fig. 7,
these stages can be equipped with sensors such as a rotary or lin-
ear encoder or a laser interferometer for feedback.

A ballscrew-driven single-axis stage with a rotary encoder cou-
pled to the motor shaft provides an indirect measurement. This
method ignores the tolerance, wear, and compliance in the
mechanical components between the carriage and the position
encoder that can cause deviations between the desired and true
positions. Consequently, this feedback method limits position
accuracy to ballscrew accuracy, typically +5 to 10 um per 300 mm.

Other kinds of single-axis stages include those containing
antifriction rolling elements such as recirculating and nonrecircu-
lating balls or rollers, sliding (friction contact) units, air-bearing
units, hydrostatic units, and magnetic levitation (Maglev) units.

A single-axis air-bearing guide or stage is shown in Fig. 14.
Some models being offered are 3.9 ft (1.2 m) long and include a
carriage for mounting loads. When driven by a linear servomotor
the loads can reach velocities of 9.8 ft/s (3 m/s). As shown in Fig. 7,
these stages can be equipped with feedback devices such as cost-
effective linear encoders or ultrahigh-resolution laser interferom-
eters. The resolution of this type of stage with a noncontact linear
encoder can be as fine as 20 nm and accuracy can be =1 pm.
However, these values can be increased to 0.3 nm resolution and
submicron accuracy if a laser interferometer is installed.

The pitch, roll, and yaw of air-bearing stages can affect their
resolution and accuracy. Some manufacturers claim *1 arc-s per

Lift air bearings
(2)
Guide air bearings
(2)

Magnetic preloads

Granite P Linear (2
base encoder scale

Fig. 14 This single-axis linear guide for load positioning is sup-
ported by air bearings as it moves along a granite base.
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100 mm as the limits for each of these characteristics. Large air-
bearing surfaces provide excellent stiffness and permit large
load-carrying capability.

The important attributes of all these stages are their dynamic
and static friction, rigidity, stiffness, straightness, flatness,
smoothness, and load capacity. Also considered is the amount of
work needed to prepare the host machine’s mounting surface for
their installation.

The structure on which the motion control system is mounted
directly affects the system’s performance. A properly designed
base or host machine will be highly damped and act as a compli-
ant barrier to isolate the motion system from its environment and
minimize the impact of external disturbances. The structure must
be stiff enough and sufficiently damped to avoid resonance prob-
lems. A high static mass to reciprocating mass ratio can also pre-
vent the motion control system from exciting its host structure to
harmful resonance.

(a) (b)

Fig. 15 Flexible shaft couplings adjust for and accommodate par-
allel misalignment (a) and angular misalignment between rotating
shafts (b).

Any components that move will affect a system’s response by
changing the amount of inertia, damping, friction, stiffness, or
resonance. For example, a flexible shaft coupling, as shown in
Fig. 15, will compensate for minor parallel (a) and angular (b)
misalignment between rotating shafts. Flexible couplings are
available in other configurations such as bellows and helixes, as
shown in Fig. 16. The bellows configuration (a) is acceptable for
light-duty applications where misalignments can be as great as 9°
angular or Y, in. parallel. By contrast, helical couplings (b) pre-
vent backlash at constant velocity with some misalignment, and
they can also be run at high speed.

Other moving mechanical components include cable carriers
that retain moving cables, end stops that restrict travel, shock
absorbers to dissipate energy during a collision, and way covers
to keep out dust and dirt.

(@) (b)

Fig. 16 Bellows couplings (a) are acceptable for light-duty appli-
cations. Misalignments can be 9° angular or '/, in. parallel. Helical
couplings (b) prevent backlash and can operate at constant velocity
with misalignment and be run at high speed.
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Electronic System Components

The motion controller is the “brain” of the motion control system
and performs all of the required computations for motion path
planning, servo-loop closure, and sequence execution. It is essen-
tially a computer dedicated to motion control that has been pro-
grammed by the end user for the performance of assigned tasks.
The motion controller produces a low-power motor command
signal in either a digital or analog format for the motor driver or
amplifier.

Significant technical developments have led to the increased
acceptance of programmable motion controllers over the past 5
to 10 years. These include the rapid decrease in the cost of micro-
processors as well as dramatic increases in their computing
power. Added to that are the decreasing cost of more advanced
semiconductor and disk memories. During the past 5 to 10 years,
the capability of these systems to improve product quality,
increase throughput, and provide just-in-time delivery has
improved significantly.

The motion controller is the most critical component in the
system because of its dependence on software. By contrast, the
selection of most motors, drivers, feedback sensors, and associated
mechanisms is less critical because they can usually be changed
during the design phase or even later in the field with less impact
on the characteristics of the intended system. However, making
field changes can be costly in terms of lost productivity.

The decision to install any of the three kinds of motion con-
trollers should be based on their ability to control both the num-
ber and types of motors required for the application as well as the
availability of the software that will provide the optimum perfor-
mance for the specific application. Also to be considered are the
system’s multitasking capabilities, the number of input/output
(I/0) ports required, and the need for such features as linear and
circular interpolation and electronic gearing and camming.

In general, a motion controller receives a set of operator
instructions from a host or operator interface and it responds with
corresponding command signals for the motor driver or drivers
that control the motor or motors driving the load.

Motor Selection

The most popular motors for motion control systems are stepping
or stepper motors and permanent-magnet (PM) DC brush-type
and brushless DC servomotors. Stepper motors are selected for
systems because they can run open-loop without feedback sen-
sors. These motors are indexed or partially rotated by digital
pulses that turn their rotors a fixed fraction or a revolution where
they will be clamped securely by their inherent holding torque.
Stepper motors are cost-effective and reliable choices for many
applications that do not require the rapid acceleration, high
speed, and position accuracy of a servomotor.

However, a feedback loop can improve the positioning accu-
racy of a stepper motor without incurring the higher costs of a
complete servosystem. Some stepper motor motion controllers
can accommodate a closed loop.

Brush and brushless PM DC servomotors are usually selected
for applications that require more precise positioning. Both of
these motors can reach higher speeds and offer smoother low-
speed operation with finer position resolution than stepper
motors, but both require one or more feedback sensors in closed
loops, adding to system cost and complexity.

Brush-type permanent-magnet (PM) DC servomotors have
wound armatures or rotors that rotate within the magnetic field
produced by a PM stator. As the rotor turns, current is applied
sequentially to the appropriate armature windings by a mechani-
cal commutator consisting of two or more brushes sliding on a
ring of insulated copper segments. These motors are quite
mature, and modern versions can provide very high performance
for very low cost.



There are variations of the brush-type DC servomotor with its
iron-core rotor that permit more rapid acceleration and decelera-
tion because of their low-inertia, lightweight cup- or disk-type
armatures. The disk-type armature of the pancake-frame motor,
for example, has its mass concentrated close to the motor’s face-
plate permitting a short, flat cylindrical housing. This configura-
tion makes the motor suitable for faceplate mounting in restricted
space, a feature particularly useful in industrial robots or other
applications where space does not permit the installation of
brackets for mounting a motor with a longer length dimension.

The brush-type DC motor with a cup-type armature also
offers lower weight and inertia than conventional DC servomotors.
However, the tradeoff in the use of these motors is the restriction
on their duty cycles because the epoxy-encapsulated armatures are
unable to dissipate heat buildup as easily as iron-core armatures
and are therefore subject to damage or destruction if overheated.

However, any servomotor with brush commutation can be
unsuitable for some applications due to the electromagnetic
interference (EMI) caused by brush arcing or the possibility that
the arcing can ignite nearby flammable fluids, airborne dust, or
vapor, posing a fire or explosion hazard. The EMI generated can
adversely affect nearby electronic circuitry. In addition, motor
brushes wear down and leave a gritty residue that can contami-
nate nearby sensitive instruments or precisely ground surfaces.
Thus, brush-type motors must be cleaned constantly to prevent
the spread of the residue from the motor. Also, brushes must be
replaced periodically, causing unproductive downtime.

Brushless DC PM motors overcome these problems and offer
the benefits of electronic rather than mechanical commutation.
Built as inside-out DC motors, typical brushless motors have PM
rotors and wound stator coils. Commutation is performed by
internal noncontact Hall-effect devices (HEDs) positioned within
the stator windings. The HEDs are wired to power transistor
switching circuitry, which is mounted externally in separate
modules for some motors but is mounted internally on circuit
cards in other motors. Alternatively, commutation can be per-
formed by a commutating encoder or by commutation software
resident in the motion controller or motor drive.

Brushless DC motors exhibit low rotor inertia and lower wind-
ing thermal resistance than brush-type motors because their high-
efficiency magnets permit the use of shorter rotors with smaller
diameters. Moreover, because they are not burdened with sliding
brush-type mechanical contacts, they can run at higher speeds
(50,000 rpm or greater), provide higher continuous torque, and
accelerate faster than brush-type motors. Nevertheless, brushless
motors still cost more than comparably rated brush-type motors
(although that price gap continues to narrow) and their installation
adds to overall motion control system cost and complexity. Table 1
summarizes some of the outstanding characteristics of stepper,
PM brush, and PM brushless DC motors.

Table 1 Stepping and Permanent-Magnet DC Servomotors
Compared.

Stepping PM Brush PM Brushless
Cost Low Medium High
Smoothness Low to medium  Good to Good to
excellent excellent
Speed range 0-1500 rmp 0-6000 rpm 0-10,000 rpm
(typical)
Torque High- (falls off Medium High
with speed)
Required None Position or Commutation
feedback velocity and position
or velocity
Maintenance None Yes None
Cleanliness Excellent Brush dust Excellent

The linear motor, another drive alternative, can move the load
directly, eliminating the need for intermediate motion translation
mechanism. These motors can accelerate rapidly and position
loads accurately at high speed because they have no moving parts
in contact with each other. Essentially rotary motors that have
been sliced open and unrolled, they have many of the character-
istics of conventional motors. They can replace conventional
rotary motors driving leadscrew-, ballscrew-, or belt-driven sin-
gle-axis stages, but they cannot be coupled to gears that could
change their drive characteristics. If increased performance is
required from a linear motor, the existing motor must be replaced
with a larger one.

Linear motors must operate in closed feedback loops, and
they typically require more costly feedback sensors than rotary
motors. In addition, space must be allowed for the free move-
ment of the motor’s power cable as it tracks back and forth along
a linear path. Moreover, their applications are also limited
because of their inability to dissipate heat as readily as rotary
motors with metal frames and cooling fins, and the exposed
magnetic fields of some models can attract loose ferrous objects,
creating a safety hazard.

Motor Drivers (Amplifiers)

Motor drivers or amplifiers must be capable of driving their
associated motors—stepper, brush, brushless, or linear. A drive
circuit for a stepper motor can be fairly simple because it needs
only several power transistors to sequentially energize the motor
phases according to the number of digital step pulses received
from the motion controller. However, more advanced stepping
motor drivers can control phase current to permit “microstep-
ping,” a technique that allows the motor to position the load
more precisely.

Servodrive amplifiers for brush and brushless motors typically
receive analog voltages of =10-VDC signals from the motion
controller. These signals correspond to current or voltage com-
mands. When amplified, the signals control both the direction
and magnitude of the current in the motor windings. Two types
of amplifiers are generally used in closed-loop servosystems:
linear and pulse-width modulated (PWM).

Pulse-width modulated amplifiers predominate because they
are more efficient than linear amplifiers and can provide up to
100 W. The transistors in PWM amplifiers (as in PWM power
supplies) are optimized for switchmode operation, and they are
capable of switching amplifier output voltage at frequencies up
to 20 kHz. When the power transistors are switched on (on state),
they saturate, but when they are off, no current is drawn. This
operating mode reduces transistor power dissipation and boosts
amplifier efficiency. Because of their higher operating frequen-
cies, the magnetic components in PWM amplifiers can be
smaller and lighter than those in linear amplifiers. Thus, the
entire drive module can be packaged in a smaller, lighter case.

By contrast, the power transistors in linear amplifiers are con-
tinuously in the on state although output power requirements can
be varied. This operating mode wastes power, resulting in lower
amplifier efficiency while subjecting the power transistors to
thermal stress. However, linear amplifiers permit smoother motor
operation, a requirement for some sensitive motion control systems.
In addition linear amplifiers are better at driving low-inductance
motors. Moreover, these amplifiers generate less EMI than PWM
amplifiers, so they do not require the same degree of filtering. By
contrast, linear amplifiers typically have lower maximum power
ratings than PWM amplifiers.

Feedback Sensors

Position feedback is the most common requirement in closed-
loop motion control systems, and the most popular sensor for
providing this information is the rotary optical encoder. The axial
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shafts of these encoders are mechanically coupled to the drive-
shafts of the motor. They generate either sine waves or pulses that
can be counted by the motion controller to determine the motor
or load position and direction of travel at any time to permit pre-
cise positioning. Analog encoders produce sine waves that must
be conditioned by external circuitry for counting, but digital
encoders include circuitry for translating sine waves into pulses.

Absolute rotary optical encoders produce binary words for the
motion controller that provide precise position information. If
they are stopped accidentally due to power failure, these
encoders preserve the binary word because the last position of
the encoder code wheel acts as a memory.

Linear optical encoders, by contrast, produce pulses that are
proportional to the actual linear distance of load movement. They
work on the same principles as the rotary encoders, but the grad-
uations are engraved on a stationary glass or metal scale while
the read head moves along the scale.

Tachometers are generators that provide analog signals that
are directly proportional to motor shaft speed. They are mechan-
ically coupled to the motor shaft and can be located within the
motor frame. After tachometer output is converted to a digital
format by the motion controller, a feedback signal is generated
for the driver to keep motor speed within preset limits.

Other common feedback sensors include resolvers, linear
variable differential transformers (LVDTs), Inductosyns, and
potentiometers. Less common are the more accurate laser inter-
ferometers. Feedback sensor selection is based on an evaluation
of the sensor’s accuracy, repeatability, ruggedness, temperature
limits, size, weight, mounting requirements, and cost, with the
relative importance of each determined by the application.

Installation and Operation of the System

The design and implementation of a cost-effective motion-control
system require a high degree of expertise on the part of the person
or persons responsible for system integration. It is rare that a
diverse group of components can be removed from their boxes,
installed, and interconnected to form an instantly effective system.
Each servosystem (and many stepper systems) must be tuned (sta-
bilized) to the load and environmental conditions. However, instal-
lation and development time can be minimized if the customer’s
requirements are accurately defined, optimum components are
selected, and the tuning and debugging tools are applied correctly.
Moreover, operators must be properly trained in formal classes or,
at the very least, must have a clear understanding of the information
in the manufacturers’ technical manuals gained by careful reading.

GLOSSARY OF MOTION CONTROL TERMS

Abbe error: A linear error caused by a combination of an under-
lying angular error along the line of motion and a dimensional
offset between the position of the object being measured and the
accuracy-determining element such as a leadscrew or encoder.

acceleration: The change in velocity per unit time.

accuracy: (1) absolute accuracy: The motion control system out-
put compared with the commanded input. It is actually a mea-
surement of inaccuracy and it is typically measured in millimeters.
(2) motion accuracy: The maximum expected difference between
the actual and the intended position of an object or load for a given
input. Its value depends on the method used for measuring the
actual position. (3) on-axis accuracy: The uncertainty of load posi-
tion after all linear errors are eliminated. These include such fac-
tors as inaccuracy of leadscrew pitch, the angular deviation effect
at the measuring point, and thermal expansion of materials.

backlash: The maximum magnitude of an input that produces no
measurable output when the direction of motion is reversed. It
can result from insufficient preloading or poor meshing of gear
teeth in a gear-coupled drivetrain.

error: (1) The difference between the actual result of an input
command and the ideal or theoretical result. (2) following error:
The instantaneous difference between the actual position as
reported by the position feedback loop and the ideal position, as
commanded by the controller. (3) steady-state error: The differ-
ence between the actual and commanded position after all cor-
rections have been applied by the controller.

hysteresis: The difference in the absolute position of the load for
a commanded input when motion is from opposite directions.

inertia: The measure of a load’s resistance to changes in velocity
or speed. It is a function of the load’s mass and shape. The torque
required to accelerate or decelerate the load is proportional to
inertia.

28

overshoot: The amount of overcorrection in an underdamped
control system.

play: The uncontrolled movement due to the looseness of
mechanical parts. It is typically caused by wear, overloading the
system, or improper system operation.

precision: See repeatability.

repeatability: The ability of a motion control system to return
repeatedly to the commanded position. It is influenced by the
presence of backlash and hysteresis. Consequently, bidirectional
repeatability, a more precise specification, is the ability of the
system to achieve the commanded position repeatedly regardless
of the direction from which the intended position is approached.
It is synonymous with precision. However, accuracy and preci-
sion are not the same.

resolution: The smallest position increment that the motion con-
trol system can detect. It is typically considered to be display or
encoder resolution because it is not necessarily the smallest
motion the system is capable of delivering reliably.

runout: The deviation between ideal linear (straight-line)
motion and the actual measured motion.

sensitivity: The minimum input capable of producing output
motion. It is also the ratio of the output motion to the input drive.
This term should not be used in place of resolution.

settling time: The time elapsed between the entry of a command
to a system and the instant the system first reaches the com-
manded position and maintains that position within the specified
error value.

velocity: The change in distance per unit time. Velocity is a
vector and speed is a scalar, but the terms can be used inter-
changeably.



MECHANICAL COMPONENTS FORM SPECIALIZED
MOTION-CONTROL SYSTEMS

Many different kinds of mechanical components are listed in
manufacturers’ catalogs for speeding the design and assembly
of motion control systems. These drawings illustrate what,
where, and how one manufacturer's components were used to

build specialized systems.
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Fig. 1 Punch Press: Catalog pillow blocks and rail assemblies were
installed in this system for reducing the deflection of a punch press
plate loader to minimize scrap and improve its cycle speed.
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Fig. 2 Microcomputer-Controlled X-Y Table: Catalog pillow blocks,
rail guides, and ballscrew assemblies were installed in this rigid sys-
tem that positions workpieces accurately for precise milling and
drilling on a vertical milling machine.
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Fig. 3 Pick and Place X-Y System: Catalog support and pillow
blocks, ballscrew assemblies, races, and guides were in the assem-
bly of this X-Y system that transfers workpieces between two sepa-
rate machining stations.

Fig.4 X-Y Inspection System: Catalog pillow and shaft-support
blocks, ballscrew assemblies, and a preassembled motion system
were used to build this system, which accurately positions an inspec-
tion probe over small electronic components.
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SERVOMOIORS, STEPPER MOTORS, AND ACTUATORS

FOR MOTION CONTROL

Many different kinds of electric motors have been adapted for use
in motion control systems because of their linear characteristics.
These include both conventional rotary and linear alternating cur-
rent (AC) and direct current (DC) motors. These motors can be
further classified into those that must be operated in closed-loop
servosystems and those that can be operated open-loop.

The most popular servomotors are permanent magnet (PM)
rotary DC servomotors that have been adapted from conventional
PM DC motors. These servomotors are typically classified as
brush-type and brushless. The brush-type PM DC servomotors
include those with wound rotors and those with lighter weight,
lower inertia cup- and disk coil-type armatures. Brushless servo-
motors have PM rotors and wound stators.

Some motion control systems are driven by two-part linear
servomotors that move along tracks or ways. They are popular in
applications where errors introduced by mechanical coupling
between the rotary motors and the load can introduce unwanted
errors in positioning. Linear motors require closed loops for their
operation, and provision must be made to accommodate the
back-and-forth movement of the attached data and power cable.

Stepper or stepping motors are generally used in less demand-
ing motion control systems, where positioning the load by stepper
motors is not critical for the application. Increased position accu-
racy can be obtained by enclosing the motors in control loops.

Permanent-Magnet DC Servomotors

Permanent-magnet (PM) field DC rotary motors have proven to
be reliable drives for motion control applications where high effi-
ciency, high starting torque, and linear speed—torque curves are
desirable characteristics. While they share many of the charac-
teristics of conventional rotary series, shunt, and compound-
wound brush-type DC motors, PM DC servomotors increased in
popularity with the introduction of stronger ceramic and rare-
earth magnets made from such materials as neodymium—iron—
boron and the fact that these motors can be driven easily by
microprocessor-based controllers.

The replacement of a wound field with permanent magnets
eliminates both the need for separate field excitation and the
electrical losses that occur in those field windings. Because there
are both brush-type and brushless DC servomotors, the term DC
motor implies that it is brush-type or requires mechanical com-
mutation unless it is modified by the term brushless. Permanent-
magnet DC brush-type servomotors can also have armatures
formed as laminated coils in disk or cup shapes. They are
lightweight, low-inertia armatures that permit the motors to
accelerate faster than the heavier conventional wound armatures.

The increased field strength of the ceramic and rare-earth
magnets permitted the construction of DC motors that are both
smaller and lighter than earlier generation comparably rated DC
motors with alnico (aluminum-nickel-cobalt or AINiCo) mag-
nets. Moreover, integrated circuitry and microprocessors have
increased the reliability and cost-effectiveness of digital motion
controllers and motor drivers or amplifiers while permitting them
to be packaged in smaller and lighter cases, thus reducing the
size and weight of complete, integrated motion-control systems.

Brush-Type PM DC Servomotors

The design feature that distinguishes the brush-type PM DC ser-
vomotor, as shown in Fig. 1, from other brush-type DC motors is
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Fig.1 Cutaway view of a fractional horsepower permanent-magnet
DC servomotor.

the use of a permanent-magnet field to replace the wound field.
As previously stated, this eliminates both the need for separate
field excitation and the electrical losses that typically occur in
field windings.

Permanent-magnet DC motors, like all other mechanically
commutated DC motors, are energized through brushes and a
multisegment commutator. While all DC motors operate on the
same principles, only PM DC motors have the linear speed—
torque curves shown in Fig. 2, making them ideal for closed-loop
and variable-speed servomotor applications. These linear charac-
teristics conveniently describe the full range of motor performance.

SPEED

vVl V2 V3 V4 V5

TORQUE

Fig. 2 A typical family of speed/torque curves for a permanent-
magnet DC servomotor at different voltage inputs, with voltage
increasing from left to right (V1 to V5).



It can be seen that both speed and torque increase linearly with
applied voltage, indicated in the diagram as increasing from V1
to V5.

The stators of brush-type PM DC motors are magnetic pole
pairs. When the motor is powered, the opposite polarities of the
energized windings and the stator magnets attract, and the rotor
rotates to align itself with the stator. Just as the rotor reaches
alignment, the brushes move across the commutator segments
and energize the next winding. This sequence continues as long
as power is applied, keeping the rotor in continuous motion. The
commutator is staggered from the rotor poles, and the number of
its segments is directly proportional to the number of windings.
If the connections of a PM DC motor are reversed, the motor will
change direction, but it might not operate as efficiently in the
reversed direction.

Disk-Type PM DC Motors

The disk-type motor shown in the exploded view in Fig. 3 has a
disk-shaped armature with stamped and laminated windings.
This nonferrous laminated disk is made as a copper stamping
bonded between epoxy—glass insulated layers and fastened to an
axial shaft. The stator field can either be a ring of many individ-
ual ceramic magnet cylinders, as shown, or a ring-type ceramic
magnet attached to the dish-shaped end bell, which completes the
magnetic circuit. The spring-loaded brushes ride directly on
stamped commutator bars.

Permanent magnets

Copper-stamped
windings

Fig. 3 Exploded view of a permanent-magnet DC servomotor with
a disk-type armature.

These motors are also called pancake motors because they are
housed in cases with thin, flat form factors whose diameters
exceed their lengths, suggesting pancakes. Earlier generations of
these motors were called printed-circuit motors because the
armature disks were made by a printed-circuit fabrication pro-
cess that has been superseded. The flat motor case concentrates
the motor’s center of mass close to the mounting plate, permit-
ting it to be easily surface mounted. This eliminates the awkward
motor overhang and the need for supporting braces if a conven-
tional motor frame is to be surface mounted. Their disk-type
motor form factor has made these motors popular as axis drivers
for industrial robots where space is limited.

The principal disadvantage of the disk-type motor is the rela-
tively fragile construction of its armature and its inability to dis-
sipate heat as rapidly as iron-core wound rotors. Consequently,
these motors are usually limited to applications where the motor
can be run under controlled conditions and a shorter duty cycle
allows enough time for armature heat buildup to be dissipated.

Cup- or Shell-Type PM DC Motors

Cup- or shell-type PM DC motors offer low inertia and low
inductance as well as high acceleration characteristics, making
them useful in many servo applications. They have hollow cylin-
drical armatures made as aluminum or copper coils bonded by
polymer resin and fiberglass to form a rigid “ironless cup,” which
is fastened to an axial shaft. A cutaway view of this class of ser-
vomotor is illustrated in Fig. 4.
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Commutator

Encapsulated

copper cup winding Drive shaft

Fig. 4 Cutaway view of a permanent-magnet DC servomotor with
a cup-type armature.

Because the armature has no iron core, it, like the disk motor,
has extremely low inertia and a very high torque-to-inertia ratio.
This permits the motor to accelerate rapidly for the quick response
required in many motion-control applications. The armature rotates
in an air gap within very high magnetic flux density. The magnetic
field from the stationary magnets is completed through the cup-type
armature and a stationary ferrous cylindrical core connected to the
motor frame. The shaft rotates within the core, which extends into
the rotating cup. Spring brushes commutate these motors.

Another version of a cup-type PM DC motor is shown in the
exploded view in Fig. 5. The cup-type armature is rigidly fas-
tened to the shaft by a disk at the right end of the winding, and
the magnetic field is also returned through a ferrous metal hous-
ing. The brush assembly of this motor is built into its end cap or
flange, shown at the far right.

The principal disadvantage of this motor is also the inability
of its bonded armature to dissipate internal heat buildup rapidly
because of its low thermal conductivity. Without proper cooling
and sensitive control circuitry, the armature could be heated to
destructive temperatures in seconds.
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Fig. 5 Exploded view of a fractional horsepower brush-type DC
servomotor.
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Brushless PM DC Motors

Brushless DC motors exhibit the same linear speed—torque char-
acteristics as the brush-type PM DC motors, but they are elec-
tronically commutated. The construction of these motors, as
shown in Fig. 6, differs from that of a typical brush-type DC
motor in that they are “inside-out.” In other words, they have per-
manent magnet rotors instead of stators, and the stators rather
than the rotors are wound. Although this geometry is required for
brushless DC motors, some manufacturers have adapted this
design for brush-type DC motors.

Stator
Stator winding

Hall-effect
generators

End plate

winding support
Permanent
magnet rotor
Ball bearing

Shaft

Fig. 6 Cutaway view of a brushless DC motor.

The mechanical brush and bar commutator of the brushless
DC motor is replaced by electronic sensors, typically Hall-effect
devices (HEDs). They are located within the stator windings and
wired to solid-state transistor switching circuitry located either
on circuit cards mounted within the motor housings or in exter-
nal packages. Generally, only fractional horsepower brushless
motors have switching circuitry within their housings.

The cylindrical magnet rotors of brushless DC motors are
magnetized laterally to form opposing north and south poles
across the rotor’s diameter. These rotors are typically made from
neodymium—iron—boron or samarium—cobalt rare-earth magnetic
materials, which offer higher flux densities than alnico magnets.
These materials permit motors offering higher performance to be
packaged in the same frame sizes as earlier motor designs or
those with the same ratings to be packaged in smaller frames than
the earlier designs. Moreover, rare-earth or ceramic magnet
rotors can be made with smaller diameters than those earlier
models with alnico magnets, thus reducing their inertia.

A simplified diagram of a DC brushless motor control with
one HED for the electronic commutator is shown in Fig. 7. The
HED is a Hall-effect sensor integrated with an amplifier in a sil-
icon chip. This IC is capable of sensing the polarity of the rotor’s
magnetic field and then sending appropriate signals to power tran-
sistors T1 and T2 to cause the motor’s rotor to rotate continuously.
This is accomplished as follows:

(1) With the rotor motionless, the HED detects the rotor’s
north magnetic pole, causing it to generate a signal that turns on
transistor T2. This causes current to flow, energizing winding W2
to form a south-seeking electromagnetic rotor pole. This pole
then attracts the rotor’s north pole to drive the rotor in a counter-
clockwise (CCW) direction.

(2) The inertia of the rotor causes it to rotate past its neutral
position so that the HED can then sense the rotor’s south mag-
netic pole. It then switches on transistor T1, causing current to
flow in winding W1, thus forming a north-seeking stator pole
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Fig. 7 Simplified diagram of Hall-effect device (HED) commutation
of a brushless DC motor.

that attracts the rotor’s south pole, causing it to continue to rotate
in the CCW direction.

The transistors conduct in the proper sequence to ensure that
the excitation in the stator windings W2 and W1 always leads the
PM rotor field to produce the torque necessary to keep the rotor
in constant rotation. The windings are energized in a pattern that
rotates around the stator.

There are usually two or three HEDs in practical brushless
motors that are spaced apart by 90 or 120° around the motor’s
rotor. They send the signals to the motion controller that actually
triggers the power transistors, which drive the armature windings
at a specified motor current and voltage level.

The brushless motor in the exploded view Fig. 8 illustrates a
design for a miniature brushless DC motor that includes Hall-
effect commutation. The stator is formed as an ironless sleeve of
copper coils bonded together in polymer resin and fiberglass to
form a rigid structure similar to cup-type rotors. However, it is
fastened inside the steel laminations within the motor housing.

Rotor
Hall-effect (permanent  Steel
sensor magnet) laminations

Bearing Bearing

End sensing
cover position  Shaft
magnet

PC board Winding Housing

Fig. 8 Exploded view of a brushless DC motor with Hall-effect
device (HED) commutation.

This method of construction permits a range of values for
starting current and specific speed (rpm/V) depending on wire
gauge and the number of turns. Various terminal resistances can
be obtained, permitting the user to select the optimum motor for
a specific application. The Hall-effect sensors and a small mag-
net disk that is magnetized widthwise are mounted on a disk-
shaped partition within the motor housing.



Position Sensing in Brushless Motors

Both magnetic sensors and resolvers can sense rotor position in
brushless motors. The diagram in Fig. 9 shows how three mag-
netic sensors can sense rotor position in a three-phase electroni-
cally commutated brushless DC motor. In this example, the mag-
netic sensors are located inside the end bell of the motor. This
inexpensive version is adequate for simple controls.

Brushless DC motor

Hall-effect
sensor
supply

Final Stage Decoder

Power Supply Control Signals

Fig. 9 A magnetic sensor as a rotor position indicator: stationary
brushless motor winding (1), permanent-magnet motor rotor (2),
three-phase electronically commutated field (3), three magnetic
sensors (4), and the electronic circuit board (5).

In the alternate design shown in Fig. 10, a resolver on the end
cap of the motor is used to sense rotor position when greater
positioning accuracy is required. The high-resolution signals
from the resolver can be used to generate sinusoidal motor cur-
rents within the motor controller. The currents through the three
motor windings are position independent and respectively 120°
phase shifted.

Brushless DC motor

Resolver

Final stage Control unit

Power supply Control signals

Fig. 10 A resolver as a rotor position indicator: stationary motor
winding (1), permanent-magnet motor rotor (2), three-phase elec-
tronically commutated field (3), three magnetic sensors (4), and the
electronic circuit board (5).

Brushless Motor Advantages

Brushless DC motors have at least four distinct advantages over
brush-type DC motors that are attributable to the replacement of
mechanical commutation by electronic commutation.

e There is no need to replace brushes or remove the gritty
residue caused by brush wear from the motor.

* Without brushes to cause electrical arcing, brushless motors
do not present fire or explosion hazards in an environment
where flammable or explosive vapors, dust, or liquids are
present.

» Electromagnetic interference (EMI) is minimized by replac-
ing mechanical commutation, the source of unwanted radio
frequencies, with electronic commutation.

* Brushless motors can run faster and more efficiently with
electronic commutation. Speeds of up to 50,000 rpm can be
achieved versus the upper limit of about 5000 rpm for brush-
type DC motors.

Brushless DC Motor Disadvantages

There are at least four disadvantages of brushless DC servomotors.

* Brushless PM DC servomotors cannot be reversed by simply
reversing the polarity of the power source. The order in
which the current is fed to the field coil must be reversed.

* Brushless DC servomotors cost more than comparably rated
brush-type DC servomotors.

» Additional system wiring is required to power the electronic
commutation circuitry.

* The motion controller and driver electronics needed to oper-
ate a brushless DC servomotor are more complex and expen-
sive than those required for a conventional DC servomotor.

Consequently, the selection of a brushless motor is generally
justified on the basis of specific application requirements or its
hazardous operating environment.

Characteristics of Brushless Rotary Servomotors

It is difficult to generalize about the characteristics of DC rotary
servomotors because of the wide range of products available
commercially. However, they typically offer continuous torque
ratings of 0.62 Ib-ft (0.84 N-m) to 5.0 Ib-ft (6.8 N-m), peak
torque ratings of 1.9 1b-ft (2.6 N-m) to 14 Ib-ft (19 N-m), and
continuous power ratings of 0.73 hp (0.54 kW) to 2.76 hp (2.06 kW).
Maximum speeds can vary from 1400 to 7500 rpm, and the weight
of these motors can be from 5.0 1b (2.3 kg) to 23 1b (10 kg).
Feedback typically can be either by resolver or encoder.

Linear Servomotors

A linear motor is essentially a rotary motor that has been opened
out into a flat plane, but it operates on the same principles. A per-
manent-magnet DC linear motor is similar to a permanent-mag-
net rotary motor, and an AC induction squirrel cage motor is sim-
ilar to an induction linear motor. The same electromagnetic force
that produces torque in a rotary motor also produces torque in a
linear motor. Linear motors use the same controls and pro-
grammable position controllers as rotary motors.

Before the invention of linear motors, the only way to produce
linear motion was to use pneumatic or hydraulic cylinders, or to
translate rotary motion to linear motion with ballscrews or belts
and pulleys.

A linear motor consists of two mechanical assemblies: coil
and magnet, as shown in Fig. 11. Current flowing in a winding
in a magnetic flux field produces a force. The copper windings
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Fig. 11 Operating principles of a linear servomotor.

conduct current (/), and the assembly generates magnetic flux
density (B). When the current and flux density interact, a force (F)
is generated in the direction shown in Fig. 11, where F = I X B.

Even a small motor will run efficiently, and large forces can
be created if a large number of turns are wound in the coil and
the magnets are powerful rare-earth magnets. The windings are
phased 120 electrical degrees apart, and they must be continually
switched or commutated to sustain motion.

Only brushless linear motors for closed-loop servomotor
applications are discussed here. Two types of these motors are
available commercially—steel-core (also called iron-core) and
epoxy-core (also called ironless). Each of these linear servomo-
tors has characteristics and features that are optimal in different
applications.

The coils of steel-core motors are wound on silicon steel to
maximize the generated force available with a single-sided mag-
net assembly or way. Figure 12 shows a steel-core brushless lin-
ear motor. The steel in these motors focuses the magnetic flux to
produce very high force density. The magnet assembly consists
of rare-earth bar magnets mounted on the upper surface of a steel
baseplate arranged to have alternating polarities (i.e., N, S, N, S).

Magnetic way

Fig. 12 A linear iron-core linear servomotor consists of a magnetic
way and a mating coil assembly.

The steel in the cores is attracted to the permanent magnets in
a direction that is perpendicular (normal) to the operating motor
force. The magnetic flux density within the air gap of linear
motors is typically several thousand gauss. A constant magnetic
force is present whether or not the motor is energized. The nor-
mal force of the magnetic attraction can be up to 10 times the
continuous force rating of the motor. This flux rapidly diminishes
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to a few gauss as the measuring point is moved a few centimeters
away from the magnets.

Cogging is a form of magnetic “detenting” that occurs in both
linear and rotary motors when the motor coil’s steel laminations
cross the alternating poles of the motor’s magnets. Because it can
occur in steel-core motors, manufacturers include features that
minimize cogging. The high thrust forces attainable with steel-
core linear motors permit them to accelerate and move heavy
masses while maintaining stiffness during machining or process
operations.

The features of epoxy-core or ironless-core motors differ from
those of the steel-core motors. For example, their coil assemblies
are wound and encapsulated within epoxy to form a thin plate
that is inserted in the air gap between the two permanent-magnet
strips fastened inside the magnet assembly, as shown in Fig. 13.
Because the coil assemblies do not contain steel cores, epoxy-
core motors are lighter than steel-core motors and less subject to

cogging.

Permanent
magnet strips

Ironless magnet
way

Motor cable

Ircnless coil
assembly

Fig. 13 A linear ironless servomotor consists of an ironless mag-
netic way and an ironless coil assembly.

The strip magnets are separated to form the air gap into which
the coil assembly is inserted. This design maximizes the generated
thrust force and also provides a flux return path for the magnetic
circuit. Consequently, very little magnetic flux exists outside the
motor, thus minimizing residual magnetic attraction.

Epoxy-core motors provide exceptionally smooth motion,
making them suitable for applications requiring very low bearing
friction and high acceleration of light loads. They also permit
constant velocity to be maintained, even at very low speeds.

Linear servomotors can achieve accuracies of 0.1 um. Normal
accelerations are 2 to 3 g, but some motors can reach 15 g.
Velocities are limited by the encoder data rate and the amplifier
voltage. Normal peak velocities are from 0.04 in./s (1 mm/s) to
about 6.6 ft/s (2 m/s), but the velocity of some models can exceed
26 ft/s (8 m/s).

Ironless linear motors can have continuous force ratings from
about 5 to 55 Ibf (22 to 245 N) and peak force ratings from about
25 to 180 1bf (110 to 800 N). By contrast, iron-core linear motors
are available with continuous force ratings of about 30 to 1100 Ibf
(130 to 4900 N) and peak force ratings of about 60 to 1800 Ibf
(270 to 8000 N).

Commutation

The linear motor windings that are phased 120° apart must be
continually switched or commutated to sustain motion. There are
two ways to commutate linear motors: sinusoidal and Hall-effect
device (HED), or trapezoidal. The highest motor efficiency is



achieved with sinusoidal commutation, while HED commutation
is about 10 to 15 percent less efficient.

In sinusoidal commutation, the linear encoder that provides
position feedback in the servosystem is also used to commutate
the motor. A process called “phase finding” is required when the
motor is turned on, and the motor phases are then incrementally
advanced with each encoder pulse. This produces extremely
smooth motion. In HED commutation a circuit board containing
Hall-effect ICs is embedded in the coil assembly. The HED sen-
sors detect the polarity change in the magnet track and switch the
motor phases every 60°.

Sinusoidal commutation is more efficient than HED commu-
tation because the coil windings in motors designed for this com-
mutation method are configured to provide a sinusoidally shaped
back EMF waveform. As a result, the motors produce a constant
force output when the driving voltage on each phase matches the
characteristic back EMF waveform.

Installation of Linear Motors

In a typical linear motor application the coil assembly is attached
to the moving member of the host machine and the magnet
assembly is mounted on the nonmoving base or frame. These
motors can be mounted vertically, but if they are, they typically
require a counterbalance system to prevent the load from drop-
ping if power temporarily fails or is routinely shut off. The coun-
terbalance system, typically formed from pulleys and weights,
springs, or air cylinders, supports the load against the force of
gravity.

If power is lost, servo control is interrupted. Stages in motion
tend to stay in motion while those at rest tend to stay at rest. The
stopping time and distance depend on the stage’s initial velocity
and system friction. The motor’s back EMF can provide dynamic
braking, and friction brakes can be used to attenuate motion
rapidly. However, positive stops and travel limits can be built into
the motion stage to prevent damage in situations where power or
feedback might be lost or the controller or servo driver fail.

Linear servomotors are supplied to the customer in kit form
for mounting on the host machine. The host machine structure
must include bearings capable of supporting the mass of the
motor parts while maintaining the specified air gap between the
assemblies and also resisting the normal force of any residual
magnetic attraction.

Linear servomotors must be used in closed loop positioning
systems because they do not include built-in means for position
sensing. Feedback is typically supplied by such sensors as linear
encoders, laser interferometers, LVDTs, or linear Inductosyns.

Advantages of Linear vs. Rotary Servomotors

The advantages of linear servomotors over rotary servomotors
include:

* High stiffness: The linear motor is connected directly to the
moving load, so there is no backlash and practically no com-
pliance between the motor and the load. The load moves
instantly in response to motor motion.

* Mechanical simplicity: The coil assembly is the only moving
part of the motor, and its magnet assembly is rigidly mounted
to a stationary structure on the host machine. Some linear
motor manufacturers offer modular magnetic assemblies in
various modular lengths. This permits the user to form a
track of any desired length by stacking the modules end to
end, allowing virtually unlimited travel. The force produced
by the motor is applied directly to the load without any cou-
plings, bearings, or other conversion mechanisms. The only
alignments required are for the air gaps, which typically are
from 0.039 in. (1 mm) to 0.020 in. (0.5 mm).

* High accelerations and velocities: Because there is no phys-
ical contact between the coil and magnet assemblies, high
accelerations and velocities are possible. Large motors are
capable of accelerations of 3 to 5 g, but smaller motors are
capable of more than 10 g.

* High velocities: Velocities are limited by feedback
encoder data rate and amplifier bus voltage. Normal peak
velocities are up to 6.6 ft/s (2 m/s), although some models
can reach 26 ft/s (8 m/s). This compares with typical lin-
ear speeds of ballscrew transmissions, which are commonly
limited to 20 to 30 in./s (0.5 to 0.7 m/s) because of reso-
nances and wear.

* High accuracy and repeatability: Linear motors with posi-
tion feedback encoders can achieve positioning accuracies of
*1 encoder cycle or submicrometer dimensions, limited
only by encoder feedback resolution.

* No backlash or wear: With no contact between moving
parts, linear motors do not wear out. This minimizes mainte-
nance and makes them suitable for applications where long
life and long-term peak performance are required.

* System size reduction: With the coil assembly attached to the
load, no additional space is required. By contrast, rotary
motors typically require ballscrews, rack-and-pinion gearing,
or timing belt drives.

* Clean room compatibility: Linear motors can be used in
clean rooms because they do not need lubrication and do not
produce carbon brush grit.

Coil Assembly Heat Dissipation

Heat control is more critical in linear motors than in rotary
motors because they do not have the metal frames or cases that
can act as large heat-dissipating surfaces. Some rotary motors
also have radiating fins on their frames that serve as heat sinks to
augment the heat dissipation capability of the frames. Linear
motors must rely on a combination of high motor efficiency and
good thermal conduction from the windings to a heat-conductive,
electrically isolated mass. For example, an aluminum attachment
bar placed in close contact with the windings can aid in heat dis-
sipation. Moreover, the carriage plate to which the coil assembly
is attached must have effective heat-sinking capability.

Stepper Motors

A stepper or stepping motor is an AC motor whose shaft is
indexed through part of a revolution or step angle for each DC
pulse sent to it. Trains of pulses provide input current to the
motor in increments that can “step” the motor through 360°, and
the actual angular rotation of the shaft is directly related to the
number of pulses introduced. The position of the load can be
determined with reasonable accuracy by counting the pulses
entered.

The stepper motors suitable for most open-loop motion con-
trol applications have wound stator fields (electromagnetic coils)
and iron or permanent magnet (PM) rotors. Unlike PM DC ser-
vomotors with mechanical brush-type commutators, stepper
motors depend on external controllers to provide the switching
pulses for commutation. Stepper motor operation is based on the
same electromagnetic principles of attraction and repulsion as
other motors, but their commutation provides only the torque
required to turn their rotors.

Pulses from the external motor controller determine the
amplitude and direction of current flow in the stator’s field wind-
ings, and they can turn the motor’s rotor either clockwise or
counterclockwise, stop and start it quickly, and hold it securely at
desired positions. Rotational shaft speed depends on the frequency
of the pulses. Because controllers can step most motors at audio
frequencies, their rotors can turn rapidly.
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Between the application of pulses when the rotor is at rest, its
armature will not drift from its stationary position because of the
stepper motor’s inherent holding ability or detent torque. These
motors generate very little heat while at rest, making them suitable
for many different instrument drive-motor applications in which
power is limited.

The three basic kinds of stepper motors are permanent mag-
net, variable reluctance, and hybrid. The same controller circuit
can drive both hybrid and PM stepping motors.

Permanent-Magnet (PM) Stepper Motors

Permanent-magnet stepper motors have smooth armatures and
include a permanent magnet core that is magnetized widthwise
or perpendicular to its rotation axis. These motors usually have
two independent windings, with or without center taps. The most
common step angles for PM motors are 45 and 90°, but motors
with step angles as fine as 1.8° per step as well as 7.5, 15, and 30°
per step are generally available. Armature rotation occurs when
the stator poles are alternately energized and deenergized to
create torque. A 90° stepper has four poles and a 45° stepper has
eight poles, and these poles must be energized in sequence.
Permanent-magnet steppers step at relatively low rates, but they
can produce high torques and they offer very good damping
characteristics.

Variable Reluctance Stepper Motors

Variable reluctance (VR) stepper motors have multitooth arma-
tures with each tooth effectively an individual magnet. At rest
these magnets align themselves in a natural detent position to
provide larger holding torque than can be obtained with a com-
parably rated PM stepper. Typical VR motor step angles are 15
and 30° per step. The 30° angle is obtained with a 4-tooth rotor
and a 6-pole stator, and the 15° angle is achieved with an 8-tooth
rotor and a 12-pole stator. These motors typically have three
windings with a common return, but they are also available with
four or five windings. To obtain continuous rotation, power must
be applied to the windings in a coordinated sequence of alter-
nately deenergizing and energizing the poles.

If just one winding of either a PM or VR stepper motor is
energized, the rotor (under no load) will snap to a fixed angle and
hold that angle until external torque exceeds the holding torque
of the motor. At that point, the rotor will turn, but it will still try
to hold its new position at each successive equilibrium point.

Hybrid Stepper Motors

The hybrid stepper motor combines the best features of VR and
PM stepper motors. A cutaway view of a typical industrial-grade
hybrid stepper motor with a multitoothed armature is shown in
Fig. 14. The armature is built in two sections, with the teeth in the
second section offset from those in the first section. These motors
also have multitoothed stator poles that are not visible in the
figure. Hybrid stepper motors can achieve high stepping rates,
and they offer high detent torque and excellent dynamic and
static torque.

Hybrid steppers typically have two windings on each stator
pole so that each pole can become either magnetic north or south,
depending on current flow. A cross-sectional view of a hybrid
stepper motor illustrating the multitoothed poles with dual wind-
ings per pole and the multitoothed rotor is illustrated in Fig. 15.
The shaft is represented by the central circle in the diagram.

The most popular hybrid steppers have 3- and 5-phase wiring,
and step angles of 1.8 and 3.6° per step. These motors can pro-
vide more torque from a given frame size than other stepper
types because either all or all but one of the motor windings are
energized at every point in the drive cycle. Some 5-phase motors
have high resolutions of 0.72° per step (500 steps per revolution).
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Fig. 14 Cutaway view of a 5-phase hybrid stepping motor. A per-
manent magnet is within the rotor assembly, and the rotor seg-
ments are offset from each other by 3.5°.

Fig. 15 Cross section of a hybrid stepping motor showing the
segments of the magnetic-core rotor and stator poles with its wiring
diagram.

With a compatible controller, most PM and hybrid motors can be
run in half-steps, and some controllers are designed to provide
smaller fractional steps, or microsteps. Hybrid stepper motors
capable of a wide range of torque values are available commer-
cially. This range is achieved by scaling length and diameter
dimensions. Hybrid stepper motors are available in NEMA size
17 to 42 frames, and output power can be as high as 1000 W
peak.

Stepper Motor Applications

Many different technical and economic factors must be consid-
ered in selecting a hybrid stepper motor. For example, the ability
of the stepper motor to repeat the positioning of its multitoothed
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Fig. 16 This linear actuator can be powered by either an AC or DC motor. It contains

ballscrew, reduction gear, clutch, and brake assemblies.

rotor depends on its geometry. A disadvantage of the hybrid step-
per motor operating open-loop is that, if overtorqued, its position
“memory” is lost and the system must be reinitialized. Stepper
motors can perform precise positioning in simple open-loop con-
trol systems if they operate at low acceleration rates with static
loads. However, if higher acceleration values are required for
driving variable loads, the stepper motor must be operated in a
closed loop with a position sensor.

DC and AC Motor Linear Actuators

Actuators for motion control systems are available in many dif-
ferent forms, including both linear and rotary versions. One pop-
ular configuration is that of a Thomson Saginaw PPA, shown in
section view in Fig. 16. It consists of an AC or DC motor mounted
parallel to either a ballscrew or Acme screw assembly through a
reduction gear assembly with a slip clutch and integral brake
assembly. Linear actuators of this type can perform a wide range
of commercial, industrial, and institutional applications.

One version designed for mobile applications can be powered
by a 12-, 24-, or 36-VDC permanent-magnet motor. These
motors are capable of performing such tasks as positioning
antenna reflectors, opening and closing security gates, handling
materials, and raising and lowering scissors-type lift tables,
machine hoods, and light-duty jib crane arms.

Other linear actuators are designed for use in fixed locations
where either 120- or 220-VAC line power is available. They can
have either AC or DC motors. Those with 120-VAC motors can
be equipped with optional electric brakes that virtually elimi-
nate coasting, thus permitting point-to-point travel along the
stroke.

Where variable speed is desired and 120-VAC power is avail-
able, a linear actuator with a 90-VDC motor can be equipped
with a solid-state rectifier/speed controller. Closed-loop feedback
provides speed regulation down to one-tenth of the maximum
travel rate. This feedback system can maintain its selected travel
rate despite load changes.

Thomson Saginaw also offers its linear actuators with either
Hall-effect or potentiometer sensors for applications where it is
necessary or desirable to control actuator positioning. With
Hall-effect sensing, six pulses are generated with each turn of
the output shaft during which the stroke travels approximately
Y4, in. (0.033 in. or 0.84 mm). These pulses can be counted by
a separate control unit and added or subtracted from the stored

pulse count in the unit’s memory. The actuator can be stopped
at any 0.033-in. increment of travel along the stroke selected by
programming. A limit switch can be used together with this
Sensor.

If a 10-turn, 10,000-ohm potentiometer is used as a sensor, it
can be driven by the output shaft through a spur gear. The gear
ratio is established to change the resistance from 0 to 10,000 ohms
over the length of the actuator stroke. A separate control unit
measures the resistance (or voltage) across the potentiometer,
which varies continuously and linearly with stroke travel. The
actuator can be stopped at any position along its stroke.

Stepper-Motor Based Linear Actuators

Linear actuators are available with axial integral threaded shafts
and bolt nuts that convert rotary motion to linear motion.
Powered by fractional horsepower permanent-magnet stepper
motors, these linear actuators are capable of positioning light
loads. Digital pulses fed to the actuator cause the threaded shaft
to rotate, advancing or retracting it so that a load coupled to the
shaft can be moved backward or forward. The bidirectional dig-
ital linear actuator shown in Fig. 17 can provide linear resolution
as fine as 0.001 in. per pulse. Travel per step is determined by the
pitch of the leadscrew and step angle of the motor. The maximum
linear force for the model shown is 75 oz.

Threaded shaft

Mounting
plate

Heat radiating
fins

Stepping motor

Fig. 17 This light-duty linear actuator based on a permanent-
magnet stepping motor has a shaft that advances or retracts.
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SERVOSYSTEM FEEDBACK SENSORS

A servosystem feedback sensor in a motion control system trans-
forms a physical variable into an electrical signal for use by the
motion controller. Common feedback sensors are encoders,
resolvers, and linear variable differential transformers (LVDTSs)
for motion and position feedback, and tachometers for velocity
feedback. Less common but also in use as feedback devices are
potentiometers, linear velocity transducers (LVTs), angular dis-
placement transducers (ADTs), laser interferometers, and poten-
tiometers. Generally speaking, the closer the feedback sensor is
to the variable being controlled, the more accurate it will be in
assisting the system to correct velocity and position errors.

For example, direct measurement of the linear position of the
carriage carrying the load or tool on a single-axis linear guide
will provide more accurate feedback than an indirect measure-
ment determined from the angular position of the guide’s lead-
screw and knowledge of the drivetrain geometry between the
sensor and the carriage. Thus, direct position measurement
avoids drivetrain errors caused by backlash, hysteresis, and lead-
screw wear that can adversely affect indirect measurement.

Rotary Encoders

Rotary encoders, also called rotary shaft encoders or rotary
shaft-angle encoders, are electromechanical transducers that
convert shaft rotation into output pulses, which can be counted to
measure shaft revolutions or shaft angle. They provide rate and
positioning information in servo feedback loops. A rotary
encoder can sense a number of discrete positions per revolution.
The number is called points per revolution and is analogous to
the steps per revolution of a stepper motor. The speed of an
encoder is in units of counts per second. Rotary encoders can
measure the motor-shaft or leadscrew angle to report position
indirectly, but they can also measure the response of rotating
machines directly.

The most popular rotary encoders are incremental optical
shaft-angle encoders and the absolute optical shaft-angle
encoders. There are also direct contact or brush-type and mag-
netic rotary encoders, but they are not as widely used in motion
control systems.

Commercial rotary encoders are available as standard or cat-
alog units, or they can be custom made for unusual applications
or survival in extreme environments. Standard rotary encoders
are packaged in cylindrical cases with diameters from 1.5 to 3.5 in.
Resolutions range from 50 cycles per shaft revolution to
2,304,000 counts per revolution. A variation of the conventional
configuration, the hollow-shaft encoder, eliminates problems
associated with the installation and shaft runout of conventional
models. Models with hollow shafts are available for mounting on
shafts with diameters of 0.04 to 1.6 in. (1 to 40 mm).

Incremental Encoders

The basic parts of an incremental optical shaft-angle encoder are
shown in Fig. 1. A glass or plastic code disk mounted on the
encoder shaft rotates between an internal light source, typically a
light-emitting diode (LED), on one side and a mask and matching
photodetector assembly on the other side. The incremental code
disk contains a pattern of equally spaced opaque and transparent
segments or spokes that radiate out from its center as shown. The
electronic signals that are generated by the encoder’s electronics
board are fed into a motion controller that calculates position and
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Fig. 1 Basic elements of an incremental optical rotary encoder.

velocity information for feedback purposes. An exploded view of
an industrial-grade incremental encoder is shown in Fig. 2.

Glass code disks containing finer graduations capable of 11- to
more than 16-bit resolution are used in high-resolution encoders,
and plastic (Mylar) disks capable of 8- to 10-bit resolution are used
in the more rugged encoders that are subject to shock and vibration.

Electronics
board

Photodetector
assembly

Mask

Code
disk

Light
source

Housing
assembly

Fig.2 Exploded view of an incremental optical rotary encoder
showing the stationary mask between the code wheel and the pho-
todetector assembly.
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Fig. 3 Channels A and B provide bidirectional position sensing. If
channel A leads channel B, the direction is clockwise; if channel B
leads channel A, the direction is counterclockwise. Channel Z pro-
vides a zero reference for determining the number of disk rotations.

The quadrature encoder is the most common type of incre-
mental encoder. Light from the LED passing through the rotating
code disk and mask is “chopped” before it strikes the photode-
tector assembly. The output signals from the assembly are con-
verted into two channels of square pulses (A and B) as shown in
Fig. 3. The number of square pulses in each channel is equal to
the number of code disk segments that pass the photodetectors as
the disk rotates, but the waveforms are 90° out of phase. If, for
example, the pulses in channel A lead those in channel B, the
disk is rotating in a clockwise direction, but if the pulses in chan-
nel A lag those in channel B lead, the disk is rotating counter-
clockwise. By monitoring both the number of pulses and the rel-
ative phases of signals A and B, both position and direction of
rotation can be determined.

Many incremental quadrature encoders also include a third
output Z channel to obtain a zero reference or index signal that
occurs once per revolution. This channel can be gated to the A
and B quadrature channels and used to trigger certain events
accurately within the system. The signal can also be used to align
the encoder shaft to a mechanical reference.

Absolute Encoders

An absolute shaft-angle optical encoder contains multiple light
sources and photodetectors, and a code disk with up to 20 tracks
of segmented patterns arranged as annular rings, as shown in Fig. 4.
The code disk provides a binary output that uniquely defines
each shaft angle, thus providing an absolute measurement. This
type of encoder is organized in essentially the same way as the
incremental encoder shown in Fig. 2, but the code disk rotates
between linear arrays of LEDs and photodetectors arranged radi-
ally, and a LED opposes a photodetector for each track or annu-
lar ring.

The arc lengths of the opaque and transparent sectors decrease
with respect to the radial distance from the shaft. These disks,
also made of glass or plastic, produce either the natural binary or
Gray code. Shaft position accuracy is proportional to the number
of annular rings or tracks on the disk. When the code disk rotates,
light passing through each track or annular ring generates a con-
tinuous stream of signals from the detector array. The electronics
board converts that output into a binary word. The value of the
output code word is read radially from the most significant bit
(MSB) on the inner ring of the disk to the least significant bit
(LSB) on the outer ring of the disk.
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Fig. 4 Binary-code disk for an absolute optical rotary encoder.
Opagque sectors represent a binary value of 1, and the transparent
sectors represent binary 0. This four-bit binary-code disk can count
from 1 to 15.

The principal reason for selecting an absolute encoder over an
incremental encoder is that its code disk retains the last angular
position of the encoder shaft whenever it stops moving, whether
the system is shut down deliberately or as a result of power fail-
ure. This means that the last readout is preserved, an important
feature for many applications.

Linear Encoders

Linear encoders can make direct accurate measurements of uni-
directional and reciprocating motions of mechanisms with high
resolution and repeatability. Figure 5 illustrates the basic parts of
an optical linear encoder. A movable scanning unit contains the
light source, lens, graduated glass scanning reticule, and an array
of photocells. The scale, typically made as a strip of glass with
opaque graduations, is bonded to a supporting structure on the
host machine.

A beam of light from the light source passes through the lens,
four windows of the scanning reticule, and the glass scale to the
array of photocells. When the scanning unit moves, the scale
modulates the light beam so that the photocells generate sinu-
soidal signals.

The four windows in the scanning reticule are each 90° apart
in phase. The encoder combines the phase-shifted signal to produce

Scanning
reticule

Fig. 5 Optical linear encoders direct light through a moving glass
scale with accurately etched graduations to photocells on the
opposite side for conversion to a distance value.
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two symmetrical sinusoidal outputs that are phase shifted by 90°.
A fifth pattern on the scanning reticule has a random graduation
that, when aligned with an identical reference mark on the scale,
generates a reference signal.

A fine-scale pitch provides high resolution. The spacing between
the scanning reticule and the fixed scale must be narrow and con-
stant to eliminate undesirable diffraction effects of the scale grating.
The complete scanning unit is mounted on a carriage that moves on
ball bearings along the glass scale. The scanning unit is connected to
the host machine slide by a coupling that compensates for any align-
ment errors between the scale and the machine guideways.

External electronic circuitry interpolates the sinusoidal sig-
nals from the encoder head to subdivide the line spacing on the
scale so that it can measure even smaller motion increments. The
practical maximum length of linear encoder scales is about 10 ft
(3 m), but commercial catalog models are typically limited to
about 6 ft (2 m). If longer distances are to be measured, the
encoder scale is made of steel tape with reflective graduations
that are sensed by an appropriate photoelectric scanning unit.

Linear encoders can make direct measurements that overcome
the inaccuracies inherent in mechanical stages due to backlash,
hysteresis, and leadscrew error. However, the scale’s susceptibil-
ity to damage from metallic chips, grit oil, and other contami-
nants, together with its relatively large space requirements, lim-
its applications for these encoders.

Commercial linear encoders are available as standard catalog
models, or they can be custom made for specific applications or
extreme environmental conditions. There are both fully enclosed
and open linear encoders with travel distances from 2 in. to 6 ft
(50 mm to 1.8 m). Some commercial models are available with
resolutions down to 0.07 um, and others can operate at speeds of
up to 16.7 ft/s (5 m/s).

Magnetic Encoders

Magnetic encoders can be made by placing a transversely polar-
ized permanent magnet in close proximity to a Hall-effect device
sensor. Figure 6 shows a magnet mounted on a motor shaft in
close proximity to a two-channel HED array which detects
changes in magnetic flux density as the magnet rotates. The out-
put signals from the sensors are transmitted to the motion con-
troller. The encoder output, either a square wave or a quasi sine
wave (depending on the type of magnetic sensing device) can be
used to count revolutions per minute (rpm) or determine motor
shaft accurately. The phase shift between channels A and B per-
mits them to be compared by the motion controller to determine
the direction of motor shaft rotation.

Hall-effect device

Channel A

Channel B

Magnet rotor

Fig. 6 Basic parts of a magnetic encoder.

Resolvers

A resolver is essentially a rotary transformer that can provide
position feedback in a servosystem as an alternative to an encoder.
Resolvers resemble small AC motors, as shown in Fig. 7, and
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Fig. 7 Exploded view of a brushless resolver frame (a), and rotor
and bearings (b). The coil on the rotor couples speed data induc-
tively to the frame for processing.

generate an electrical signal for each revolution of their shaft.
Resolvers that sense position in closed-loop motion control
applications have one winding on the rotor and a pair of windings
on the stator, oriented at 90°. The stator is made by winding cop-
per wire in a stack of iron laminations fastened to the housing,
and the rotor is made by winding copper wire in a stack of lami-
nations mounted on the resolver’s shaft.

Figure 8 is an electrical schematic for a brushless resolver
showing the single rotor winding and the two stator windings
90° apart. In a servosystem, the resolver’s rotor is mechanically
coupled to the drive motor and load. When a rotor winding is
excited by an AC reference signal, it produces an AC voltage
output that varies in amplitude according to the sine and cosine
of shaft position. If the phase shift between the applied signal to
the rotor and the induced signal appearing on the stator coil is
measured, that angle is an analog of rotor position. The absolute
position of the load being driven can be determined by the ratio
of the sine output amplitude to the cosine output amplitude as
the resolver shaft turns through one revolution. (A single-speed
resolver produces one sine and one cosine wave as the output for
each revolution.)

s1 Sine 3
output

Primary

R2 s4
Sin Cosine
output

R1 §2

AC input Rotor winding Stator windings

Secondary

Rotating transformer

Fig. 8 Schematic for a resolver shows how rotor position is trans-
formed into sine and cosine outputs that measure rotor position.
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Fig. 9 Section view of a resolver and tachometer in the same frame as the servomotor.

Connections to the rotor of some resolvers can be made by
brushes and slip rings, but resolvers for motion control applica-
tions are typically brushless. A rotating transformer on the rotor
couples the signal to the rotor inductively. Because brushless
resolvers have no slip rings or brushes, they are more rugged than
encoders and have operating lives that are up to ten times those
of brush-type resolvers. Bearing failure is the most likely cause
of resolver failure. The absence of brushes in these resolvers
makes them insensitive to vibration and contaminants. Typical
brushless resolvers have diameters from 0.8 to 3.7 in. Rotor
shafts are typically threaded and splined.

Most brushless resolvers can operate over a 2- to 40-volt
range, and their windings are excited by an AC reference voltage
at frequencies from 400 to 10,000 Hz. The magnitude of the volt-
age induced in any stator winding is proportional to the cosine
of the angle, ¢, between the rotor coil axis and the stator coil axis.
The voltage induced across any pair of stator terminals will be
the vector sum of the voltages across the two connected coils.
Accuracies of 1 arc-minute can be achieved.

In feedback loop applications, the stator’s sinusoidal output
signals are transmitted to a resolver-to-digital converter (RDC), a
specialized analog-to-digital converter (ADC) that converts the
signals to a digital representation of the actual angle required as
an input to the motion controller.

Tachometers

A tachometer is a DC generator that can provide velocity feed-
back for a servosystem. The tachometer’s output voltage is
directly proportional to the rotational speed of the armature shaft
that drives it. In a typical servosystem application, it is mechani-
cally coupled to the DC motor and feeds its output voltage back
to the controller and amplifier to control drive motor and load
speed. A cross-sectional drawing of a tachometer built into the
same housing as the DC motor and a resolver is shown in Fig. 9.
Encoders or resolvers are part of separate loops that provide posi-
tion feedback.

As the tachometer’s armature coils rotate through the stator’s
magnetic field, lines of force are cut so that an electromotive force
is induced in each of its coils. This emf is directly proportional to
the rate at which the magnetic lines of force are cut as well as being
directly proportional to the velocity of the motor’s drive shaft. The
direction of the emf is determined by Fleming’s generator rule.

The AC generated by the armature coil is converted to DC by
the tachometer’s commutator, and its value is directly propor-
tional to shaft rotation speed while its polarity depends on the
direction of shaft rotation.

There are two basic types of DC tachometer: shunt wound and
permanent magnet (PM), but PM tachometers are more widely
used in servosystems today. There are also moving-coil tachome-
ters which, like motors, have no iron in their armatures. The
armature windings are wound from fine copper wire and bonded
with glass fibers and polyester resins into a rigid cup, which is
bonded to its coaxial shaft. Because this armature contains no
iron, it has lower inertia than conventional copper and iron arma-
tures, and it exhibits low inductance. As a result, the moving-coil
tachometer is more responsive to speed changes and provides a
DC output with very low ripple amplitudes.

Tachometers are available as stand-alone machines. They can
be rigidly mounted to the servomotor housings, and their shafts
can be mechanically coupled to the servomotor’s shafts. If the DC
servomotor is either a brushless or moving-coil motor, the stand-
alone tachometer will typically be brushless and, although they
are housed separately, a common armature shaft will be shared.

A brush-type DC motor with feedback furnished by a brush-
type tachometer is shown in Fig. 10. Both tachometer and motor
rotor coils are mounted on a common shaft. This arrangement
provides a high resonance frequency. Moreover, the need for sep-
arate tachometer bearings is eliminated.

Tachometer
rotor coil

Motor rotor coil

Brushes

Motor
bearing

Commutator bearing

Fig. 10 The rotors of the DC motor and tachometer share a common
shaft.
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Fig. 11 This coil-type DC motor obtains velocity feedback from a
tachometer whose rotor coil is mounted on a common shaft and
position feedback from a two-channel photoelectric encoder whose
code disk is also mounted on the same shaft.

In applications where precise positioning is required in addi-
tion to speed regulation, an incremental encoder can be added on
the same shaft, as shown in Fig. 11.

Linear Variable Differential Transformers (LVDTSs)

A linear variable differential transformer (LVDT) is a sensing
transformer consisting of a primary winding, two adjacent sec-
ondary windings, and a ferromagnetic core that can be moved axi-
ally within the windings, as shown in the cutaway view in Fig. 12.
LVDTs are capable of measuring position, acceleration, force, or
pressure, depending on how they are installed. In motion control
systems, LVDTs provide position feedback by measuring the
variation in mutual inductance between their primary and sec-
ondary windings caused by the linear movement of the ferro-
magnetic core.

Secondary
winding S2

Primary windi

Secondary P1

winding S1

Electrical
connections

Sensing shaft
(spring loaded)

Mounting bushing

Fig. 12 Cutaway view of a linear variable displacement transformer
(LVDT).

The core is attached to a spring-loaded sensing shaft. When
depressed, the shaft moves the core axially within the windings,
coupling the excitation voltage in the primary (middle) winding
P1 to the two adjacent secondary windings S1 and S2.

Figure 13 is a schematic diagram of a LVDT. When the core
is centered between S1 and S2, the voltages induced in S1 and S2
have equal amplitudes and are 180° out of phase. With a series-
opposed connection, as shown, the net voltage across the secon-
daries is zero because both voltages cancel. This is called the null
position of the core.
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Fig. 13 Schematic for a linear variable differential transformer
(LVDT) showing how the movable core interacts with the primary
and secondary windings.

However, if the core is moved to the left, secondary winding
S1 is more strongly coupled to primary winding P1 than sec-
ondary winding S2, and an output sine wave in phase with the
primary voltage is induced. Similarly, if the core is moved to the
right and winding S2 is more strongly coupled to primary wind-
ing P1, an output sine wave that is 180° out-of-phase with the pri-
mary voltage is induced. The amplitudes of the output sine waves
of the LVDT vary symmetrically with core displacement, either
to the left or right of the null position.

Linear variable differential transformers require signal condi-
tioning circuitry that includes a stable sine wave oscillator to
excite the primary winding P1, a demodulator to convert sec-
ondary AC voltage signals to DC, a low-pass filter, and an ampli-
fier to buffer the DC output signal. The amplitude of the result-
ing DC voltage output is proportional to the magnitude of core
displacement, either to the left or right of the null position. The
phase of the DC voltage indicates the position of the core relative
to the null (left or right). A LVDT containing an integral oscillator/
demodulator is a DC-to-DC LVDT, also known as a DCDT.

Linear variable differential transformers can make linear
displacement (position) measurements as precise as 0.005 in.
(0.127 mm). Output voltage linearity is an important LVDT char-
acteristic, and it can be plotted as a straight line within a speci-
fied range. Linearity is the characteristic that largely determines
the LVDT’s absolute accuracy.

Linear Velocity Transducers (LVTs)

A linear velocity transducer (LVT) consists of a magnet posi-
tioned axially within two wire coils. When the magnet is moved
through the coils, it induces a voltage within the coils in accor-
dance with the Faraday and Lenz laws. The output voltage from
the coils is directly proportional to the magnet’s field strength
and axial velocity over its working range.

When the magnet is functioning as a transducer, both of its
ends are within the two adjacent coils, and when it is moved axi-
ally, its north pole will induce a voltage in one coil and its south
pole will induce a voltage in the other coil. The two coils can be
connected in series or parallel, depending on the application. In
both configurations, the DC output voltage from the coils is pro-
portional to magnet velocity. (A single coil would only produce
zero voltage because the voltage generated by the north pole
would be canceled by the voltage generated by the south pole.)

The characteristics of the LVT depend on how the two coils
are connected. If they are connected in series opposition, the out-
put is added and maximum sensitivity is obtained. Also, noise
generated in one coil will be canceled by the noise generated in
the other coil. However, if the coils are connected in parallel,
both sensitivity and source impedance are reduced. Reduced sen-
sitivity improves high-frequency response for measuring high
velocities, and the lower output impedance improves the LVT’s
compatibility with its signal-conditioning electronics.



Angular Displacement Transducers (ADTs)

An angular displacement transducer (ADT) is an air-core variable
differential capacitor that can sense angular displacement. As
shown in exploded view in Fig. 14, it has a movable metal rotor
sandwiched between a single stator plate and segmented stator
plates. When a high-frequency AC signal from an oscillator is
placed across the plates, it is modulated by the change in capaci-
tance value due to the position of the rotor with respect to the seg-
mented stator plates. The angular displacement of the rotor can
then be determined accurately from the demodulated AC signal.
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Fig. 14 Exploded view of an angular displacement transducer
(ADT) based on a differential variable capacitor.

The base is the mounting platform for the transducer assem-
bly. It contains the axial ball bearing that supports the shaft to
which the rotor is fastened. The base also supports the transmit-
ting board, which contains a metal surface that forms the lower
plate of the differential capacitor. The semicircular metal rotor
mounted on the shaft is the variable plate or rotor of the capaci-
tor. Positioned above the rotor is the receiving board containing
two separate semicircular metal sectors on its lower surface. The
board acts as the receiver for the AC signal that has been modu-
lated by the capacitance difference between the plates caused by
rotor rotation.

An electronics circuit board mounted on top of the assembly
contains the oscillator, demodulator, and filtering circuitry. The
ADT is powered by DC, and its output is a DC signal that is pro-
portional to angular displacement. The cup-shaped housing
encloses the entire assembly, and the base forms a secure cap.

DC voltage is applied to the input terminals of the ADT to
power the oscillator, which generates a 400- to 500-kHz voltage
that is applied across the transmitting and receiving stator plates.
The receiving plates are at virtual ground, and the rotor is at true
ground. The capacitance value between the transmitting and
receiving plates remains constant, but the capacitance between
the separate receiving plates varies with rotor position.

A null point is obtained when the rotor is positioned under
equal areas of the receiving stator plates. In that position, the
capacitance between the transmitting stator plate and the receiv-
ing stator plates will be equal, and there will be no output volt-
age. However, as the rotor moves clockwise or counterclockwise,
the capacitance between the transmitting plate and one of the

receiving plates will be greater than it is between the other
receiving plate. As a result, after demodulation, the differential
output DC voltage will be proportional to the angular distance
the rotor moved from the null point.

Inductosyns

The Inductosyn is a proprietary AC sensor that generates position
feedback signals that are similar to those from a resolver. There
are rotary and linear Inductosyns. Much smaller than a resolver,
a rotary Inductosyn is an assembly of a scale and slider on insu-
lating substrates in a loop. When the scale is energized with AC,
the voltage couples into the two slider windings and induces volt-
ages proportional to the sine and cosine of the slider spacing
within a cyclic pitch.

An Inductosyn-to-digital (I/D) converter, similar to a resolver-
to-digital (R/D) converter, is needed to convert these signals into
a digital format. A typical rotary Inductosyn with 360 cyclic
pitches per rotation can resolve a total of 1,474,560 sectors for
each resolution. This corresponds to an angular rotation of less
than 0.9 arc-s. This angular information in a digital format is sent
to the motion controller.

Laser Interferometers

Laser interferometers provide the most accurate position feed-
back for servosystems. They offer very high resolution (to 1.24 nm),
noncontact measurement, a high update rate, and intrinsic accu-
racies of up to 0.02 ppm. They can be used in servosystems either
as passive position readouts or as active feedback sensors in a
position servo loop. The laser beam path can be precisely aligned
to coincide with the load or a specific point being measured,
eliminating or greatly reducing Abbe error.

A single-axis system based on the Michaelson interferometer
is illustrated in Fig. 15. It consists of a helium—neon laser, a
polarizing beam splitter with a stationary retroreflector, a moving
retroreflector that can be mounted on the object whose position
is to be measured, and a photodetector, typically a photodiode.

Stationary
retroreflector

Load
distance

Photodetector Polarizing .
beamsplitter Moving
retroreflector

Fig. 15 Diagram of a laser interferometer for position feedback that
combines high resolution with noncontact sensing, high update
rates, and accuracies of 0.02 ppm.

Light from the laser is directed toward the polarizing beam
splitter, which contains a partially reflecting mirror. Part of the
laser beam goes straight through the polarizing beam splitter, and
part of the laser beam is reflected. The part that goes straight
through the beam splitter reaches the moving reflectometer,
which reflects it back to the beam splitter, that passes it on to the
photodetector. The part of the beam that is reflected by the beam
splitter reaches the stationary retroreflector, a fixed distance
away. The retroreflector reflects it back to the beam splitter
before it is also reflected into the photodetector.

As a result, the two reflected laser beams strike the photode-
tector, which converts the combination of the two light beams
into an electrical signal. Because of the way laser light beams
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interact, the output of the detector depends on a difference in the
distances traveled by the two laser beams. Because both light
beams travel the same distance from the laser to the beam splitter
and from the beam splitter to the photodetector, these distances
are not involved in position measurement. The laser interferom-
eter measurement depends only on the difference in distance
between the round-trip laser beam travel from the beam splitter to
the moving retroreflector and the fixed round-trip distance of laser
beam travel from the beam splitter to the stationary retroreflector.

If these two distances are exactly the same, the two light
beams will recombine in phase at the photodetector, which will
produce a high electrical output. This event can be viewed on a
video display as a bright light fringe. However, if the difference
between the distances is as short as one-quarter of the laser’s
wavelength, the light beams will combine out-of-phase, interfer-
ing with each other so that there will be no electrical output from
the photodetector and no video output on the display, a condition
called a dark fringe.

As the moving retroreflector mounted on the load moves far-
ther away from the beam splitter, the laser beam path length will
increase and a pattern of light and dark fringes will repeat uni-
formly. This will result in electrical signals that can be counted
and converted to a distance measurement to provide an accurate
position of the load. The spacing between the light and dark
fringes and the resulting electrical pulse rate is determined by the
wavelength of the light from the laser. For example, the wave-
length of the light beam emitted by a helium-neon (He—Ne)
laser, widely used in laser interferometers, is 0.63 pm, or about
0.000025 in.

Thus, the accuracy of load position measurement depends pri-
marily on the known stabilized wavelength of the laser beam.
However, that accuracy can be degraded by changes in humidity
and temperature as well as airborne contaminants such as smoke
or dust in the air between the beam splitter and the moving
retroreflector.

Precision Multiturn Potentiometers

The rotary precision multiturn potentiometer shown in the cut-
away in Fig. 16 is a simple, low-cost feedback instrument.
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Fig. 16 A precision potentiometer is a low-cost, reliable feedback
sensor for servosystems.

Originally developed for use in analog computers, precision
potentiometers can provide absolute position data in analog form
as a resistance value or voltage. Precise and resettable voltages
correspond to each setting of the rotary control shaft. If a poten-
tiometer is used in a servosystem, the analog data will usually be
converted to digital data by an integrated circuit analog-to-digital
converter (ADC). Accuracies of 0.05 percent can be obtained
from an instrument-quality precision multiturn potentiometer, and
resolutions can exceed 0.005° if the output signal is converted
with a 16-bit ADC.

Precision multiturn potentiometers have wirewound or hybrid
resistive elements. Hybrid elements are wirewound elements
coated with resistive plastic to improve their resolution. To obtain
an output from a potentiometer, a conductive wiper must be in
contact with the resistive element. During its service life, wear on
the resistive element caused by the wiper can degrade the preci-
sion of the precision potentiometer.



SOLENOIDS AND THEIR APPLICATIONS

Solenoids: An Economical Choice for Linear or
Rotary Motion

A solenoid is an electromechanical device that converts electrical
energy into linear or rotary mechanical motion. All solenoids
include a coil for conducting current and generating a magnetic
field, an iron or steel shell or case to complete the magnetic cir-
cuit, and a plunger or armature for translating motion. Solenoids
can be actuated by either direct current (DC) or rectified alter-
nating current (AC).

Solenoids are built with conductive paths that transmit maxi-
mum magnetic flux density with minimum electrical energy
input. The mechanical action performed by the solenoid depends
on the design of the plunger in a linear solenoid or the armature
in a rotary solenoid. Linear solenoid plungers are either spring-
loaded or use external methods to restrain axial movement
caused by the magnetic flux when the coil is energized and
restore it to its initial position when the current is switched off.

Clevis

Steel housing
(magnetic return)

direction

Electromagnetic
coil

Fig. 1 The pull-in and push-out functions of a solenoid are shown.
End A of the plunger pushes out when the solenoid is energized
while the clevis-end B pulls in.

Cutaway drawing in Fig. 1 illustrates how pull-in and push-
out actions are performed by a linear solenoid. When the coil is
energized, the plunger pulls in against the spring, and this motion
can be translated into either a “pull-in” or a “push-out” response.
All solenoids are basically pull-in-type actuators, but the location
of the plunger extension with respect to the coil and spring deter-
mines its function. For example, the plunger extension on the left
end (end A) provides “push-out” motion against the load, while
a plunger extension on the right end terminated by a clevis (end B)
provides “pull-in” motion. Commercial solenoids perform only
one of these functions. Figure 2 is a cross-sectional view of a typ-
ical pull-in commercial linear solenoid.

Rotary solenoids operate on the same principle as linear
solenoids except that the axial movement of the armature is con-
verted into rotary movement by various mechanical devices. One
of these is the use of internal lands or ball bearings and slots or
races that convert a pull-in stroke to rotary or twisting motion.

Back stop Coil Bushing Plunger

1 Grrons;
™

7| J

Bobbin Housing

Mounting nut

Fig.2 Cross-section view of a commercial linear pull-type solenoid
with a clevis. The conical end of the plunger increases its efficiency.
The solenoid is mounted with its threaded bushing and nut.

Motion control and process automation systems use many dif-
ferent kinds of solenoids to provide motions ranging from simply
turning an event on or off to the performance of extremely com-
plex sequencing. When there are requirements for linear or rotary
motion, solenoids should be considered because of their relatively
small size and low cost when compared with alternatives such as
motors or actuators. Solenoids are easy to install and use, and
they are both versatile and reliable.

Technical Considerations

Important factors to consider when selecting solenoids are their
rated torque/force, duty cycles, estimated working lives, perfor-
mance curves, ambient temperature range, and temperature rise.
The solenoid must have a magnetic return path capable of trans-
mitting the maximum amount of magnetic flux density with mini-
mum energy input. Magnetic flux lines are transmitted to the
plunger or armature through the bobbin and air gap back through
the iron or steel shell. A ferrous metal path is more efficient than
air, but the air gap is needed to permit plunger or armature move-
ment. The force or torque of a solenoid is inversely proportional to
the square of the distance between pole faces. By optimizing the
ferrous path area, the shape of the plunger or armature, and the
magnetic circuit material, the output torque/force can be increased.

The torque/force characteristic is an important solenoid spec-
ification. In most applications the force can be a minimum at the
start of the plunger or armature stroke but must increase at a
rapid rate to reach the maximum value before the plunger or
armature reaches the backstop.

The magnetizing force of the solenoid is proportional to the
number of copper wire turns in its coil, the magnitude of the cur-
rent, and the permeance of the magnetic circuit. The pull force
required by the load must not be greater than the force developed
by the solenoid during any portion of its required stroke, or the
plunger or armature will not pull in completely. As a result, the
load will not be moved the required distance.

Heat buildup in a solenoid is a function of power and the
length of time the power is applied. The permissible temperature
rise limits the magnitude of the input power. If constant voltage
is applied, heat buildup can degrade the efficiency of the coil by
effectively reducing its number of ampere turns. This, in turn,
reduces flux density and torque/force output. If the temperature
of the coil is permitted to rise above the temperature rating of its
insulation, performance will suffer and the solenoid could fail
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prematurely. Ambient temperature in excess of the specified lim-
its will limit the solenoid cooling expected by convection and
conduction.

Heat can be dissipated by cooling the solenoid with forced air
from a fan or blower, mounting the solenoid on a heat sink, or
circulating a liquid coolant through a heat sink. Alternatively, a
larger solenoid than the one actually needed could be used.

The heating of the solenoid is affected by the duty cycle,
which is specified from 10 percent to 100 percent, and is directly
proportional to solenoid on time. The highest starting and ending
torque are obtained with the lowest duty cycle and on time. Duty
cycle is defined as the ratio of on time to the sum of on time and
off time. For example, if a solenoid is energized for 30 s and then
turned off for 90 s, its duty cycle is 3%,,, = !/, or 25 percent.

The amount of work performed by a solenoid is directly related
to its size. A large solenoid can develop more force at a given
stroke than a small one with the same coil current because it has
more turns of wire in its coil.

Open-Frame Solenoids

Open-frame solenoids are the simplest and least expensive mod-
els. They have open steel frames, exposed coils, and movable
plungers centered in their coils. Their simple design permits them
to be made inexpensively in high-volume production runs so that
they can be sold at low cost. The two forms of open-frame
solenoid are the C-frame solenoid and the box-frame solenoid.
They are usually specified for applications where very long life
and precise positioning are not critical requirements.

C-Frame Solenoids

C-frame solenoids are low-cost commercial solenoids intended
for light-duty applications. The frames are typically laminated
steel formed in the shape of the letter C to complete the magnetic
circuit through the core, but they leave the coil windings without
a complete protective cover. The plungers are typically made as
laminated steel bars. However, the coils are usually potted to
resist airborne and liquid contaminants. These solenoids can be
found in appliances, printers, coin dispensers, security door
locks, cameras, and vending machines. They can be powered
with either AC or DC current. Nevertheless, C-frame solenoids
can have operational lives of millions of cycles, and some stan-
dard catalog models are capable of strokes up to 0.5 in. (13 mm).

Box-Frame Solenoids

Box-frame solenoids have steel frames that enclose their coils on
two sides, improving their mechanical strength. The coils are
wound on phenolic bobbins, and the plungers are typically made
from solid bar stock. The frames of some box-type solenoids are
made from stacks of thin insulated sheets of steel to control eddy
currents as well as keep stray circulating currents confined in
solenoids powered by AC. Box-frame solenoids are specified for
higher-end applications such as tape decks, industrial controls,
tape recorders, and business machines because they offer
mechanical and electrical performance that is superior to those of
C-frame solenoids. Standard catalog commercial box-frame
solenoids can be powered by AC or DC current, and can have
strokes that exceed 0.5 in. (13 mm).

Tubular Solenoids

The coils of tubular solenoids have coils that are completely
enclosed in cylindrical metal cases that provide improved mag-
netic circuit return and better protection against accidental
damage or liquid spillage. These DC solenoids offer the highest
volumetric efficiency of any commercial solenoids, and they are
specified for industrial and military/aerospace equipment where
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the space permitted for their installation is restricted. These
solenoids are specified for printers, computer disk and tape
drives, and military weapons systems; both pull-in and push-out
styles are available. Some commercial tubular linear solenoids in
this class have strokes up to 1.5 in. (38 mm), and some can pro-
vide 30 1bf (14 kgf) from a unit less than 2.25 in. (57 mm) long.
Linear solenoids find applications in vending machines, photo-
copy machines, door locks, pumps, coin-changing mechanisms,
and film processors.

Rotary Solenoids

Rotary solenoid operation is based on the same electromagnetic
principles as linear solenoids except that their input electrical
energy is converted to rotary or twisting rather than linear
motion. Rotary actuators should be considered if controlled
speed is a requirement in a rotary stroke application. One style of
rotary solenoid is shown in the exploded view in Fig. 3. It
includes an armature-plate assembly that rotates when it is pulled
into the housing by magnetic flux from the coil. Axial stroke is
the linear distance that the armature travels to the center of the
coil as the solenoid is energized. The three ball bearings travel to
the lower ends of the races in which they are positioned.

The operation of this rotary solenoid is shown in Fig. 4. The
rotary solenoid armature is supported by three ball bearings that

Bronze
Stainless  sleeve Retainer
shaft bearing Case ring

Armature Armature hub Stainless Precision Base
plate steel balls coil

Fig. 3 Exploded view of a rotary solenoid showing its principal
components.

(b) Energized state

(a) De-energized state

Fig. 4 Cutaway views of a rotary solenoid de-energized (a) and
energized (b). When energized, the solenoid armature pulls in, caus-
ing the three ball bearings to roll into the deeper ends of the lateral
slots on the faceplate, translating linear to rotary motion.



travel around and down the three inclined ball races. The de-ener-
gized state is shown in (a). When power is applied, a linear elec-
tromagnetic force pulls in the armature and twists the armature
plate, as shown in (b). Rotation continues until the balls have
traveled to the deep ends of the races, completing the conversion
of linear to rotary motion.

This type of rotary solenoid has a steel case that surrounds
and protects the coil, and the coil is wound so that the maximum
amount of copper wire is located in the allowed space. The steel
housing provides the high permeability path and low residual
flux needed for the efficient conversion of electrical energy to
mechanical motion.

Rotary solenoids can provide well over 100 Ib-in. (115 kgf-cm)
of torque from a unit less than 2.25 in. (57 mm) long. Rotary
solenoids are found in counters, circuit breakers, electronic com-
ponent pick-and-place machines, ATM machines, machine tools,
ticket-dispensing machines, and photocopiers.

Rotary Actuators

The rotary actuator shown in Fig. 5 operates on the principle of
attraction and repulsion of opposite and like magnetic poles as a
motor. In this case the electromagnetic flux from the actuator’s
solenoid interacts with the permanent magnetic field of a
neodymium—iron disk magnet attached to the armature but free to
rotate.

The patented Ultimag rotary actuator from the Ledex product
group of TRW, Vandalia, Ohio, was developed to meet the need
for a bidirectional actuator with a limited working stroke of less
than 360° but capable of offering higher speed and torque than a
rotary solenoid. This fast, short-stroke actuator is finding appli-
cations in industrial, office automation, and medical equipment
as well as automotive applications.

The PM armature has twice as many poles (magnetized sec-
tors) as the stator. When the actuator is not energized, as shown
in (a), the armature poles each share half of a stator pole, causing
the shaft to seek and hold mid-stroke.

When power is applied to the stator coil, as shown in (b), its
associated poles are polarized north above the PM disk and south

Solenoid

Armature

Latching: Linear solenoid push-out or pull-in motion can be used in
a wide variety of latching applications such as locking vault doors,
safe deposit boxes, secure files, computers, and machine tools,
depending on how the movable latch is designed.

(b) Energized

(a) De-energized (c) Energized

Fig. 5 This bidirectional rotary actuator has a permanent magnet
disk mounted on its armature that interacts with the solenoid poles.
When the solenoid is deenergized (a), the armature seeks and holds
a neutral position, but when the solenoid is energized, the armature
rotates in the direction shown. If the input voltage is reversed, arma-
ture rotation is reversed (c).

beneath it. The resulting flux interaction attracts half of the arma-
ture’s PM poles while repelling the other half. This causes the
shaft to rotate in the direction shown.

When the stator voltage is reversed, its poles are reversed so
that the north pole is above the PM disk and south pole is below
it. Consequently, the opposite poles of the actuator armature are
attracted and repelled, causing the armature to reverse its direc-
tion of rotation.

According to the manufacturer, Ultimag rotary actuators are
rated for speeds over 100 Hz and peak torques over 100 oz-in.
Typical actuators offer a 45° stroke, but the design permits a max-
imum stroke of 160°. These actuators can be operated in an on/off
mode or proportionally, and they can be operated either open- or
closed-loop. Gears, belts, and pulleys can amplify the stroke, but
this results in reducing actuator torque.

Solenoid

Plunger Pinch bar

t
Flexible
tubing

Pinchoff of Flexible Tubing: This push-out linear solenoid with an
attached blade can control or pinch off liquid flowing in flexible tubing
when energized by a remote operator. This arrangement can elimi-
nate valves or other devices that could leak or admit contaminants. It
can be used in medical, chemical, and scientific laboratories where
fluid flow must be accurately regulated.
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Rotary solenoid

Input 1

Parts or Material Diversion: This diverter arrangement consists of
a rotary solenoid with a gate attached to its armature. The gate can
swing to either of two alternate positions under push button or auto-
matic control to regulate the flow of parts or materials moving on
belts or by gravity feed.

Special tool

Rotary drum
mounted on a
rotary solenoid
or actuator

Linear solenoid

Kick
solenoid

Reject parts bin

Acceptable parts bin

Rotary Positioning: A linear push-out solenoid is paired with a mul-
tistation drum containing objects that are indexed by a linear
solenoid or actuator. This arrangement would permit the automatic
assembly of parts to those objects or the application of adhesives to
them as the drum is indexed.
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Parts Rejection: A push-out linear solenoid can rapidly expel or
reject parts that are moving past it into a bin when triggered. An
electronic video or proximity sensing system is required to energize
the solenoid at the right time.

Solenoid

Plunger

Ratcheting Mechanism: A pull-in solenoid with a rack mounted on
its plunger becomes a ratcheting mechanism capable of turning a
gear for the precise positioning of objects under operator or auto-
mated control.



CHAPTER 3

STATIONARY AND
MOBILE ROBOTS



INTRODUCTION TO ROBOTS

Robots are favored subjects in science fiction books and
movies, and they are widely covered in a variety of scientific
and engineering publications. There has been a lot of discus-
sion lately about the rapid advances being made in the ability
of robots to emulate human behavior and thought processes.
One recent popular article asked the question: “Can robots be
trusted?” Some people fear that robot intelligence could
exceed that of humans and they could take over the control of
human lives, a threat that first appeared in science fiction. But
experts agree that even the most advanced robots today only
have the mental abilities of a retarded cockroach. However,
others see a more insidious threat—that robots will advance to
the level that we will want to adopt them as workers, compan-
ions, and even pets.

The truth about robots today is far more prosaic. Most robots
are being manufactured for industry, and most of them are
being purchased by automobile manufacturers around the
world. There are also other growing markets for robots. One of
the most important is for military robots capable of operating
on the ground, in the air, and underwater. A prime motivation
for them here is to use robots as proxies to save the lives of sol-
diers, sailors, and airmen deployed in wars taking place in unfa-
miliar locations. Some can be used for reconnaissance and
others can be put to work detecting and destroying improvised
explosive devices (IEDs) as well as land and sea mines.
Moreover, flying robots, usually called drones, can make sur-
prise pinpoint strikes against enemies hiding in otherwise inac-
cessible locations.

Yet another growing market is for commercial and consumer
service robots. Today, some are able to perform such tasks as
shelving and retrieving merchandise in warehouses, delivering
supplies in hospitals, sweeping and cleaning floors, and even
mowing lawns. In addition, one must not overlook the role of
robots in scientific exploration in space, on or around distant
moons and planets, and under the sea.

The term robot is now so commonly used in our language and
by the media that most people are unaware of its true definition.
The term “robotic” is now frequently seen in advertising pro-
moting any machine with movable parts that look like human
arms and hands, whether they are controlled by humans or are
automated. They could be toys, appliances, industrial machines,
or medical apparatus.

The Robot Defined

The definition for a robot in this chapter might differ from oth-
ers that have been published, but it is more comprehensive. A
robot is: An electronically programmed, multitasking machine
capable of carrying out a range of functions, typically, but not
exclusively by autonomous means. True robots can be repro-
grammed electronically to perform other duties by means of
signals sent through a connecting cable. Although a true robot’s
tools can be changed either automatically or manually, no new
internal mechanical parts or electronic circuitry is needed to be
installed.

This definition rules out automatic machines custom-designed
and built to perform the same task repetitively because those
tasks can only be changed by replacing internal electrical or
mechanical components. It also rules out player pianos and
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numerically controlled machines, formerly considered robots
because they were directed by punched cards or paper tapes that
programmed them. Some appliances and instruments with facto-
ry-programmed microcontrollers are not considered to be robots
because their functions cannot be altered without changing their
built-in microcontrollers.

On the other hand, some machines that are true robots do not
match the popular conception of what a robot should look like
or how it should act. But these machines can be reprogrammed
by software to perform different mundane tasks such as cutting,
fastening, folding, gluing, or stacking products in factories or
warehouses around the clock. Or they could also be performing
routine laboratory tests, all under computer control.

Laboratory devices with manipulator arms for handling
toxic or radioactive materials isolated in chambers are not
robots because an operator’s hands control the manipulator.
These devices are more accurately called teleoperators
because they are not designed to act autonomously. Similarly,
a manipulator arm on a deep-diving submersible is a teleoper-
ator because it is also controlled by an operator’s hand motions
to retrieve biological or archaeological specimens from the
ocean floor. Radio- or wire-controlled model vehicles (called
“bots”), boats, or aircraft are not robots unless they contain
some software programmed functions that are vital for their
operation.

Modern robots are controlled by software stored in central
processing units (CPUs) with externally programmable memory
such as that installed in all desktop and laptop computers. The
microprocessors and related peripheral components of industri-
al robots are typically located in control consoles separate from
the robot. These consoles also contain power supplies, key-
boards, and disk drives as well as sensing circuitry for providing
feedback. Industrial robots are programmed to include com-
mands that shut it down if a person accidentally intrudes into its
operating “envelope,” and also prevents it from damaging near-
by property.

Industrial robots typically include a handheld control pendant
on a cable that permits the operator to turn the robot on and off
and make periodic software changes or updates in the stored pro-
gram to improve the robot’s performance. Some pendants can
also be used to “teach” the robot to perform tasks such as paint-
ing, welding, or materials handling. An expert skilled in those
activities moves the robot wrist manually through all the motions
necessary to perform those tasks efficiently while the robot
movements are recorded in memory so they can be played back
to perform the task precisely as taught.

Stationary Autonomous Industrial Robots

Modern industrial robots are autonomous and usually stationary.
This means that once programmed with software or “taught” by
a human operator, these robots will repeatedly perform their
assigned tasks without human intervention from the same posi-
tions. However, some industrial robots are designed and built to
be programmed so they move over short distances on tracks or
rails to accomplish their assigned tasks. They are called movable
rather than mobile robots.

Industrial robots can work tirelessly around the clock, and
they do not take breaks or slow down because of boredom or



fatigue. Most are assigned to such dangerous tasks as welding,
grinding, moving heavy loads rapidly from place to place, repeat-
edly emptying and stacking parts from incoming pallets, or trans-
ferring parts between machines in coordinated work cells. They
also do spray painting rapidly in booths or tunnels where the
paint spray would be toxic if inhaled by a human painter. Some
industrial robots are designed to be versatile while others are
optimized to perform a single task faster, more efficiently, and
more economically than the versatile models. As a result of hav-
ing no extra components that are not in continuous use, these
specialized robots can cost and weigh less and usually take up
less floor space.

The leading specifications of industrial robots are: (1) number
of axes, (2) maximum payloads or handling capacities at the
wrist (in pounds or kilograms), (3) arm reach (in feet or
meters), (4) repeatability (in plus or minus millimeters), and
(5) weight in tons or kilograms. Illustrations and specifications
data on four current industrial robot families are presented in
this chapter.

Some Robot History

The Czech playwright Karel Capek (1890-1938) was the first
person to use the word “robot.” It was derived from the Czech
word for forced labor or serf. Capek was reportedly a candidate
for the Nobel Prize several times for his work, and he was a very
influential and prolific writer and playwright. The use of the
word robot was introduced to the public in Capek’s play R.U.R.
(Rossum’s Universal Robots), which opened in Prague in
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January 1921. In R.U.R., Capek discusses a paradise where, at
first, these machines bring many benefits to the people, but in
the end, he declared, they will bring an equal amount of misery
in the form of unemployment and social unrest. He was not
exactly a fan of robots.

The Worldwide Robot Market

The Robotics Industry of America (RIA) reports that materials
handling remains the largest application area for new robot
orders, accounting for some 60 percent of the units sold in North
America in the first quarter of 2010. RIA estimates that some
190,000 robots are now at work in U. S. factories. This places the
United States second only to Japan in its overall use of robots.
The RIA estimated that in 2010 more than one million robots
were in use worldwide. It also reported that countries with
expanding industrialization and population, such as China and
India, are rapidly expanding their purchases of robots.

In 2009 the automotive industry, the largest customer for
robots in North America, experienced economic distress. This is
one of the reasons why 2009 was a very difficult year for the
robotics industry. The RIA reported that robotics companies
around the world experienced declines as they dealt with the
impacts of an economic recession that has put the brakes on cap-
ital equipment purchases in many industries as well as the auto-
motive industry. However, in 2010 there were increases in orders
for robots from the life science, pharmaceutical, and biomedical
industries, and smaller increases in orders from the food and con-
sumer goods sector.

Industrial robots are defined by the characteristics of their con-
trol systems; manipulator or arm geometry; modes of operation;
and their end effectors or the tools mounted on a robot’s wrist.
Industrial robots can be classified by their programming modes
which correlate with their performance capabilities: limited ver-
sus unlimited sequence control. These terms refer to the paths
that can be taken by the end effector as it is stepped through its
programmed motions. Four classes are recognized: limited
sequence control and three forms of unlimited sequence control:
point-to-point, continuous-path, and controlled-path.

Another distinction between industrial robots is in the way
they are controlled: either servoed or nonservoed. A servoed
robot includes a closed-loop which provides feedback and
enables it to have one of the three forms of unlimited sequence
control. This is achieved if the closed loop contains a velocity
sensor, a position sensor, or both. By contrast, a nonservoed
robot has open-loop control, meaning that it has no feedback and
is therefore a limited sequence robot.

Industrial robots can be powered by electric motors or
hydraulic or pneumatic actuators. Electric motors are now the
most popular drives for industrial robots because they are the
least complicated and most efficient power sources. Hydraulic

drives have been installed on industrial robots, but this technology
has lost favor, particularly for robots that must work within a
controlled and populated environment. Hydraulic drives are
noisy and subject to oil leakage, which presents a fire hazard in
an enclosed space. Moreover, hydraulic drives are more mainte-
nance prone than electric drives.

Nevertheless, hydraulic-drive robots can handle loads of
500 1b or more, and they can be used safely outdoors or in uncon-
trolled spaces. They are also used in situations where volatile
gases or substances are present; these hazards rule out electric
motors because a fire or explosion could be caused by electric
arcing within the electric motor. Some limited-duty benchtop
robots are powered by pneumatic actuators, but they are typically
simple two- or three-axis robots. On the other hand, pneumatic
power is now widely used to operate end effectors such as
“hands” or grippers mounted on the wrists of electric-drive
robots. An example is a wrist assembly that includes two rotary
pneumatic actuators capable of moving a gripper around two
axes, roll and yaw.

The term degrees-of-freedom (DOF) as applied to a robot
indicates the number of its axes, an important indicator of a
robot’s capability. Limited sequence robots typically have only
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Fig. 1 Components of a floor-standing, six-degree-of-freedom industrial robot.

two or three axes while unlimited sequence robots typically have
five or six axes because they are intended to perform more com-
plex tasks. However, the basic robot manipulator arm might have
only three axes: arm sweep (base rotation), shoulder swivel
(reach), and elbow extension (elevation), but a wrist can provide
as many as three additional axes—pitch, roll, and yaw.

The heavy-duty, floor-standing robot shown in Fig. 1 has six
principal axes, each driven by an electric motor. The console con-
tains a digital computer that has been programmed with an oper-
ating system and applications software so that it can perform the
robot’s assigned tasks. The operator or programmer can control
the movements of the robot arm or manipulator with push but-
tons on the control console so that it can be run manually through
its complete program sequence. During programming, adjust-
ments can be made in the program to prevent any part of the
robot from colliding with nearby objects.

Some industrial robots are equipped with training pendants—
handheld control boxes that are connected to the computer con-
trol console by cable. The pendant typically contains a push-
button panel and a color graphic liquid-crystal display (LCD).
It permits an operator or programmer to “teach” the robot by
leading the wrist and end effector manually through the com-
plete assigned task. The movements of each of the axes in the
path sequence are stored in memory so that the robot will play
back the routines precisely when commanded to do so.

Some floor-standing industrial robots are built so that they can
be mounted upside down, vertically, or at an angle to gain better
access to their intended work areas. The inverted robots are typ-
ically suspended from structural frames. Those frames might
have rails on them to permit the robot to travel over limited dis-
tances while engaged in work such as welding long seams or
painting long objects. Similarly, the robots might be positioned
in a fixed position on a wall or they could be mounted on a ver-
tical rail if vertical movement is required. They could also be
mounted on rails set at an angle with respect to the floor for
angular excursions.
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Industrial Robot Advantages

An industrial robot can be programmed to perform a wider range
of tasks than a dedicated automatic machine such as a numeri-
cally controlled machining center, even if that machine can
accept a wide selection of different tools for doing different jobs.
While industrial robots are considered to be multipurpose
machines, most manufacturers design robots with certain charac-
teristics that favor specific applications such as welding, paint-
ing, loading products or parts in cartons, or performing assembly
work.

Manufacturers’ literature and specifications sheets list these
specialties, but their designations do not mean that the robots
are limited to those functions; they will function satisfactorily
in the performance of other applications where similar charac-
teristics are required. Those characteristics that make a robot
well suited for specific applications are determined by their
specifications; these include such factors as size, weight, pay-
load, reach, repeatability, range, speed, and the cost of operation
and maintenance.

The decision to purchase a robot should be based on the eval-
uation of a long checklist of requirements for justifying the pur-
chase. First and foremost of these decisions is the customer’s
conclusion that a lower cost dedicated machine cannot do the
work more cost-effectively than a robot. Other factors to be eval-
uated, both technical and economic, are

* Ability of the owner to integrate the robot with existing
manufacturing facilities

* Cost of training or retraining operators and programmers for
the robot

* Cost of writing new applications software to direct the pro-
cess to be automated

» Estimation of the overhead cost and time lost during down-

time while a human operator changes tools between jobs or
performs routine robot maintenance



The full benefits of an industrial robot cannot be realized
unless it is properly integrated with the other conventional
machines, conveyers, and materials handling equipment that
form a coordinated work cell. Early robot purchasers learned a
costly lesson when they found that isolated robots could not pay
for themselves because they were not integrated into the normal
workflow of the factory, so they were abandoned. Carefully engi-
neered work cells assure that there is a coordinated and timely flow
of work.

Industrial robots have been most cost effective in situations
where they perform arduous, repetitious tasks, especially in hos-
tile environments where human operators are exposed to life-
threatening environmental conditions. These locations include
environments where

* Temperatures or humidity are excessive

* Noxious or toxic fumes can damage the lungs

* Welding arcs can damage unprotected eyes

* Molten metal spray or open flame can burn unprotected skin
* High-voltage sources present a constant electrocution hazard

Nevertheless, robots have frequently proven themselves in
work situations where none of these factors were present
because they were able to demonstrate more consistent and
higher quality workmanship than could be performed by skilled
and experienced workers. Examples are found in welding, paint-
ing, and repetitive assembly work, even in conditioned indoor
environments such as automotive assembly lines and appliance
factories.

Industrial robots are now found at work in a wide range of
industries from machine tool, automotive, aircraft, and ship-
building to consumer appliance manufacturing. In addition,
many robotic machines that are not easily recognizable perform
such nimble tasks as pick-and-place assembly of electronic com-
ponents on circuit boards. In addition, robots capable of moving
rapidly along the length and height of extensive shelving in auto-
mated warehouses are storing and retrieving various objects and
packages under remote computer control.

Industrial Robot Characteristics

The important specifications to consider in a robot purchase deci-
sion are payload, reach, repeatability, interference radius, motion
range and speed, payload capacity, and weight. Reach is mea-
sured in inches or millimeters, and motion range is determined
by the robot’s three-dimensional (3D) semispherical work enve-
lope. This is the locus of points that can be reached by the robot’s
workpoint when all of their axes are in their extreme positions.
Motion speed is measured for each axis in degrees per second.
The robot must be able to reach all the parts or tools needed to
perform its task, so the working range typically determines the
size and weight of the robot required.

Robot axis motion speed is typically in the range from 100°/s
to 300°/s. High rates of acceleration and deceleration are favored.
Payloads are most important if the robot is to do a significant
amount of lifting. These are measured in pounds and kilograms.
Some production industrial robots are able to handle maximum
loads up to 880 1b or 400 kg, but most requirements are far
lower—generally less than 50 Ib. A large floor-standing robot can
weigh as much as 2 tons.

Stiffness is another important robot specification. This term
means that the robot arm must be rigid enough in all of its possi-
ble positions to perform its assigned tasks without flexing or
shifting under load. If the robot has sufficient stiffness it can per-
form repetitive tasks uniformly without deviating from its pro-
grammed dimensional tolerances. This characteristic is specified
as repeatability, which correlates with stiffness and is measured
in inches or millimeters of deviation.

Industrial Robot Geometry

There are four principal stationary robot geometries: (1) articu-
lated, revolute, or jointed arm; (2) polar-coordinate or gun turret;
(3) Cartesian; and (4) cylindrical. A low-shoulder articulated
robot is shown in Fig. 2 and a high-shoulder articulated robot is
shown in Fig. 3. The articulated robot geometry is the most com-
monly used configuration today for floor-standing industrial
robots, but there are many variations. The polar-coordinate geometry
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Fig.2 Low-shoulder, articulated, revolute, or jointed geometry robot.
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Fig. 3 High-shoulder, articulated, revolute, or jointed geometry robot.
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Fig. 4 Polar-coordinate or gun-turret geometry robot.

robot is illustrated in Fig. 4; the Cartesian-coordinate geometry
robot is illustrated in Fig. 5; and the cylindrical-coordinate geom-
etry robot is illustrated in Fig. 6. Among the variations of these
basic designs is the vertically jointed-geometry robot shown in
Fig. 7.

A robot’s wrist at the end of the robot’s arm serves as a
mounting plate for end effectors or tools. There are two common
designs for robot wrists: two-degree-of-freedom (2DOF) and
three-degree-of-freedom (3DOF). An example of a 2DOF wrist
is shown in Fig. 8; it permits roll around the arm axis and pitch
around an axis at right angles to the arm axis. Another version of
a 2DOF wrist, illustrated in Fig. 9, has the capability of a second

Elevation 7

Base travel

Fig. 5 Cartesian-coordinate geometry robot.
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Fig. 6 Cylindrical-coordinate geometry robot.
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Fig. 7 Vertically-jointed robot.

independent roll around the arm axis in addition to the pitch
around an axis at right angles to the arm axis. A 3DOF wrist is
shown in Fig. 10; in addition to roll and pitch it offers yaw
around a third axis perpendicular to both the pitch and roll axes.
More degrees-of-freedom can be added by installing end effec-
tors or tools that can move around axes independent of the wrist.

Many different kinds of end effectors are available for robots,
but among the most common are pincer- or claw-like two-fingered
grippers or hands that can pick up, move, and release objects. Some
of these grippers are general purpose, but others have finger grip-
ping surfaces that have been machined to contours that fit pre-
cisely around or inside specific objects oriented in preestablished
positions. Fingers fashioned to grasp the outside of objects such
as cylinders move inward to grasp and lift the object; fingers
fashioned to grasp the inside of objects such as pipes or cylinders
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Fig. 8 Two-degree-of-freedom robot wrist can move a tool or end
effector attached to its mounting plate around both pitch and roll axes.
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Fig. 9 Two-degree-of-freedom robo