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ABSTRACT

According to the basic teaching requirements for the course Mechanisms and Machine Theory. and the require-

ment of bilingual teaching, this textbook is written for students and teachers of mechanical engineering major in uni-
versities and colleges in China.

There are 12 chapters in this textbook: Introduction. Structure Analysis of Mechanisms. Kinematic Analysis of
Mechanisms., Friction and Efficiency of Machineries, Planar Linkage Mechanisms, Cams and Their Design, Gears and
Their Design,Gear Trains . The Design of Combined Mechanism and Other Common Mechanisms, Machinery (pera-
tion and Adjustment of Velocity Fluctuation in Machineries and Balancing. There are some problems and notes at the
end of each chapter for students to grasp and practice.

This book can be used as textbook for course Mechanisms and Machine Theory. taught as bilingual teaching ma-
terial, or be used as textbook for course English in Mechanical Engineering, for students of mechanical engineering
major in universities and colleges. It can also be used as reference book for teachers. students and engineers of me-

chanical engineering major and other relevant majors,
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PREFACE

Mechanisms and Machine Theory is the study of kinematics and dynamics of mechanisms, and
the basic principles of machines, It is one of the important fundamental courses for mechanical engi-
neering students, It also serves practical purpose in production, as it involves the first considerations
of the designer in machine design.

In order to meet the challenge of economic globalization and technical and scientific revolution,
according to the requirement of “facing modernization, facing the world, facing the future”, English
should be used in some courses in undergraduate education in China.

Because of historic reasons, there are significant differences in contents between Chinese text-
book and English textbook for the course Mechanisms and Machine Theory. In this field we cannot
find a suitable English textbook, which can appropriately cover the whole contents currently taught
in China’s universities and colleges. Thus to write and compile an English textbook which appropri-
ately covers whole necessary contents and is suitable for China’s mechanical education is a meaning-
ful work and an urgent task.

This book is intended for undergraduate students of most mechanical engineering major and
some other relevant majors, and contains sufficient material for a full semester’s work. The usual
prerequisites are advanced mathematics, kinematics statics, dynamics, and engineering graphics.

This textbook is a result of collective effort of many experienced teachers from several univer-
sities and colleges. They bring their plentiful experiences from their teaching and practical work in
machine design to this textbok, and each is responsible for his own work. They are: Li Can from
Wuhan University of Technology (chapter 1), Xiao Pei from Wuhan University of Technology
(chapter 2), Wang Zhong from Southwest University of Science and Technology (chapter 3), Li
Shuiping from Wuhan University of Technology (chapter 4), Mao Ya from Wuhan University of
Technology (chapter 5), Li Gangyan from Wuhan University of Technology (chapter 6), Zhang
Tie from South China University of Technology and Zhang Xueliang from Taiyuan Heavy Machi-
nery Institute (chapter 7), Han Bin from North China Institute of Water Conservancy and Hydro-
electric Power (chapter 8), Zhang Zhihong from Taiyuan Heavy Machinery Institute (chapter 9),
Feng Xuemei from Wuhan University of Technology (chapter 10), Zhang Xianmin from South
China University of Technology (chapter 11).

Li Can
Wuhan University of Technology
March 10,2004
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CHAPTER
1

INTRODUCTION

1.1 ABOUT THIS COURSE

This course is called “Mechanisms and Machine Theory'”. Obviously, the objects of
this course are mechanisms® and machines,and the contents of this course are about the basic
theoretical problems of design of mechanism and machine.

This course is intended for college students of mechanical engineering and is based on
some foregoing courses, such as advanced mathematics, physics, chemistry, mechanics, and
mechanical drawing. It is also the foundation of some other subsequent courses, such as ma-

chinery design, machine tools, mechanical manufacture, etc.

1.2 MECHANISMS AND MACHINES

What are mechanisms and machines?

A mechanism is a device, which transforms motion into some desirable pattern and typi-
cally involves very low forces and transmits very little power. Some examples of common
mechanisms are a camera shuttle, a mechanical toy car, a mechanical clock, a folding chair,
an adjustable desk lamp, and an automatic umbrella,

A machine is a device for transforming or transferring energy. It is sometimes defined as
consisting of a number of fixed and moving bodies interposed between the source of power
and work to be done for the purpose of adapting one to the other,

Machines are designed to provide significant forces, transform and/or transmit signifi-
cant power and energy. Some examples of machines are a food blender, an automobile trans-
mission system, a bulldozer, a mechanical manipulator and a robot. The electric motor
transforms electrical energy into mechanical energy, while its counterpart, the electrical ge-
nerator, transforms mechanical energy into electrical energy. A gasoline engine acts as a ma-

chine for transforming chemical energy into mechanical energy. The input energy is released




2 MECHANISMS AND MACHINES

by gasoline’s burning. This energy is transferred to the crankshaft, where it appears as out-
put mechanical energy and is the product of the torque and the angle of crankshaft rotation.
Of course, they are also machines.

All machines are composed of mechanism or mechanisms, which, in turn, are composed
of kinematical elements® such as links*, cams®, gears®, belts’, chains®, etc. For example, a
typical internal-combustion engine’ contains at least one slider-crank mechanism'® composed
of machine frame, piston', connecting rod" and crankshaft'®; some gear mechanisms com-
posed of frame, pinions and gears', and at least two cam mechanisms!® composed of frame,
cams and followers. Your bicycle is a simple example of kinematical system that contains a
chain drive mechanism to provide torque multiplication and a linkage'® for braking. An auto-
mobile contains many more examples of mechanisms. Its steering system, wheel suspension,
and engine, all contains linkages. The engine valves are operated by cam and follower me-
chanisms and the transmission is mainly gear mechanisms, even the windshield wipers are
driven by a linkage mechanism.

Construction equipment such as tractors, cranes, and backhoes all use linkages exten-
sively in their design.

Though all machines are mechanisms, not all mechanisms are machines. Many instru-
ments are mechanisms but not machines because they do not do useful work, nor do they
transform energy. For example, a clock does not work in excess of what required to over-
come its own friction,

To better explain the difference between the mechanisms and machines, the mechanisms
can also be defined as a system of elements arranged to transmit motion in a predetermined
fashion. Correspondingly, the machines can be defined as a system of elements arranged to
transmit or transform power and energy.

There is no clear-cut dividing line between mechanisms and machines. They differ in de-
gree rather than in kind. If the force or energy levels within the device are significant, it is
considered a machine; if not, it is considered a mechanism.

One of the tasks in solving any machine design problem is to determine the kinematical
configuration, that is, the mechanism need to provide desired motions, Forces and stress a-
nalysis cannot be done until the kinematical issues have been solved.

Mechanisms, if lightly loaded and run at low speeds, can be treated as kinematical de-
vices; that is, they can be analyzed kinematically without regard to forces, because the ac-
tually involved dynamic force is small and can be neglected. On the other hand, machines
must first be treated as mechanisms, a kinematical analysis of their positions, velocities and
accelerations must be done, and then they must be subsequently analyzed as dynamic systems
in which their static and dynamic forces due to those accelerations are analyzed, because the

actually involved dynamic force is large and cannot be neglected.




INTRODUCTION 3

1.3 CONTENT OF THIS COURSE

The main content of this course includes following four aspects:
1.3.1 Fundamental Knowledge for Mechanism Structure Analysis

In this aspect we will first study the compositions of mechanisms, the effects of these
compositions on the mechanisms movements, and the conditions for the mechanisms to have
constrained motions. In addition, in order to facilitate our study on mechanisms we will also
learn how to express the mechanism structures through simple and explicit drawing, that is,
kinematical diagram.

1.3.2 Movement Analysis of Mechanisms

Kinematics of machine is the study of the relative motion of machine parts without re-
gard to forces, and is one of the first considerations of the designer in the design of a ma-
chine. A kinematical study is necessary to insure that the designed machines have optimum
mechanisms and have required displacement, velocity, and acceleration. In addition, the ki-
nematical analysis of an existing machine will enable us to understand and use the machine
better.

1,3.3 Dynamics of Machines

Dynamics treats with forces acting on the parts of a machine and the motions resulting
from these forces. A dynamic analysis is necessary to insure that balance is provided for rota-
ting and reciprocating parts and that all members are strong enough to withstand static and
dynamic forces.

But in real design practice, these two aspects are really not physically separable. We
separate them mainly for instructional reason in engineering education. One cannot design a
good mechanical system without taking both aspects into thorough consideration.

In machinery, the largest forces encountered are often those due to the dynamics of the
machine itself. These dynamic forces are proportional to accelerations, which bring us back
to kinematics, the foundation of mechanical design. Very early and basic decisions in the de-
sign process involving kinematical principles can be crucial to the success of any mechanical
design. A design, which has poor kinematics, will prove troublesome and perform badly.

From Newton’s law, F=ma, one typically needs to know the accelerations in order to
compute the dynamic forces. There are also many situations in which the applied forces are
known and the resultant accelerations are to be found. It results in two types of problems in
dynamic study of machines: one is to analyze the forces exerted on each member of the ma-
chines and the work done by these forces, the other is to analyze the movement conditions of
the machines acted by known eternal forces.

There are also other two types of problems. In most cases, the running velocities of ma-
chines are unstable. The speed fluctuations may be harmful to the machine operations and

have to be adjusted properly. This is the speed adjustment problem. In addition, the inertia
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forces caused by accelerations could make great dynamic pressure on corresponding joints and
parts, damage the machines and harm the machine operations and therefore must be ba-
lanced. This is the machine balance problem.
1.3.4 Study of Commonly Used Mechanisms

In our daily life we see a great variety of machines such as sewing machines, washing
machines, automobiles, tractors, etc. All different machines have different appearances, dif-
ferent structures and are used for different purposes. A simple machine may contain only a
few parts, while a complicated machine may contain numerous and jumbled parts. But,
through careful analysis we can find that all these different machines, from the most sophis-
ticated to the simplest, are composed of some common and basic mechanisms, such as four-
bar linkages, gear trains, cam mechanisms, Thus, we cannot study all machines, but we
need to analyze all these basic mechanisms, study their characteristics and learn the design

methods to meet some specified requirements.

1.4 DESIGN PROCESS AND THIS BOOK

Machine design is a creative, multidisciplinary activity. It has been defined as “:--the
process of applying various techniques and scientific principles for the purpose of defining a
device, or a mechanical system in sufficient detail to permit its realization::* Design may be
simple or enormously complex, easy or difficult, mathematical or nonmathematical; it may
involve a trivial problem or one of great importance. ”

Much of mechanical engineering education deals with topics of analysis, which means to
decompose, to take part, to resolve into its constituent parts. The engineer must know how
to analyze systems of various types, mechanical, electrical, thermal, or fluid. Analysis re-
quires a thorough understanding of both the appropriate mathematical techniques and the
fundamental physics of the system’s function. But, before any system can be analyzed, it
must exist, and a blank sheet of paper provides little substance for analysis. Thus the first
step in any engineering design exercise is that of synthesis'”, which means putting together.

In this course, we will pay great attention on kinematical analysis and synthesis. In ki-
nematical analysis, a particular given mechanism is investigated based on the mechanism geo-
metry plus possibly other known characteristics (such as input angular velocity, angular ac-
celeration, etc). Kinematical synthesis, on the other hand, is the process of designing a
mechanism to accomplish a desired task. Here, choosing the type as well as the dimensions
of the new mechanism can be part of kinematical synthesis.

On the other hand, in general we will not involve strength and process consideration of

machine parts and thus not involve detailed dimension design of machine parts. These as-

pects of design will be considered in another course mechanical design.
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CHAPTER
2

STRUCTURE ANALYSIS
OF MECHANISMS

2.1 INTRODUCTION

The processes of drawing kinematical diagrams and determining degrees of freedom of
mechanisms are the first steps in both the kinematical analysis and the synthesis process.
The fundamentals described in this chapter are most important in the initial stages of either
analysis or synthesis.,

Content and objective of structure analysis of mechanisms are;

(1) Study of the composition of mechanism and method of drawing kinematical diagram

Since mechanisms will be studied in this text, we must first understand the composition
of these mechanisms. On the other hand, the first step in the motion analysis of complicated
mechanisms is to draw the kinematical or skeleton diagram.

(2) Understanding of rules concerning the motion certainty of mechanisms

Since a mechanism is a mechanical device that can transfer motion and/or force from a
source to an output, its motion must be predetermined and predictable. We should under-

stand the rules concerning this aspect.

2.2 COMPOSITION OF MECHANISMS

Within any mechanism there must be bodies that can move and are interconnected. In
the kinematical analysis and synthesis of machines, the bodies are referred to as components,
and connections are referred to as joints,

2,2.1 Component

Component’ is also called as link. All machines are composed of parts. An internal-com-

bustion engine is composed of several parts, some parts can move independently as one unit,

e. g. crank shaft, and some parts are joiAed together tightly and move as only one
L
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independent unit., For example, the connecting rod is united by the rod body, rod cover,
shaft tile, bolts, nuts and washers. Every unit that has independent motion in mechanism is
called a component, From the view point of motion, all machines are composed of compo-
nents,
2,2,2 Joint

Joint is also called as kinematical pair’. The machines that we will be interested in will
all consist of more than one component. In these components, one component must be at
least connected to another component, and the connection between these components will al-
low some relative motions. These connections are called joints. Figure 2-1 shows four types
of joints that may be used to connect two components together but allow some relative mo-

tions between them,

b) c) d)

Figure 2-1
Figure 2-2 shows a rigid body lying on a flat piece of
paper with ah x, y coordinate system added. If we con-
strain this rigid body to always remain in the plane of the
paper, three parameters (DOF) are required to completely
define the position of the rigid body on the paper, two lin-

ear coordinates (z, y) to define the position of any one

point on the rigid body and one angular coordinate to de-

fine the angle of the rigid body with respect to the axes.

Figure 2-2

The minimum number of measurements needed to define
its position are shown in the figure as x, y and # (two translations and one rotation, or three
independent coordinates). In other words, an unconstrained rigid body in plane motion has
three DOF. Note that DOF is defined with respect to a selected frame of reference.

The connections between the components serve to constrain the motions of the compo-
nents so that they are not free to move with what would otherwise be three degrees of free-
dom for each body. For example, if the body 1 were to be attached to reference frame xy in
Fig. 2-1a by a revolute joint or pivot centered at point A and with its axis perpendicular to the
page, the body 2 would then be free to move relative to the reference frame in such a manner

as to vary the parameters @ but not such as to vary x, or y4. Use of the revolute joint would




