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Abstract

T his textbook is written according to“The Basic T eaching R equire m ents for the Course of M echanism s and

M achine T heory in A dvanced Industrial Colleges”dra w n up by the N ational M inistry of E ducation. It contains

the authors’results on teaching and scientific research during recent years. It aim s at cultivating students’ba-

sic design ability and creative ability in design. A nalytical m ethods and synthesis of m echanis m s are e m phasized.

T his textbook reflects new achieve m ents and develop m ents current in m echanis m study. Altogether there are

tw elve chapters: Introduction, Structural A nalysis of Planar M echanism s, Kine m atic A nalysis of M echanism s,

Planar Linkage M echanis m s, Ca m M echanism s, G ear M echanis m s, Gear Trains, O ther M echanism s in C o m -

m on Use, C o m bined M echanis ms, Balancing of M achinery, M otion of M echanical Syste m s and Its R egulation,

Creative D esign of M echanis m Syste ms. At the end of m ost chapters, m any thinking problem s and exercises are

enclosed. T o help C hinese students to read the text, an E nglish-C hinese vocabulary is appended.

T his book can be used as a textbook for the course of M echanism s and M achine T heory or that of speciality

E nglish for undergraduates specializing in m achinery in advanced engineering universities. It can also be used as

a reference book for related teachers, students and engineering technicians.
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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. S mith 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. S mith   
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P r e f a c e
“ M echanism s and M achine T heory”is one of the im portant technical foundation courses

for m echanical students in universities. It covers the basic knowledge needed in analysis and

synthesis of co m m only-used mechanisms and the dynamics of m echanism syste ms. T his course

gives students an elem entary ability to design orim prove m echanical devices. This course plays

an im portant part in cultivating their creative ability and great attention has been paid to this

course in engineering universities. Although m any Chinese textbooks have been published,

English textbooks written by Chinese teachers have not yet appeared.

Faced with the globalisation of the econo m y, technology and education, Chinese students

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

in middle school. After entering university, they learn m ore English courses but, because al-

m ost all other courses use Chinese textbooks and are taughtin C hinese, they have few opportu-

nities to learn other coursesin English directly. In order to change this status, m ore and m ore

attention has been paid to English or bilingual teaching. Of course, English textbooks are in

stock in English-speaking countries. H ow ever, at the initial stage, C hinese teachers and stu-

dents could accept textbooks written by Chinese teachers m ore easily. Itis for this reason that

we have produced this textbook.

M ainly Ye Zhonghe and Lan Zhaohui of Fuzhou U niversity wrote the contents of this

book. T he contents fulfil the funda m ental teaching require ments in China. Dr.

of the U niversity of Newcastle upon Tyne in Great Britain, has had over thirty years’experi-

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

ency of the language. T his textbook is therefore a result of international cooperation.

W e would like to express our thanks here to Professor Zou Huijun of Shanghai Jiao Tong

U niversity and Professor Zhang Ce of Tianjin U niversity for their encourage m ent and support

for this textbook. W e are also gratefulto Fuzhou U niversity for the supportfor its publication.

W e hope that the publication of this textbook will pro m ote the teaching in English of technical

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

textbook helpful, not leastin coming to know som ething about the teaching of“ M echanisms

and M achine T heory”in China.

T his book can be used as a textbook for the course of M echanisms and M achine Theory or

that of speciality English for undergraduates specializing in m achinery in advanced engineering

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

ing technicians.

Ye Zhonghe

Lan Zhaohui

M. R. S mith
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C h a p t e r 1

I n t r o d u c ti o n

1. 1  S tudy O bjec t

T here are vast nu m bers of different kinds of machines in the world, all with a wide variety

Fig. 1-1

of constructions, characteristics and uses. The

single-cylinder four-stroke internal com bustion en-

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

m achine and works as follows. T he power fro m the

co m busting gases pushes on the piston 2 causing it to

translate dow n wards. T hrough connecting-rod (or

coupler) 3, the reciprocation of piston 2 is trans-

form ed into the rotation of crank 4 and flyw heel 4″.

(The inertia of the fly w heel 4″drives the piston 2 to

m ove up wards on the return stroke.) T he crank 4,

the fly w heel 4″, and the pinion 4′are fixed together

by keys, so their motions are the sa m e. Also, the

camshaft (with its tw o ca ms 5′and 5″) is keyed to

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

tate together as one body. T he nu m ber of teeth on

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

pinion 4′rotates twice for every revolution of the gear

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

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

between the cam 5′and follower 6, the ca m rotation

is transform ed into a regular reciprocation ofthe inlet valve 6 so that the valve opens and closes

at a precise tim e. Similarly, the ca m 5″controls the regular reciprocation of outlet valve 7. In

this way, the internal com bustion engine transforms the heat energy fro m the fuel and air mix-

ture into mechanical energy of the crank rotation.

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

nuts, bolts etc. They are the basic ele ments of manufacture, w hich are called m achine ele-

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

·1·



structure and m ove together. T he rigid structure is a basic elem ent in kine m atics analysis,

w hich is called a link. Similarly, the crank 4, the pinion 4′, the fly w heel 4″, and the keys,

form another link. The gear 5 and the two cams form a third link. In the study of kinem atics,

we are concerned only with the m otion of links, not ofindividual machine elem ents.

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

piston 2, the coupler 3 and the crank 4 is to transform the reciprocation of the piston 2 into

the rotation of the crank 4. T hey constitute a slider-crank m echanism . T he function of the

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

T hey constitute a gear mechanism . T he function of the fra m e 1, the cam 5′and the follow er

6 is to transform the continuous rotation of the ca m into a regular reciprocation ofthe follower.

T hey constitute a ca m mechanism . ( The sam e applies to the fra me 1, the ca m 5″and the fol-

lower 7.) W e see, therefore, that a mechanism is a system of links w hich can transform or

transmit force and motion. T heinternalco m bustion engine sho wn in Fig. 1-1 is thus a syste m

consisting of three kinds of m echanism. Its structural block diagram is show n in Fig. 1-2.

Fig. 1-2

M achine is a m echanical system that can transmit or transform energy, m aterials orinfor-

m ation. As we shall see, many practical m achines contain m ore than one m echanism w hile

m any sim ple machines are co m posed of only one basic mechanism . T he term “ m achinery”is

used to cover both mechanisms and m achines. T he study object of this book is m achinery.

1. 2  S tudy C ontent

T he internal co m bustion engine is only one exa m ple of the m any different kinds of m a-

chinesin the world. M any machines, at first sight, appear to have very different construc-

tions, transmission characteristics and applications. Fortunately, after exa mination of m ore

exa m ples in detail, we find that m ost m achines, even very co m plicated ones, are built up fro m

only a few types of co m m only used m echanisms, such aslinkage m echanisms (the slider-crank

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

files of m achines may be quite different, but the m echanisms used in them are often the sam e.

T his situation is similar to the co m binations of the seven-piece puzzle. With only seven plates,

m any different patterns can be constructed. T he m ost content of this book is for“analysis”
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and“synthesis”of so me com m only used mechanism s.

Although there are many kinds of m achine, itis not possible or necessary to study all kinds

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

analysis and synthesis ofso me co m m only used mechanism s. Dim ensions affecting the m otion of

the m echanisms are called kine m atics dimensions. For exam ple, the radii of the holes and the

shape of the cross-section of the coupler 3 have no effect on its m otion. T hey are not kine m at-

ics dimensions. In the coupler 3, the distance between the centres ofthe two holesis the only

kinem atics dimension. Synthesis is the process of determining only the kinem atics dimensions

of a m echanism required to produce a particular motion. T he term “synthesis”differs fro m

“ design” w hich is the process of prescribing the sizes, shapes, m aterial com positions, ar-

rangem ents of parts, calculations of strength, methods of production, etc. For exa m ple, the

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

synthesis of the m echanism , but m ust be considered during the design of the machine w hen

forces and stresses are to be calculated.

1. 3  P urpos e

T his textbook“ M echanisms and M achine T heory”is an aid to the study of m achines and

m echanisms. Itis hoped that, after studying this textbook, the students will grasp the basic

theory and obtain the basic knowledge and skills needed in m echanisms synthesis and kine matic

and dyna mic analysis of machinery. This should lead to the ability to choose m achinery m otion

patterns, analyze and synthesize m echanisms and develop designs for practical working m achin-

ery. The kno wledge to be obtained fro m this textbook is therefore a funda mentalin analyzing

existing m achines and designing new ones.
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C h a p t e r 2

S t r u c t u r al A n al y sis o f

P la n a r M e c h a nis m s

2. 1  Planar Kine m atic P airs and Planar M e chanis m s

2. 1. 1  Kine matic Pairs

As mentioned in Chapter 1, a m echanism is a co m bination oflinks w hich can transform or

transmit a determined m otion. In order to transmit and transform m otion, every link m ust be

kept permanently in contact with otherlinks by som e kind of connection and have m otion rela-

tive to the m. Such a m obile connection is called a kine m atic pair. For exam ple, the connec-

tions between two links in Fig. 2-1 to Fig. 2-6 are kine m atic pairs. A pair that per mits only

relative rotation is called a revolute pair, as show n in Fig. 2-1. A pair that allows only rela-

tive rectilinear translation is called a sliding pair or prism atic pair, as sho wn in Fig. 2-2.

T he kinem atic pairs in Fig. 2-3 to Fig. 2-6 are called gear pair, ca m pair, screw pair,

and spherical pair, respectively. O ne kine matic pair can connect only two links.

T he part of the link surface w hich makes contact with anotherlink and forms a kine matic

pair is called a pair ele ment. T he co m bination of two such ele ments on the connected links

constitutes a kinem atic pair. For exam ple, the cylindrical surfaces of the hole and the shaft in

a revolute pair (Fig. 2-1) are tw o pair-elem ents. T hose connections thatjoin tw o m achine el-

e ments firmly and do not allow the connected machine ele ments to m ove relative to each other,

such as welds, rivets, or nuts and bolts, are not kine matic pairs.

If tw o links connected by a kine matic pair can move relative to each other only on a plane,

the kinem atic pair is called a planar kine m atic pair, otherwise, a spatial kinem atic pair.

For exam ple, the revolute pair in Fig. 2-1, the sliding pairin Fig. 2-2, the gear pairin Fig.

2-3, and the ca m pair in Fig. 2-4 are planar pairs, w hile the screw pair in Fig. 2-5 and the

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

If two pair-ele ments of a kine matic pair have surface contact or its equivalent, the kine-

m atic pair is kno w n as a lower pair. T he revolute pairin Fig. 2-1 and the sliding pairin Fig.

2-2 are planar lo wer pairs, w hile the screw pair in Fig. 2-5 and the spherical pair in Fig. 2-6

are spatiallow er pairs. Since the tw o links of alower pair are connected by a surface, the pres-

sure between the two links is lo wer. T his is a sim ple way of re me m bering w hy 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

lo wer pair.

If the connection takes place only at a point or along a line (assu ming the m aterials to be

rigid), itis kno w n as a higher pair. T he gear pair in Fig. 2-3 and the ca m pair in Fig. 2-4

are planar higher pairs. T he connection between a ball and a plane is a spatial higher pair.

Since the two links of a higher pair are connected by a point or a line, the pressure between the

two links is higher. That is w hy it is called a higher pair.

2. 1. 2  Kine matic Chain and M echanism

W hen a nu m ber of links are connected by means of kine matic pairs, the resulting m obile

system is a kinem atic chain. If every link in a kine matic chain has atleast two pair-elem ents,

alllinks form a closed chain, as show n in Fig. 2-7a and b. If one or m ore linksin a kine matic

chain have only one pair-ele ment, then the kinem atic chain will be an open chain, as show n in

Fig. 2-7c and d. M ost m achines use closed chains, w hile open chains are often used in robots

and manipulators.

In order to transmit m otion, one of the links in the kinem atic chain m ust be fixed to the

base of the machine. The fixed link is also called the fra me and there is only one fra me for

each m echanism . The fram es of m ost m achines are fixed to the ground, w hile the fra mes of
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Fig. 2-7

som e m achines, e. g. cars, aeroplanes, etc., can m ove relative to the ground. T he relative

reference syste m is often fixed to the fram e w hen the m otion oflinks is studied.

So me moving links have their o wn independent m otion characteristics. T hey are called

driving links. T he other m oving links are called driven links. A mong all the driven links,

one or m ore are used to generate the expected output m otion. Such driven links are called out-

put links. For exa m ple, in the internal co m bustion engine in Fig. 1-1, the piston 2 is the

driving link, the coupler 3 and the crank 4 are the driven links. T he crank 4 is also an output

link.

If alllinks of a mechanism m ove in planes that rem ain parallel to each other, we say that

the m echanism is a planar m echanism . Otherwise, it is a spatial mechanism . For exam ple,

in the internal co m bustion engine show n in Fig. 1-1, all planes on w hich links m ove are paral-

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

nisms. All kine matic pairs in a planar m echanism m ust be planar kinem atic pairs, w hile the

m echanism containing only planar kinem atic pairs m ay be a spatial m echanism. For exam ple,

the universaljoint sho w n in Fig. 8-20, w hich contains only revolutes, is a spatial m echanism .

If all kine matic pairsin a mechanism are lo wer pairs, the m echanism is called a lo wer pair

mechanism, or m ore often, a linkage mechanism . All mechanism s in Chapter 4 are planar

linkage m echanisms. The universaljoint in Fig. 8-20 is a spatial lower pair mechanism . If a

m echanism has one or m ore higher pairs, it is called a higher pair mechanism . T he internal

co m bustion 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 m echanisms.

2. 2  T he Kine m atic Dia gra m of a M e chanis 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 kinem atic relationship between links. Since this diagra m

is used only to express the relationship betw een the m otions of links, it should be sim ple but

provide all necessary (not redundant) information determining the relative m otion of alllinks.

Such a diagra m is called the kinem atic diagra m of the m echanism . T hose detailed structures
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irrelevant to the m otion transmission should be omitted or sim plified. For exam ple, the profile

and section shape of a link, the radius of a revolute, the shape of the cross section of a sliding

pair, the nu m ber of machine elem entsin a link and their m anner of connection are irrelevant to

the m otion transmission. They should not be crowed into a kinem atic diagram . In the kine-

m atic diagra m , links and kinem atic pairs should be represented by sim ple and specified sy m-

bols. In this way, the kinem atic diagra m can reflect the kine matic characteristics ofthe mech-

anism m ore clearly and m ore sim ply. The ability to draw the kine matic diagram s of mecha-

nisms fro m exa mination ofreal m achines or the assem bly drawing of a m achine is a basic techni-

cal skill for engineers engaged in designing, m anufacturing or m aintaining m achines.

Since a mechanism is built oflinks and kine matic pairs, we study first the representations

oflinks and kine matic pairs in the kine m atic diagra m before we start to draw the w hole kine-

m atic diagram of a mechanism.

2. 2. 2  Representation of a Kine m atic Pair

T he kinem atic function of a kinem atic pair is only to constrain the two links it connects in

order to m aintain a special relative m otion. For exa m ple, the kine matic function of a revolute

(referring to Fig. 2-1) is to constrain the two links connected to rotate about the centre of the

revolute relative to each other. A revoluteis conveniently represented by a s mallcircle placed at

the centre of the revolute no m atter ho w large its radius is, as sho w n in Fig. 2-8. If a link is

connected to the fram e by a revolute, the revolute is called a fixed pivot. T he fra me is often

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

circle with triangle support and shading, as show n in Fig. 2-8e.

T he kinem atic function of a sliding pair (Fig. 2-2) is to constrain the two connected links

to translate in the direction of the path way relative to each other. Therefore, the actual shape

ofthe cross section of the sliding pair has no influence on the kinem atics of the m echanism .

Sho wn in Fig. 2-9 are so me typical kine matic representations of sliding pairs. T he shaded links

represent the fram e.

Fig. 2-8

Forthe tw o links in a sliding pair, the m otion characteristics of the sliding pair will not

change no matter w hich link is draw n as the sliding block or the guide bar. Furtherm ore, the

kinem atic relationship betw een two linksin a sliding pair does not change so long as the center-

line of the sliding pair in the kinem atic diagram is parallel to the path way in the m echanism .
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Fig. 2-9

T herefore, the two links of a hydraulic cylinder show n in Fig. 2-10a can be represented in the

kinem atic diagram as show n in Fig. 2-10b to e.

Fig. 2-10

T he gear pairis represented by two chain dotted circles tangent to each other (two tooth

Fig. 2-11

profiles m ay be added), as show n in Fig. 2-11, since

tw o gears are equivalent kine matically to two friction

w heels rolling without slipping.

Fig. 2-12

In a ca m m echanism , the cam contour and the end

profile of the follower have an effect on the m otion charac-

teristics betw een the ca m and the follo wer. Hence it is

necessary to draw the actual ca m contour and the end pro-

file of the follower in the kine matic diagra m , as sho w n in

Fig. 2-4.

2. 2. 3  The representation of a Link in the Kinem atic Diagra m

  T he kinem atic function of a link is to hold the relative position of all pair ele ments on the

link unchanged during the m otion of the m echanism . For exa m ple, for a two-revolute link in

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

distance lA B between the centers of the revolutes A and B

unchanged. lA B is the only kinem atic dim ension in this link.

T herefore, a link with only tw o revolutes isillustrated m ere-

ly by a straight line joining tw o sm all circles centered at the

centers of the revolutes, as show n in Fig. 2-12b. A link

with m ore than two pair ele m ents can be represented by a

hatched or w elded polygon with pair ele ments at corners, as

show n in Fig. 2-13.

Note the difference between two diagra ms in Fig. 2-14.
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Fig. 2-13

Fig. 2-14

T he special representative sy m bols used in a kine m atic diagra m for so me co m m on mecha-

nisms are listed in Table 2-1.

Table 2-1  Special Sy m bols for So m e Co m m only Used M echanism s

Electric M otor Cone G ear Drive

Belt D rive Rack and Pinion

C hain drive W or m and W or m G ear Drive
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