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Abstract

T his tex tbook is wr itten according to“The Basic T eaching Requirements for the Course of Mechanisms and

Machine Theory in Advanced Indust rial Colleges”drawn up by the National Minist ry of Education . It contains

the authors’results on t eaching and scien tific research during recent years . I t aims a t cultivating students’ba-

sic design ability and crea tive ability in design . Analy tical methods and synthesis of mechanisms are emphasized .

This tex tbook reflects new achievements and developments current in mechanism study . Altogether there are

twelve chapters : In t roduction , St ructural Analysis of Planar Mechanisms , Kinema tic Analysis of Mechanisms ,

Planar Linkage Mechanisms , Cam Mechanisms , Gear Mechanisms , Gear Trains , O ther Mechanisms in Com-

mon Use , Combined Mechanisms , Balancing of Machinery , Motion of Mechanical Systems and Its Regulation ,

Creative Design of Mechanism Systems . At the end of most chapt ers , many th inking problems and exercises are

enclosed . To help Chinese students to read the t ex t , an English-Chinese vocabulary is appended .

T his book can be used as a t extbook for the course of Mechanisms and Machine Theory or that of speciality

English for undergraduates specializing in machinery in advanced engineering universities . I t can also be used as

a reference book for related teachers , students and engineering technicians .
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P r e f a c e
“Mechanism s and Machine T heory” is one of the impor tan t technical foundation courses

for mechanical students in u niversities . I t covers the basic knowledge needed in analysis and

synthesis of commonly-used mechanisms and the dynamics of mechanism systems . T his course

gives students an elementary ability to design or improve mechanical devices . This course plays

an importan t par t in cultivating their creative ability and great at ten tion has been paid to this

course in engineering universities . Although many Chinese tex tbooks have been publis hed ,

English tex tbooks writ ten by Chinese teachers have not yet appeared .

Faced with the globalisation of the economy , tech nology and education , Chinese students

should be able to study and work in E nglish . T hey have, in fact , lea rnt E nglish for six years

in middle school . Af ter en tering university , they learn more English courses but , because al-

most all other courses use Chinese tex tbooks and are taught in C hinese , they have few oppor tu-

nities to learn other courses in English directly . In order to change this status , more and more

at ten tion has been paid to English or bilingual teaching . Of course , English tex tbooks are in

stock in English-speaking count ries . How ever , at the initial stage , C hinese t eachers an d stu-

dents could accept textbooks written by Chinese t eachers more easily . I t is for this reason that

we have produced this t ex tbook .

Mainly Ye Zhonghe and Lan Zhaohui of Fuzhou University wrote the conten ts of this

book . T he conten ts fulfil the fundamental teaching requirements in China . Dr .

of the University of Newcastle upon Tyne in Great Britain , has had over thir ty years’experi-

ence of teaching this subject and has checked and em bellished the whole book to ensure the flu-

ency of the language . T his tex tbook is therefore a result of in terna tional cooperation .

We would like to ex press our than ks here to P rofessor Zou Huijun of Shanghai Jiao Tong

University and Professor Zhang Ce of T ianjin University for their encouragement and suppor t

for this tex tbook . We are also grateful to Fuzhou University for the suppor t for its publication .

We hope that the publication of this t ex tbook will promote the teaching in English of tech nical

courses in universities throughout China . We hope also that people outside C hina will find this

t ex tbook helpful , not least in coming to know something about the teaching of“Mechanisms

and Machine T heory”in China .

T his book can be used as a textbook for the course of Mechanisms and Machine Theory or

that of speciality English for undergraduat es specializing in machinery in advanced en gineering

universities . It can also be used as a reference book for related t eachers , students and engineer-

ing technicians .

Ye Zhonghe

Lan Zhaohui

M.R.Smith



前   言

机械原理课程是高等学校机械类专业学生重要的技术基础课之一。这门课主要讲授常用机

构的分析和综合以及机构系统动力学的基本知识 , 使学生初步具备设计和改进机械装置的能

力 , 对培养学生的创新设计能力具有重要作用。这门课程在工科大学很受重视 , 已出版了不少

中文版教材 , 但中国人自己编写的英文教材目前尚未见到。

面对经济、技术和教育的全球化 , 中国大学生应该能够用英语学习和工作。事实上 , 中国

学生在中学已学过六年英语 , 进入大学后又进一步学习了英语课程。但他们很少有机会直接用

英语学习其它课程 , 因为其它的课程几乎都是用中文教材以中文讲授的。为改变这一状况 , 用

英文教学或双语教学越来越受到重视。当然 , 英文教材在英语国家是现成的。但在开始阶段 ,

中国教师编写的教材应该更易于被中国师生接受。这就是我们编写这本教材的目的。

这本教材主要由福州大学叶仲和、蓝兆辉编写 , 内容符合中国的教学基本要求。英国纽卡

斯尔大学的 M.R.Smith 博士对本课程有 30 多年的教学经验 , 他对全书进行了修改和润色 ,

保证了语言流畅。这本教材是国际合作的结果。

感谢上海交通大学邹慧君教授和天津大学张策教授对编写这本教材的鼓励和支持 , 感谢福

州大学对出版本教材的支持。我们希望 , 这本教材的出版对国内大学在技术课程上用英文教学

能有所促进 ; 我们也希望国外的有关人士也能觉得这是一本有用的书 , 至少可从中了解机械原

理在中国的教学情况。

本书可作为高等工科院校本科机械类专业学生学习机械原理课程的教材及作为专业英语教

材 , 也可供有关教师、学生及工程技术人员参考。

叶仲和   

蓝兆辉   

M . R . Smith   
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C h a p t e r 1
I n t r o d u c t i o n

1.1  S t u d y O b j e c t

T here are vast nu mbers of differen t kinds of machines in the world , all with a wide variety

Fig . 1-1

of const ructions , characteris tics and uses . The

single-cylinder four-stroke in ternal combustion en-

gine shown in Fig . 1-1 is a typical and very familiar

machine and works as follows . T he power from the

combusting gases pushes on the piston 2 causing it to

t ranslate downwards . T hrough connecting-rod ( or

coupler) 3 , the reciprocation of piston 2 is t rans-

formed in to the rotation of crank 4 and flywheel 4″.

( The inertia of the flywheel 4″drives the piston 2 to

move upwards on the return stroke .) T he cran k 4 ,

the flywheel 4″, and the pinion 4′are fixed together

by keys , so their motions are the same . Also , the

cams haft (with its two cams 5′and 5″) is keyed to

gear 5 . T herefore , gear 5 , cam 5′and cam 5″ro-

tate together as one body . T he number of t eeth on

the gear 5 is twice that of the pinion 4′so that the

pinion 4′rotates t wice for every revolu tion of the gear

5 . This is to coordinate the motions of piston 2 , in-

let valve 6 and outlet valve 7 . T hrough the contact

bet ween the cam 5′and follower 6 , the cam rotation

is transformed in to a regular reciprocation of the inlet valve 6 so that the valve opens and closes

at a precise time . Similarly , the cam 5″controls the regular reciprocation of outlet valve 7 . In

th is way , the in ternal combustion engine t ransforms the heat energy from the fuel and air mix-

ture in to mechanical energy of the crank rotation .

  T he connecting-rod 3 is formed by the rigid assembly of the coupler body , big-end cover ,

nu ts , bolts etc . They are the basic elements of manufacture , which are called m achine ele-

m ents . After assembly , the body , the big-end cover , the nuts and the bolts form a rigid

·1·



st ructure and move together . T he rigid st ructure is a basic element in kinematics analysis ,

which is called a link . Similarly , the crank 4 , the pinion 4′, the flywheel 4″, and the keys ,

form another link . The gear 5 and the t wo cams form a third link . In the study of kinematics ,

we are concerned only with the motion of links , not of in dividual machine elements .

As described above , the function of the cylinder 1 ( or the engine body or frame ) , the

piston 2 , the coupler 3 and the cran k 4 is to t ransform the reciprocation of the piston 2 in to

the rota tion of the crank 4 . T hey constitu te a slider-cra nk m echa nism . T he fu nction of the

engine frame 1 , the pinion 4′and the gear 5 is to change the direction and speed of rotation .

T hey constitu te a gear mechanism . T he function of the frame 1 , the cam 5′an d the follow er

6 is to t ransform the continuous rotation of the cam into a regular reciprocation of the follower .

T hey constitu te a cam mechanism . ( The same applies to the frame 1 , the cam 5″and the fol-

lower 7 .) We see , therefore , that a mechanism is a system of link s which can t ransform or

t ransmit force and motion . T he inte rnal combustion engine s hown in Fig . 1-1 is thus a system

consisting of three kinds of mechanism . I ts structural block diagram is shown in Fig . 1-2 .

Fig . 1-2

Machine is a mechanical system that can t ransmit or t ransform energy , materials or infor-

mation . As we shall see , many practical machines contain more than one mechanism while

many simple machines are composed of only one basic mechanism . T he term“ machiner y” is

used to cover both mechanisms and machines . T he study object of this book is machinery .

1.2  S t u d y C o n t e n t

T he in te rnal combustion engine is only one example of the many diffe ren t k inds of ma-

chines in the world . Many machines , at first sigh t , appear to have very differen t const ruc-

tions, transmission characteris tics and applications . Fortuna tely , af ter examination of more

examples in detail , we find that most machines , even very complicated ones , are built up from

only a few types of commonly used mechanisms , such as linkage mechanisms ( the slider-cran k

mechanism is one of these) , gear mechanism s, cam mechanisms etc . T he functions and pro-

files of machines may be quite diffe ren t , but the mechanisms used in them are often the same .

T his situation is simila r to the combination s of the seven-piece puzzle . With only seven plates ,

many differen t pa tterns can be construct ed . T he most conten t of this book is for“ analysis”
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and“synthesis”of some com monly used mechanism s .

Although there are many kinds of machine, it is no t possible or necessary to study all kinds

in this book . We will examine the necessary basic topics in“machinery theory”and study the

analysis and synthesis of some commonly used mechanism s . Dimensions affecting the motion of

the mechanisms are called k ine matics d i mensions . For exam ple , the radii of the holes and the

shape of the cross-section of the coupler 3 have no effect on its motion . T hey are not kinemat-

ics dimensions . In the coupler 3 , the distance between the cent res of the t wo holes is the only

kinematics dimension . Synthesis is the process of determining only the kinematics dimensions

of a mechanism required to produce a particular motion . T he term“ synthesis” differs from

“ desig n”which is the process of prescribing the sizes , shapes , material com positions , ar-

ran gements of parts , calculations of strength , methods of production , etc . For example , the

radii of the holes and the shape of the cross-section of the coupler 3 are not con sidered in the

synthesis of the mechanism , but must be considered during the design of the machine when

forces and st resses are to be calculated .

1.3  P ur p o s e

T his t ex tbook“Mechanisms and Machine T heory” is an aid to the study of machines and

mechanisms . I t is hoped that , after studying this tex tbook , the students will grasp the basic

theory and obtain the basic knowledge and skills needed in mechanisms synthesis and kinematic

and dynamic analysis of machinery . This should lead to the ability to choose machinery motion

pat terns , analyze and synthesize mechanisms and develop designs for practical working machin-

ery . The knowledge to be obt ained from this tex tbook is therefore a fundament al in analyzing

existing machines and designing new ones .

·3·
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C h a p t e r 2
S t r u c t u r a l A n a l y s i s o f

P l a n a r M e c h a n i s m s

2.1  P l a n a r Kin e ma t i c P a i r s a n d P l a n a r M e c h a ni sm s

2.1.1  Kinematic Pairs

As mentioned in Chapter 1 , a mechanism is a combination of lin ks which can t ransform or

t ransmit a determined motion . In order to t ransmit and transform motion , every lin k must be

kept permanently in contact with other links by some kind of connection and have motion rela-

tive to them . Such a mobile connection is called a kine mat ic p air . For example , the connec-

tions between t wo links in Fig . 2-1 to Fig . 2-6 are kinematic pairs . A pair that per mits only

relative rota tion is called a revolu te pair , as shown in Fig . 2-1 . A pair that allows only rela-

tive rectilinear t ranslation is called a slid ing pair or p rismatic p air , as s hown in Fig . 2-2 .

T he kinematic pairs in Fig . 2-3 to Fig . 2-6 are called gear pair , cam pair , screw p air ,

a nd spherica l pair , respectively . One kinematic pair can connect only t wo link s .

T he par t of the link surface which makes contact with another link and forms a kinematic

pair is called a p air ele ment . T he combination of t wo such elements on the con nected lin ks

constitu tes a kinematic pair . For exam ple , the cylindrical surfaces of the hole and the shaft in

a revolut e pair ( Fig . 2-1) are two pair-elements . T hose connections that join two machine el-

ements firmly and do not allow the connected machine elements to move relative to each other ,

such as welds , rivets , or nuts and bolts , a re not kinematic pairs .

If two lin ks con nected by a kinematic pair can move relative to each other only on a plane ,

the kinematic pair is called a plan ar k ine matic pair , otherwise , a sp atial kinem atic p air .

For example , the revolute pair in Fig . 2-1 , the sliding pair in Fig . 2-2 , the gear pair in Fig .

2-3 , and the cam pair in Fig . 2-4 are planar pairs , while the screw pair in Fig . 2-5 and the

spherical pair in Fig . 2-6 are spatial pairs .

If t wo pair-elements of a k inematic pair have surface contact or its equivalent , the kine-

matic pair is k nown as a lower pair . T he revolu te pair in Fig . 2-1 and the sliding pair in Fig .

2-2 are planar lower pairs , while the screw pair in Fig . 2-5 and the spherical pair in Fig . 2-6

are spatial low er pairs . Since the two links of a lower pair are connected by a surface, the pres-

sure bet ween the t wo links is lower . T his is a simple way of remembering why it is called a
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Fig . 2-1 Fig . 2-2 Fig . 2-3

Fig . 2-4 Fig . 2-5 Fig . 2-6

lower pair .

If the connection takes place only at a poin t or along a line (assuming the materials to be

rigid ) , it is k nown as a higher p air . T he gear pair in Fig . 2-3 and the cam pair in Fig . 2-4

are planar higher pairs . T he connection bet ween a ball and a plane is a spa tial higher pair .

Since the t wo link s of a higher pair are connected by a poin t or a line , the pressure bet ween the

t wo links is h igher . That is why it is called a higher pair .

2.1.2  Kinematic Chain and Mechanism

W hen a number of links are connected by mean s of kinematic pairs , the resulting mobile

system is a kinematic chain . If every lin k in a kinematic chain has at least two pair-elements ,

all links form a closed chain , as shown in Fig . 2-7a and b . If one or more links in a kinematic

chain have only one pair-element , then the kinematic chain will be an open chain , as shown in

Fig . 2-7c and d . Most machines use closed chains , while open chains are often used in robots

and manipulators .

In order to transmit motion , one of the lin ks in the kinematic chain must be fixed to the

base of the machine . The fixed link is also called the f r ame and there is only one frame for

each mechanism . The frames of most machines are fixed to the ground , while the frames of
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Fig . 2-7

some machines , e.g.cars , aeroplanes , etc ., can move relative to the ground . T he relative

reference system is of ten fixed to the frame when the motion of lin ks is studied .

Some moving links have their own independent motion characteristics . T hey are called

dri ving links . T he other moving links are called d riven links . Among all the driven links ,

one or more are used to generate the expected output motion . Such driven links are called out-

p ut links . For example , in the in ternal combustion engine in Fig . 1-1 , the piston 2 is the

driving lin k , the coupler 3 and the crank 4 are the driven lin ks . T he cran k 4 is also an output

link .

If all links of a mechanism move in planes tha t remain parallel to each other , we say that

the mechanism is a plana r m echa nism . O therwise , it is a spatia l mechanism . For exam ple ,

in the int ernal combustion engine shown in Fig . 1-1 , all planes on which links move are paral-

lel , so it is a planar mechanism . Gear mechanism in Fig . 6-6 to Fig . 6-8 are spatial mecha-

nisms . All kinematic pairs in a planar mechanism must be planar kinematic pairs , while the

mechanism containing only planar kinematic pairs may be a spatial mechanism . For exam ple ,

the universal joint shown in Fig . 8-20 , which contains only revolu tes , is a spatial mechanism .

If all kinema tic pairs in a mechanism are lower pairs , the mechanism is called a lo wer pair

mechanism , or more often , a l inkage mechanism . All mechanism s in Chapter 4 are planar

linkage mechanisms . The universal join t in Fig . 8-20 is a spatial lower pair mechanism . If a

mechanism has one or more higher pairs , it is called a higher pair mechanism . T he in ternal

combustion engine in Fig . 1-1 is a planar higher pair mechanisms . T he gear mechanism in

Fig . 6-6 to Fig . 6-8 are spatial higher pair mechanisms .

2.2  T h e Ki n em a t i c Di a g r am o f a M e c h a ni s m

2.2.1  Definition and Purpose

In order to analyze an existing mechanism or design a new mechanism , it is helpful to

draw a sim ple diagram to indicate the kinematic relationship bet ween links . Since this diagram

is used only to express the relationship betw een the motions of lin ks , it should be simple but

provide all necessary ( not redundant ) informa tion determining the relative motion of all links .

Such a diagram is called the kinematic d iag ram of the mechanism . T hose detailed st ructures
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irrelevant to the motion t ransmission should be omit ted or simplified . For example, the profile

and section shape of a lin k , the radius of a revolu te , the s hape of the cross section of a sliding

pair , the num ber of machine elements in a link and their manner of connection are irrelevant to

the motion t ransmission . They should not be crowed in to a kinematic diagram . In the kine-

matic diagram , links and kinematic pairs should be represented by simple and specified sym-

bols . In this way , the kinematic diagram can reflect the kinematic charact eristics of the mech-

anism more clearly and more simply . The ability to draw the kinematic diagram s of mecha-

nisms from examina tion of real machines or the assembly drawing of a machine is a basic techni-

cal skill for en gineers engaged in designing , manufacturing or main taining machines .

Since a mechanism is built of lin ks and kinema tic pairs , we study first the representations

of lin ks and kinema tic pairs in the kinematic diagram before we star t to draw the whole kine-

matic diagram of a mechanism .

2.2.2  Representation of a Kinematic Pair

T he kinematic function of a kinematic pair is only to constrain the t wo links it connects in

order to main tain a special relative motion . For example , the kinematic function of a revolute

(refe rring to Fig . 2-1 ) is to con st rain the t wo links con nected to rotate about the cent re of the

revolu te relative to each other . A revolu te is convenien tly represen ted by a s mall circle placed at

the cent re of the revolu te no matter how large its radius is , as shown in Fig . 2-8 . If a lin k is

connected to the frame by a revolute , the revolu te is called a f i xed pivot . T he frame is often

indicated by shading , as shown in Fig . 2-8d . A fixed pivot can also be represented by a small

circle with t riangle suppor t and shading , as shown in Fig . 2-8e .

T he kinematic fu nction of a sliding pair ( Fig . 2-2) is to constrain the t wo connect ed lin ks

to t ranslate in the direction of the pathway relative to each other . Therefore , the actual shape

of the cross section of the sliding pair has no influence on the kinematics of the mechanism .

Shown in Fig . 2-9 are some typical kinema tic represen tations of sliding pairs . T he shaded lin ks

represent the frame .

Fig . 2-8

For the two lin ks in a sliding pair , the motion characteristics of the sliding pair will not

change no mat ter which link is drawn as the sliding block or the guide bar . Fur thermore , the

kinematic relation ship betw een t wo lin ks in a sliding pair does not change so long as the center-

line of the sliding pair in the kinematic diagram is parallel to the pathway in the mechanism .
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Fig . 2-9

T herefore , the t wo links of a hydraulic cylinder shown in Fig . 2-10a can be represented in the

kinematic diagram as shown in Fig . 2-10b to e .

Fig . 2-10

T he gear pair is represen ted by t wo chain dot ted circles tangent to each other ( t wo tooth

Fig . 2-11

profiles may be added ) , as shown in Fig . 2-11 , since

two gears are equivalen t kinematically to t wo friction

wheels rolling without slipping .

Fig . 2-12

In a cam mechanism , the cam contour and the end

profile of the follower have an effect on the motion charac-

teris tics betw een the cam and the follower . Hence it is

necessary to draw the actual cam contour and the end pro-

file of the follower in the kinematic diagram , as shown in

Fig . 2-4 .

2.2.3  The representation of a Link in the Kinematic Diagram

  T he kinematic function of a link is to hold the rela tive position of all pair elements on the

link unchanged durin g the motion of the mechanism . For example , for a t wo-revolut e link in

Fig . 2-12a , the kinematic function of the link is to keep the

distance lA B bet ween the centers of the revolut es A and B

unchanged . lA B is the only kinematic dimension in this link .

T herefore , a link with only two revolu tes is illust rated mere-

ly by a st raigh t line join ing two small circles centered at the

centers of the revolu tes , as shown in Fig . 2-12b . A lin k

with more than t wo pair elements can be represented by a

ha tched or w elded polygon with pair elements at corners , as

shown in Fig . 2-13 .

Not e the difference bet ween t wo diagrams in Fig . 2-14 .
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Fig . 2-13

Fig . 2-14

T he special represen tative symbols used in a kinematic diagram for some common mecha-

nisms are lis ted in Table 2-1 .

Table 2-1  Special Symbols for Some Commonly Used Mechanisms

E lectr ic Motor Con e Gear Driv e

Bel t D rive Rac k a nd Pinion

Chain drive W or m a nd W or m Gear Drive
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