
A History of 
Mechanical 
Engineering

Ce Zhang · Jianming Yang



A History of Mechanical Engineering



Ce Zhang • Jianming Yang

A History of Mechanical
Engineering

123



Ce Zhang
Tianjin University
Tianjin, China

Jianming Yang
Memorial University of Newfoundland
St. John’s, NL, Canada

ISBN 978-981-15-0832-5 ISBN 978-981-15-0833-2 (eBook)
https://doi.org/10.1007/978-981-15-0833-2

© Springer Nature Singapore Pte Ltd. 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

https://doi.org/10.1007/978-981-15-0833-2


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Historical Stages of Mechanical Development . . . . . . . . . . . . . 2

1.1.1 Ancient Era . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Modern Era . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.3 Contemporary Era . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Key Relations in History of Mechanical Engineering . . . . . . . . 4
1.2.1 Nature, Society, Science and Technology . . . . . . . . . . . 5
1.2.2 Driving Forces Behind Science and Technology . . . . . . 5
1.2.3 Influence of Society . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.4 Mechanical Engineering and Natural Science . . . . . . . . 7
1.2.5 Mechanical Engineering and Related

Technological Fields . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Technological Revolution and Industrial Revolution . . . . . . . . . 9
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Ancient Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Three Stages and Three Regions . . . . . . . . . . . . . . . . . 11
2.1.2 The Dawning of Civilization: West Asia and Egypt . . . 12
2.1.3 Brilliance and Straggle of Ancient China . . . . . . . . . . . 13
2.1.4 Twists and Turns in Europe’s Development . . . . . . . . . 17

2.2 Various Ancient Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 Simple Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.2 Agricultural Machines . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.3 Blowers and Blast Technology . . . . . . . . . . . . . . . . . . 28
2.2.4 Boats and Ships . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.5 Vehicles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.6 Textile Machinery . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2.7 Timers and Astronomical Instruments . . . . . . . . . . . . . 37
2.2.8 Lifting Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

v



2.2.9 Weapons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.2.10 Machines for Rituals and Entertainment . . . . . . . . . . . . 45
2.2.11 Mechanisms and Transmissions . . . . . . . . . . . . . . . . . . 47
2.2.12 Power for Ancient Machines . . . . . . . . . . . . . . . . . . . . 49

2.3 Ancient Manufacturing Technology . . . . . . . . . . . . . . . . . . . . . 50
2.3.1 Casting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.3.2 Forging and Other Press Processing . . . . . . . . . . . . . . . 54
2.3.3 Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
2.3.4 Machining . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.3.5 Heat Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.4 Discussion on Ancient Machines . . . . . . . . . . . . . . . . . . . . . . . 60
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3 Social, Scientific and Technological Progresses of Europe
Before Industrial Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.1 Social Development Before Industrial Revolution . . . . . . . . . . . 65

3.1.1 Emergence of Capitalist Mode of Production . . . . . . . . 65
3.1.2 Great Discoveries of Geography . . . . . . . . . . . . . . . . . 66
3.1.3 The Renaissance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.1.4 Religious Reform (the Reformation) . . . . . . . . . . . . . . 67
3.1.5 The Enlightenment . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.1.6 Bourgeois Revolutions . . . . . . . . . . . . . . . . . . . . . . . . 68

3.2 Mechanical Science and Technology Before the Industrial
Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.2.1 Leonardo da Vinci . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.2.2 Progresses of Machine Theory Before Industrial

Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
3.2.3 Mechanical Technology Before the Industrial

Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.3 Establishment and Development of Classical Mechanics . . . . . . 83

3.3.1 Breakthrough in Astronomy and Liberation of
Scientific Spirit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.3.2 Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . 85
3.3.3 Establishment of Classical Mechanics . . . . . . . . . . . . . 87
3.3.4 Limitations of Classical Mechanics . . . . . . . . . . . . . . . 88

3.4 Calculus and Differential Equations . . . . . . . . . . . . . . . . . . . . . 90
3.4.1 Establishment of Calculus . . . . . . . . . . . . . . . . . . . . . . 91
3.4.2 Theory of Differential Equation . . . . . . . . . . . . . . . . . . 91

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4 First Industrial Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.1 A Brief Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.1.1 Background of English Industrial Revolution . . . . . . . . 95
4.1.2 Introduction to First Industrial Revolution . . . . . . . . . . 98

vi Contents



4.2 Steam Engine and Transportation Revolution . . . . . . . . . . . . . . 99
4.2.1 Long Process of the Invention . . . . . . . . . . . . . . . . . . . 99
4.2.2 Watt’s Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.2.3 Watt: A Creative Genius . . . . . . . . . . . . . . . . . . . . . . . 102
4.2.4 Epochal Significance . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.2.5 Railway Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2.6 Steam Ships . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.2.7 Significance of Transportation Revolution . . . . . . . . . . 106

4.3 Mechanical Inventions in First Industrial Revolution . . . . . . . . . 107
4.3.1 Wide Application of Steam Power . . . . . . . . . . . . . . . . 107
4.3.2 Textile and Sewing Machines . . . . . . . . . . . . . . . . . . . 109
4.3.3 Construction and Mining Machines . . . . . . . . . . . . . . . 112
4.3.4 Agricultural Machines . . . . . . . . . . . . . . . . . . . . . . . . 115
4.3.5 Refrigeration Machines . . . . . . . . . . . . . . . . . . . . . . . . 116
4.3.6 Fluid Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.3.7 Weapons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.3.8 Information Machines . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.4 Birth and Early Development of Modern Machine
Building Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.4.1 Status of Machining in 18th Century . . . . . . . . . . . . . . 124
4.4.2 Inventions and Improvements of Machine Tools . . . . . 125
4.4.3 Birth of Interchangeable Parts . . . . . . . . . . . . . . . . . . . 129
4.4.4 The Beginning of Standardization . . . . . . . . . . . . . . . . 131

4.5 Perpetual Motion Machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5 Second Industrial Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.1 Introduction to the Second Industrial Revolution . . . . . . . . . . . . 137

5.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
5.1.2 The Age of Electricity . . . . . . . . . . . . . . . . . . . . . . . . 140
5.1.3 Era of Steel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
5.1.4 Introduction to Development of Mechanical

Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
5.1.5 Features of the Second Industrial Revolution . . . . . . . . 145

5.2 Internal Combustion Engine and New Transportation
Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.2.1 Invention and Development of Internal

Combustion Engine . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.2.2 Invention and Early Development of Automobile . . . . . 150
5.2.3 Invention and Early Development of Aircraft . . . . . . . . 153
5.2.4 Other Changes in Transportation . . . . . . . . . . . . . . . . . 157

Contents vii



5.3 Machine Inventions in Second Industrial Revolution . . . . . . . . . 160
5.3.1 Power Machinery . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.3.2 Mining Machinery . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.3.3 Construction Machinery . . . . . . . . . . . . . . . . . . . . . . . 169
5.3.4 Pumps and Compressors . . . . . . . . . . . . . . . . . . . . . . . 170
5.3.5 Information Machinery . . . . . . . . . . . . . . . . . . . . . . . . 171
5.3.6 Weapons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.3.7 Other Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.4 Machine Manufacturing in 2nd Industrial Revolution . . . . . . . . 176
5.4.1 Development of Machine Tools . . . . . . . . . . . . . . . . . 177
5.4.2 Tool Materials and Cutting Speed . . . . . . . . . . . . . . . . 182
5.4.3 Progress in Metrology . . . . . . . . . . . . . . . . . . . . . . . . 183
5.4.4 Taylor’s Scientific Management . . . . . . . . . . . . . . . . . 184
5.4.5 Ford’s Mass Production . . . . . . . . . . . . . . . . . . . . . . . 185
5.4.6 Standardization and Serialization . . . . . . . . . . . . . . . . . 187

5.5 Trends of Development of Machinery . . . . . . . . . . . . . . . . . . . 188
5.5.1 High Speed and Large Capacity . . . . . . . . . . . . . . . . . 189
5.5.2 Precision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
5.5.3 Light Weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
5.5.4 Semi-automation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

6 Progress of Mathematics and Mechanics During Industrial
Revolutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
6.1 Progress of Mathematics Related to Mechanical

Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
6.1.1 Calculus of Variations . . . . . . . . . . . . . . . . . . . . . . . . 197
6.1.2 Differential Geometry . . . . . . . . . . . . . . . . . . . . . . . . . 198
6.1.3 Linear Algebra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
6.1.4 Probability Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
6.1.5 Graph Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

6.2 Further Progress of Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . 203
6.2.1 Analytical Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . 204
6.2.2 Elastic Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
6.2.3 Plastic Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
6.2.4 Mechanics of Materials . . . . . . . . . . . . . . . . . . . . . . . . 209
6.2.5 Theory of Vibration . . . . . . . . . . . . . . . . . . . . . . . . . . 210
6.2.6 Fluid Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
6.2.7 Relationship Between Mathematics

and Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

viii Contents



7 Birth and Development of Modern Mechanical Engineering
Discipline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
7.1 Birth of Mechanical Engineering Discipline . . . . . . . . . . . . . . . 219

7.1.1 Birth of Mechanism Theory . . . . . . . . . . . . . . . . . . . . 220
7.1.2 Theoretical Kinematics in France . . . . . . . . . . . . . . . . 222
7.1.3 Foundation of Institution of Mechanical Engineers . . . . 223

7.2 Development of Modern Mechanism Subject . . . . . . . . . . . . . . 224
7.2.1 German School and Russian School in Mechanism . . . 224
7.2.2 Applications and Theory of Linkages . . . . . . . . . . . . . 229
7.2.3 Evolution and Design of Cam Mechanism . . . . . . . . . . 232

7.3 Mechanical Vibration Theory and Application . . . . . . . . . . . . . 236
7.4 Machine Dynamics in Modern Times . . . . . . . . . . . . . . . . . . . . 239

7.4.1 Dynamic Analysis Methods . . . . . . . . . . . . . . . . . . . . 239
7.4.2 Rotor Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
7.4.3 Balancing of Mechanism . . . . . . . . . . . . . . . . . . . . . . 245

7.5 Evolution of Mechanical and Hydraulic Transmissions . . . . . . . 247
7.5.1 Mechanical Transmissions . . . . . . . . . . . . . . . . . . . . . 247
7.5.2 Hydraulic Transmission . . . . . . . . . . . . . . . . . . . . . . . 250

7.6 Modern Machine Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
7.6.1 Development Stages of Machine Design . . . . . . . . . . . 254
7.6.2 Descriptive Geometry . . . . . . . . . . . . . . . . . . . . . . . . . 255
7.6.3 Independence of Machine Design . . . . . . . . . . . . . . . . 256
7.6.4 Strength of Mechanical Structures . . . . . . . . . . . . . . . . 257
7.6.5 Formation of Design Method for Machine

Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
7.7 Modern Machine Manufacturing . . . . . . . . . . . . . . . . . . . . . . . 263

7.7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
7.7.2 Theory of Metal Cutting . . . . . . . . . . . . . . . . . . . . . . . 264
7.7.3 Theory of Machining Precision . . . . . . . . . . . . . . . . . . 266

7.8 Evolution of Discipline in Modern Time . . . . . . . . . . . . . . . . . 269
7.8.1 Subject Parturition . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
7.8.2 Subject Advancing . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271

8 Modern Higher Education in Mechanical Engineering . . . . . . . . . . 275
8.1 Modern Engineering Education in 19th Century . . . . . . . . . . . . 276

8.1.1 Britain: Declining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
8.1.2 France: Pioneer of Modern Engineering Education . . . . 278
8.1.3 Germany: Creation of Modern University

and Leader in Mechanical Engineering . . . . . . . . . . . . 280
8.1.4 U.S.: Rising in Engineering Education . . . . . . . . . . . . . 284

Contents ix



8.2 Mechanical Engineering Education in First Half of 20th
Century . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
8.2.1 Soviet Union: Extremely Narrow Specialized

Education . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
8.2.2 Jewish Refugee Wave . . . . . . . . . . . . . . . . . . . . . . . . . 290
8.2.3 U.S.: New World Center of Science, Technology

and Engineering Education . . . . . . . . . . . . . . . . . . . . . 291
8.3 Two Models of Engineering Education . . . . . . . . . . . . . . . . . . 292

8.3.1 General Education and Specialized Education . . . . . . . 292
8.3.2 Case Study and Comparison . . . . . . . . . . . . . . . . . . . . 293
8.3.3 Comparison of the Two Models . . . . . . . . . . . . . . . . . 295

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

9 Third Technological Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
9.1 Scientific Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

9.1.1 New Revolution in Physics . . . . . . . . . . . . . . . . . . . . . 299
9.1.2 Birth of Systems Science . . . . . . . . . . . . . . . . . . . . . . 301
9.1.3 Nonlinear Science . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

9.2 Social Background of Third Technological Revolution . . . . . . . 309
9.2.1 WWII: Midwife of New Technological Revolution . . . 309
9.2.2 Post-war World . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312

9.3 Main Contents of Third Technological Revolution . . . . . . . . . . 315
9.3.1 Information Technology . . . . . . . . . . . . . . . . . . . . . . . 315
9.3.2 Aerospace Technology . . . . . . . . . . . . . . . . . . . . . . . . 322
9.3.3 New Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
9.3.4 New Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328
9.3.5 Modern Bio-technology . . . . . . . . . . . . . . . . . . . . . . . 331
9.3.6 Marine Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . 332

9.4 Characteristics of Third Technological Revolution . . . . . . . . . . 333
9.4.1 Characters of Third Technological Revolution . . . . . . . 333
9.4.2 New Industrial Revolution . . . . . . . . . . . . . . . . . . . . . 336

9.5 Progress in Mathematics and Mechanics . . . . . . . . . . . . . . . . . . 338
9.5.1 Numerical Algorithms . . . . . . . . . . . . . . . . . . . . . . . . 338
9.5.2 Progress in Vibration Theory . . . . . . . . . . . . . . . . . . . 341
9.5.3 Multibody Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 344

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

10 Summary of Mechanical Engineering in New Era . . . . . . . . . . . . . 351
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

10.1.1 Four Driving Forces Behind Mechanical
Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

10.1.2 Booming of Mechanical Engineering . . . . . . . . . . . . . . 354

x Contents



10.2 Trends of Mechanical Products in New Era . . . . . . . . . . . . . . . 355
10.2.1 Higher Speed and More Powerful . . . . . . . . . . . . . . . . 356
10.2.2 Higher Level of Accuracy . . . . . . . . . . . . . . . . . . . . . . 357
10.2.3 Higher Level of Reliability . . . . . . . . . . . . . . . . . . . . . 357
10.2.4 Urgent Need for Lighter Weight . . . . . . . . . . . . . . . . . 358
10.2.5 Higher Performance to Cost Ratio . . . . . . . . . . . . . . . . 359
10.2.6 Higher Level of Environmental-Friendliness . . . . . . . . . 359
10.2.7 Higher Level of Safety and Comfortability . . . . . . . . . 360
10.2.8 Diversification and Personalization . . . . . . . . . . . . . . . 360

10.3 Important Inventions and Innovations in New Era . . . . . . . . . . . 361
10.3.1 Mechatronic Products . . . . . . . . . . . . . . . . . . . . . . . . . 362
10.3.2 Robots . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
10.3.3 High Speed Rail Systems . . . . . . . . . . . . . . . . . . . . . . 369
10.3.4 Large Scale Construction Machinery . . . . . . . . . . . . . . 372
10.3.5 Information Machines . . . . . . . . . . . . . . . . . . . . . . . . . 373
10.3.6 Power Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
10.3.7 Textile Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
10.3.8 Agricultural Machines . . . . . . . . . . . . . . . . . . . . . . . . 375

10.4 Important Developments in Manufacturing . . . . . . . . . . . . . . . . 376
10.4.1 Automotive Manufacturing . . . . . . . . . . . . . . . . . . . . . 377
10.4.2 Aerospace Industry . . . . . . . . . . . . . . . . . . . . . . . . . . . 378
10.4.3 Large Power Generating Systems . . . . . . . . . . . . . . . . 380
10.4.4 IC Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
10.4.5 Machine Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382

10.5 Complex Electromechanical System . . . . . . . . . . . . . . . . . . . . . 383
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

11 Mechanical Design in New Era . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389

11.1.1 Development of Machine Design . . . . . . . . . . . . . . . . 390
11.1.2 Design Theory and Methodology . . . . . . . . . . . . . . . . 392

11.2 Concurrent Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
11.3 Creative Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394

11.3.1 Birth of Creatology in U.S. . . . . . . . . . . . . . . . . . . . . . 394
11.3.2 TRIZ in USSR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 396
11.3.3 Creative Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397
11.3.4 Reverse Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . 398
11.3.5 Bionic Design (Biomimicry) . . . . . . . . . . . . . . . . . . . . 398

11.4 Computer Graphics and Computer-Aided Design . . . . . . . . . . . 400
11.4.1 Computer Graphics . . . . . . . . . . . . . . . . . . . . . . . . . . . 400
11.4.2 Computer-Aided Design . . . . . . . . . . . . . . . . . . . . . . . 403

Contents xi



11.5 Advanced Design Methods for Improving Quality . . . . . . . . . . 405
11.5.1 Optimum Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405
11.5.2 Design for Reliability . . . . . . . . . . . . . . . . . . . . . . . . . 406
11.5.3 Design for Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . 407

11.6 Dynamic Design and Vibration Control . . . . . . . . . . . . . . . . . . 408
11.6.1 Dynamic Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408
11.6.2 Vibration Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411

11.7 Other Advanced Design Methods . . . . . . . . . . . . . . . . . . . . . . . 416
11.7.1 Value Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . 416
11.7.2 Industrial Design and Ergonomics . . . . . . . . . . . . . . . . 417

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419

12 Manufacturing Technology During New Era . . . . . . . . . . . . . . . . . 423
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423

12.1.1 Challenges in New Era . . . . . . . . . . . . . . . . . . . . . . . . 423
12.1.2 Developments of Manufacturing Technologies

in New Era . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 428
12.2 Automation: Backbone of Advanced Manufacturing . . . . . . . . . 428

12.2.1 NC Machining and NC Machine Tools . . . . . . . . . . . . 429
12.2.2 Process Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
12.2.3 Integration of CAD/CAPP/CAM . . . . . . . . . . . . . . . . . 432
12.2.4 Flexible Manufacturing Systems . . . . . . . . . . . . . . . . . 432
12.2.5 Robots in Manufacturing . . . . . . . . . . . . . . . . . . . . . . 434

12.3 Progress of Machining Technology . . . . . . . . . . . . . . . . . . . . . 435
12.3.1 Tool Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435
12.3.2 High-Speed Machining (HSM) . . . . . . . . . . . . . . . . . . 436
12.3.3 Precision and Ultra-Precision Machining . . . . . . . . . . . 437
12.3.4 Machining of Difficult-to-Cut Materials . . . . . . . . . . . . 438
12.3.5 Near-Dry and Dry Machining . . . . . . . . . . . . . . . . . . . 439
12.3.6 Vibration Control of Machining . . . . . . . . . . . . . . . . . 439
12.3.7 Advance in Machine Tools . . . . . . . . . . . . . . . . . . . . . 442

12.4 Machining of Free-Form Surfaces . . . . . . . . . . . . . . . . . . . . . . 443
12.4.1 Free-Form Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . 443
12.4.2 Machining of Spiral Bevel Gears . . . . . . . . . . . . . . . . . 444

12.5 Non-traditional Machining . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
12.5.1 Thermal Energy Processes . . . . . . . . . . . . . . . . . . . . . 447
12.5.2 Mechanical Energy Processes . . . . . . . . . . . . . . . . . . . 449
12.5.3 Electrochemical Machining . . . . . . . . . . . . . . . . . . . . . 450

12.6 Additive Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 451
12.6.1 Rapid Prototyping (RP) . . . . . . . . . . . . . . . . . . . . . . . 451
12.6.2 3D Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453

xii Contents



12.7 Green Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454
12.7.1 Green Manufacturing: From Awareness to Action . . . . 454
12.7.2 Scope of Green Manufacturing . . . . . . . . . . . . . . . . . . 455
12.7.3 Remanufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456

12.8 Some Other Progresses in Manufacturing . . . . . . . . . . . . . . . . . 458
12.8.1 Computer Integrated Manufacturing System . . . . . . . . . 458
12.8.2 Distributed Manufacturing . . . . . . . . . . . . . . . . . . . . . 460

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461

13 Development of Theories in Mechanical Engineering
of New Era . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465
13.1 Mechanism and Machine Science . . . . . . . . . . . . . . . . . . . . . . 465

13.1.1 American School . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466
13.1.2 Progress in Kinematics . . . . . . . . . . . . . . . . . . . . . . . . 467
13.1.3 New Types of Mechanism . . . . . . . . . . . . . . . . . . . . . 469
13.1.4 Mechanism Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 470
13.1.5 MMS in China . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473

13.2 Mechanical Power Transmissions . . . . . . . . . . . . . . . . . . . . . . . 474
13.2.1 Standards for Strength Evaluation of Gears . . . . . . . . . 474
13.2.2 Gear Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475
13.2.3 Progress in Theory of Gearing . . . . . . . . . . . . . . . . . . 475
13.2.4 New Types of Meshing Transmission . . . . . . . . . . . . . 476
13.2.5 Other Mechanical Power Transmissions . . . . . . . . . . . . 478
13.2.6 Informatizition and Intelligentization . . . . . . . . . . . . . . 480

13.3 Robotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481
13.3.1 Robot Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481
13.3.2 Robot Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482

13.4 Machine Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486
13.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486
13.4.2 Analytical Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 487
13.4.3 Refining Dynamic Modeling . . . . . . . . . . . . . . . . . . . . 487
13.4.4 Progress in Dynamic Analysis and Simulation . . . . . . . 490
13.4.5 Branches of Machine Dynamics . . . . . . . . . . . . . . . . . 490

13.5 Theories of Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492
13.5.1 Fatigue Design Methods . . . . . . . . . . . . . . . . . . . . . . . 493
13.5.2 Development of Fracture Mechanics . . . . . . . . . . . . . . 494
13.5.3 Intelligent Structure and Health Monitoring . . . . . . . . . 496

13.6 Tribology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496
13.6.1 Modern Progress in Research on Friction,

Wear and Lubrication . . . . . . . . . . . . . . . . . . . . . . . . . 497
13.6.2 Contemporary Advance in Tribology Research . . . . . . . 498

Contents xiii



13.7 Micro-electro-Mechanical System . . . . . . . . . . . . . . . . . . . . . . 499
13.7.1 Birth and Development of MEMS . . . . . . . . . . . . . . . . 500
13.7.2 Application Prospect of MEMS . . . . . . . . . . . . . . . . . . 501
13.7.3 Theoretical Researches on MEMS . . . . . . . . . . . . . . . . 502

13.8 Fluid Transmission and Control . . . . . . . . . . . . . . . . . . . . . . . . 503
13.9 Contemporary Evolution of Discipline of Mechanical

Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504
13.9.1 Subject Advancing . . . . . . . . . . . . . . . . . . . . . . . . . . . 504
13.9.2 Subject Intercrossing . . . . . . . . . . . . . . . . . . . . . . . . . 505
13.9.3 Subject Extension . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506

14 Development of Other Manufacturing Processes . . . . . . . . . . . . . . . 511
14.1 Development of Casting Technology . . . . . . . . . . . . . . . . . . . . 511

14.1.1 Casting Technology During Industrial Revolutions . . . . 512
14.1.2 Casting Technology in New Technological

Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 514
14.2 Development of Metal Forming . . . . . . . . . . . . . . . . . . . . . . . . 515

14.2.1 Forging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 515
14.2.2 Rolling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518
14.2.3 Pressworking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518
14.2.4 Extrusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
14.2.5 Cold Forging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
14.2.6 Spinning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521

14.3 Development of Welding Technology . . . . . . . . . . . . . . . . . . . 522
14.3.1 Welding Technologies in 19th Century . . . . . . . . . . . . 522
14.3.2 Welding Technologies in First Half of 20th

Century . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524
14.3.3 Welding Technologies in Third Technological

Revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525
14.4 Development of Other Blank Forming Method . . . . . . . . . . . . . 526

14.4.1 Explosive Forming . . . . . . . . . . . . . . . . . . . . . . . . . . . 526
14.4.2 Powder Metallurgy . . . . . . . . . . . . . . . . . . . . . . . . . . . 527
14.4.3 Shaping of Plastics . . . . . . . . . . . . . . . . . . . . . . . . . . . 527

14.5 Heat Treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 530

Appendix: People in This Book . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 531

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545

xiv Contents



Chapter 1
Introduction

With copper as a mirror, you can dress up.
With others as a mirror, you can learn much.
With history as a mirror, you can know prosperity and decline.
—Li Shimin (an Emperor in Tang Dynasty of China, 598–649)

Chasing of relevance and balance between science and art,
technology and humanities, is the instinct of human creativity.
Exploring the potential of young students is an important task of
modern universities.
—Tsung-Dao Lee (Chinese-American physicist, Nobel physics
award winner, 1926–)

Machines are widely used in almost every aspect of human society, such as
industry, defense and daily life. A middle school student can easily speak out a long
list of machine names. College students in mechanical engineering around the
world are in millions. People working on mechanical related jobs, including pro-
duction, maintenance, research and education etc. are estimated in the scale of tens
of millions. The number of people who have the opportunity to operate a machine is
even larger. The automotive vehicles running around the world are estimated more
than 1 billion. The industries relating with mechanical engineering contribute 9% of
the nation’s total GDP in China.

This book intends to describe the historical development and evolution of
mechanical engineering. The purpose is to provide a comprehensive reference book
for engineers, teachers and students in mechanical engineering who have the
interest to learn the history of their profession.

Mechanical Engineering (ME) is a branch of applied science. It studies the
theoretical and practical problems arisen in the development, design, manufactur-
ing, installation, operation and maintenance of all kinds of machines with natural
science and technological knowledge. ME is highly practical, of which technical
experience formed in real production is a integrated part.
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1.1 Historical Stages of Mechanical Development

In human history, development of machines can be divided into three eras: ancient
era, modern era and contemporary era.

1.1.1 Ancient Era

The ancient era in this book refers to the period between the early Bronze Age to
the Renaissance happened in Europe during the 14th–16th centuries, covering more
than 5000 years.

Based on the material from which human made tools, the ancient human history
can be divided into the Stone Age, the Bronze Age and the Iron Age. The Stone
Age lasted millions of years. In 5000 BC, natural copper was discovered and began
to be used. In 4000 BC, People in West Asia started smelting bronze, a copper and
tin alloy, and making tools and weapons from it, marking the entrance into the
Bronze Age. In 1400 BC, the technology of iron smelting appeared in Anatolian
peninsula. In the Bronze Age, the bronze casting industry of the world was con-
centrated in Egypt and the West Asia, China, Southern Europe (mainly, the ancient
Greece and the ancient Rome). These regions became centers of ancient human
civilization, also centers of machine development of ancient times.

In history, the turning point from use of tools to use of simple machines was
roughly coincident with the starting of Bronze Age. This is one consideration to
choose the beginning of the Bronze Age as the starting point of “ancient era” in this
book.

Thousands of years ago, human beings were already able to build pretty com-
plicated machines, such as mortars and mills for grain hulling and grinding, shadoof
and windlass for water lifting, vehicles, ships and various weapons. Human, animal,
water and wind were the main sources of power by which these machines were
driven.

There were a lot of clever ideas and brilliant creations embedded in the design of
ancient machines, which are still inspiring and enlightening nowadays. However,
the development and evolution of ancient machines were obviously very slow.
From a purely technical point of view, one of the main reasons for the slowness was
the lack of advanced power.

After the Capitalist mode of production appeared in the 14th century, societal
evolution, economical activities, and the development pace of machines were
significantly accelerated. The European Renaissance occurred in the 14th–16th
centuries, as a great ideological movement, became the prelude to a series of great
social changes, including the Bourgeois Revolutions and the Industrial Revolution.

In the academic community, there is not a consensus on the dividing line
between the ancient and modern eras. In this book, however, the European
Renaissance is taken as the separating point between these two eras.
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1.1.2 Modern Era

The modern era in this book refers to the period from the European Renaissance to
the end of WWII, covering several centuries.

After the Renaissance, science and art were greatly liberated. In the 17th century,
the First Scientific Revolution emerged, in which the most representative
achievement was the establishment of the classical mechanics. Following that, two
ideological liberation movements, the Reformation and the Enlightenment, occur-
red. The bourgeois revolutions happened later in Netherlands, Britain and France
further paved the way to the capitalism.

In this context, two industrial revolutions happened in Europe during the 18th–
19th centuries. Power was the core of the two Industrial Revolutions. The First
Industrial Revolution brought the world into the age of steam. The new power
greatly promoted the use and invention of machines. Railways and steamships
began to connect the world as a whole. The Second Industrial Revolution brought
the world into the age of electricity. Automobile and aircraft fundamentally chan-
ged human society. Inventions went into an unprecedentedly booming period.
Machine building was born as an industry and rapidly flourished. Machines were
the main pillar of the two Industrial Revolutions. Mechanical engineering, which
used to be in the form of personal skills of artisans, was gradually developed into a
theory-based, systematic and independent modern discipline.

In view of the historical development, the modern era in this book is divided into
three periods: (1) the period from the Renaissance to the eve of the 1st Industrial
Revolution, (2) the period between the 1st and 2nd Industrial Revolutions, and
(3) the period between the 2nd Industrial Revolution and the end of WWII.

1.1.3 Contemporary Era

Most historians take the turn of the 19th and 20th centuries as the dividing line
between the modern and the contemporary eras. This book follows this convention,
taking the new physics revolution, which happened at the turn of centuries, as the
starting point of the contemporary era in view of the extremely important role of the
new physics revolution in the technological revolution after. However, this treat
would lead to an overlap of 45 years between the modern and the contemporary
eras. Given the development of science and technological is always continuous,
clear dividing lines in fact rarely exist. The new physics revolution laid a scientific
foundation for the 3rd Technological Revolution, which was mainly triggered by
the invention and wide application of computers after WWII. In the center of the
3rd Technological Revolution is information, instead of power which is the core of
the 1st and the 2nd Technological Revolutions. After WWII, the universal increase
of living standard raised an ever-high demand for high-performance machines,
leading to intensive competition in the world market. At the same time, human
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activities to explore the unknown world were expanded to a much larger scale.
These two aspects of demand drove the further development of mechanical tech-
nology and machinery industry with an unprecedented speed. The invention of
computers along with progresses in relevant fields has provided powerful technical
supports to the mechanical engineering. Thus, the contemporary mechanical
engineering goes, in both breadth and depth, far beyond the modern counterpart
does.

Revolutions in science and technology generally go hand in hand, but sometimes
are twisted. During the upper half of the 20th century, a new technological revo-
lution appeared in the horizon inspired by the new physics revolution when the
second Industrial Revolution was still in progress. Several iconic achievements of
the 2nd Industrial Revolution in either technology or industry production, including
the invention of airplane, the development of the automobile industry, and the
emergence of mass production mode, were all triggered by internal combustion
engines. In view of this fact, the book does not strictly follow the chronological
order in presenting the technological progress in the 20th century.

Mechanical engineering evolved into a discipline and further developed with
accumulated inventions, technical improvement, and the establishment and growth
of the machine building industry. Given that this book is intended for a history of
mechanical engineering as a discipline, not for the machine building industry, we
trace back to ancient time for inventions and technological improvement of
machines for the purpose of completeness. As for the machine building industry, no
detail is covered unless it is necessary.

1.2 Key Relations in History of Mechanical Engineering

The history of a technology can be presented in two ways, internal history and
external history (Liu et al. 2006). The so-called “internal history” presents the
history from the solely viewpoint of the technology itself, while the “external
history” takes into account the relationship between the technology and the eco-
nomic and societal development. This book uses the latter.

To understand the history of mechanical engineering, attention should be paid to
the following five important factors:

(1) relation between the nature, society and science and technology,
(2) the driving force behind the development of science and technology,
(3) the influence of society on the development of economy, science and

technology,
(4) the relation between mechanical engineering and the natural science,
(5) the relation between mechanical engineering and relevant technological fields.
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1.2.1 Nature, Society, Science and Technology

Two lines in parallel exist in human’s history. To survive, humans take advantage
of the nature, and at the same time, avoid possible harm from the nature.

To take the benefit and avoid the harm of the nature, humans need to know the
nature. Science was born in this process. Science in turn greatly enhanced human’s
ability to understand the nature. To utilize the nature and avoid harm, humans need to
rely on technology, which actually appeared before science. After the birth of science,
science and technology became interacted. On the one hand, science has provided
guidance and support to development of technology; on the other hand, since has
gained development in the process of using technology to explore the nature.

After long history of getting along with the nature, humans came to realize that
measures should be taken to protect the nature for human’s long-term benefit. To
protect the nature heavily relies on science and technology (Fig. 1.1).

1.2.2 Driving Forces Behind Science and Technology

Behind the development of science and technology are three important driving
forces: the economic development, the national defense, and the scientific explo-
ration of the unknown world.

To survive, ancient humans made tools, simple weaving machines, mortars and
mills. Humans also built houses, ships and vehicles. To protect the tribe’s benefit
and compete for more resources for survival, weapons appeared. Although the
standard of living was very low at ancient times, people already began to observe
and explore the unknown world, for example, to observe the changes of seasons for
planting in time.

The Industrial Revolution started from the textile industry in England. Steam
engines were first invented for the purpose of providing power to the drainage
pump in coal mines, but led to the establishment of railway transportation. The
invention of internal combustion engines made automobile and aircraft a reality.

Fig. 1.1 Nature and human
society
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The impetus behind the development of machines is the economic development and
the desire for higher standard of living.

After WWII, the development of the machine building industry was mainly
driven by the formation of the global market and the unprecedentedly intensive
market competition. The driving force behind the competition is the needs for
higher quality and more comprehensive machines.

Humans have started observation of the universe since ancient times.
Exploration activities have never been stopped. After WWII, the world has been
retained in peace in general. More activities in scientific exploration, such as
exploration of the deep sea and outer space, have been conducted. All these
activities needed the support of science and technology. Consequently, a variety of
high-end machines, such as the spacecraft and special robots, have been invented
for these activities.

Although some science and technological development, those in ancient time in
particular, are driven by the direct need for better life, the thirst for new knowledge
is also an important driver for scientific development.

Scientific development, undoubtedly, benefits human society; however, the
benefit may not come immediately. For example, some research in number theory
and in astronomy, which may not be used in many years, is obviously valuable to
the mankind in long term.

Micro-electro-mechanical system (MEMS) appeared in the 1960s was motivated
by the etching process of integrated circuits. Initially people did not think of
applications; instead applications were envisioned after the invention. For this
reason, it is a scientific exploration. Science links with economy, but not as closely
as technology does. Science has its own system and follows its own law of
development. It is not the case that a direct economical driving force always exists
behind science development.

The economic development, national defense and scientific exploration activities
put forward requirements to science and technology, which in turn provide guid-
ance and support to the activities in the three areas. This relationship is schemati-
cally illustrated in Fig. 1.2.

Fig. 1.2 Driving forces
behind science and
technology
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1.2.3 Influence of Society

What is behind the economic development, national defense, and scientific
exploration and technological development?

The answer is the society, more precisely, the development and evolution of the
whole society.

The Industrial Revolution happened in England led to the establishment of the
machine building industry. Was it possible for the Revolution to come earlier? The
answer is “No”. The English Revolution outbroke in 1640. As a result, a stable
bourgeois regime was established in 1688 after the feudal system was abolished.
Combination of the capital, labor and domestic market led to the rapid development
of capitalist economy, which laid the foundation for the first Industrial Revolution.

Was it possible that the English Revolution happened earlier? The answer is
“No” again. In the dull of the Middle Ages, how could a revolution outbreak
suddenly? The premise of revolution is initiation of capitalist mode of production,
gradual growth of bourgeoisie, spiritual liberation of the whole society, and public
opinion preparation for the revolution.

Why could economy and science flourish after WWII? The core reason was the
overall developments of society in the New Era, the long time peace of the world in
general, improvement of living standards, ever intensive competition and the cold
war, to name a few.

In general, the development of the society is a driving force to science and
technology. In specific periods of time or specific regions, however, society may
slow down or even stagnate the development of science and technology. The
Middle Ages in Europe and the Ming and Qing Dynasties (14th–19th centuries) in
China are examples of these periods.

In turn, science and technology may also inspire changes in society. Karl Marx
believed that science is “a historically motive, revolutionary force”; it promoted
productive forces, and sooner or later would cause changes in production relations
and the social system.

Therefore, the history of mechanical engineering is not only compiling the
biographies of outstanding inventors and a bunch of invention patents. Behind the
grand picture of mechanical engineering history, there is a bigger picture of social
development history.

1.2.4 Mechanical Engineering and Natural Science

Mechanical engineering is a discipline of applied science; it is based on the natural
sciences, including mathematics, physics (mechanics, thermodynamics,
Electromagnetics), and science of systems. Mechanics in particular is the most
important theoretical basis.

1.2 Key Relations in History of Mechanical Engineering 7



Classical mechanics founded by I. Newton opened up a new era of science,
laying the foundation not only for further development of mechanics, but also for
the development of mechanical engineering, civil engineering and some other
applied sciences. Today, all the theories of kinematic and dynamic analysis of
various machines are derived from the Newtonian mechanics.

In the early days, the two cornerstone subjects in mechanical engineering,
mechanism and machine science (MMS) and machine design, were part of applied
mechanics. They were not becoming independent subjects until the 19th century.

Every new breakthrough in mechanics theory, such as the rigid body dynamics
by L. Euler, the analytical mechanics by J.-L. Lagrange, elasticity by A.-L. Cauchy,
and the multibody dynamics and finite element method after WWII, injected new
power into the development of mechanical engineering.

In turn, the development of mechanical engineering put forward theoretical
problems which need to be solved by the natural science, leading sometimes to the
birth of new science. For example, the theory of multibody dynamics was created in
response to the needs to study the dynamics of vehicles, spacecraft, robots, and
even human bodies. Also, the need for increasingly complex calculation in
dynamics promoted the development of new numerical algorithms.

1.2.5 Mechanical Engineering and Related Technological
Fields

Development of related fields has significant influence on mechanical engineering.
Progress in electromagnetics theory and the invention of motors in the 19th century
influenced greatly mechanical engineering. Invention of computers and progress in
control theory, after WWII, not only promoted the development of mechanical
engineering, but also fundamentally changed the whole picture of machine design
and manufacturing.

The 3rd Technological Revolution happened after WWII was characterized by
information technology, involving new energy technology, space technology,
biotechnology, new materials technology and marine technology. Mechanical
engineering is closely related to all these areas and interacts with each other. This
relation is illustrated in Fig. 1.3 and discussed in detail in Chaps. 9 and 10.

Fig. 1.3 Influence of science
foundation and related
technical fields
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In describing the evolution of mechanical engineering, this book strives to
clarify these important relations stated above. Effort is made to illustrate the
background of society, economy and the whole science and technology behind the
development of mechanical engineering.

1.3 Technological Revolution and Industrial Revolution

In the open literature, the definitions of technological revolutions and industry
revolution are not in consensus.

Most of the literature supports that three Technological Revolutions and two
Industrial Revolutions have completed in the last 200 years with the third Industrial
Revolution ongoing. In some other literature, only the electrical power
Technological Revolution is discussed without mentioning the second Industrial
Revolution (Rifkin 2011; Jiang 2010). In some other works the 1st Industrial
Revolution is termed as English Industrial Revolution, and the rise of the tertiary
industry in recent years is called the “new Industrial Revolution”.

This book does not intend to comment on these differences in detail. Instead,
focus is placed on the three concepts, namely scientific revolution, technological
revolution and industrial revolution, and their relationship.

Scientific revolution means a great leap in understanding of the world by human
beings, generally is in the form of a theoretic breakthrough. So far four scientific
revolutions have happened as shown in Table 1.1.

Technological revolution is a major change in the means of human being’s
transformation of the world. It is generally based on Scientific Revolutions, and
leads to Industrial Revolutions.

Industrial revolution refers to the leap in the field of industry, such as radical
changes in production mode or industrial structure. Industrial revolutions often
directly lead to changes in economy and society.

Nicolaus Copernicus established the heliocentric theory, marking the start of the
1st Scientific Revolution. To the time when Newton founded the theory of classical
mechanics, the first Scientific Revolution reached its climax. J. Hargreaves’

Table 1.1 Scientific revolutions in history

Starting
year

Main contents

The first 1543 Astronomy, classical mechanics, mathematics, human anatomy

The
second

1755 Cosmology, geology, cytology, biological evolution,
thermodynamics, electromagnetics, chemistry

The
third

1895 Atomic structure, relativity, quantum mechanics, nuclear physics

The
fourth

1946 Biological genetics, system sciences, nonlinear science
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invention of the spinning Jenny represented the beginning of the 1st Technological
Revolution, which was fully developed to the time when J. Watt invented steam
engines. Steam power led to the widespread use of machines. As a result, manual
workshops were largely replaced by mechanized factories, indicating that human
entered the industrial society from the agricultural society. As such, this was
generally regarded as the 1st Industrial Revolution.

Discovery of the electromagnetic induction phenomena by Michael Faraday was
one of the most representative signs of the 2nd Scientific Revolution. The 2nd
Technological Revolution was symbolized by the invention of electric motors,
which brought the world into a new era of electricity. Correspondingly the electric
power industry, steel industry, chemical industry and automobile industry rose. The
fundamental change in industrial structure was the main sign of the 2nd Industrial
Revolution.

Obviously, the 1st Technological Revolution is closely related to the 1st
Industrial Revolution. So is the 2nd Technological Revolution to the 2nd Industrial
Revolution. Following this convention, this book uses only the terms of the 1st
Industrial Revolution and the 2nd Industrial Revolution.

The new physics revolution happened at the end of the 19th century is treated as
the 3rd Scientific Revolution. The systems science established after WWII, how-
ever, marked the 4th Scientific Revolution. Mainly due to the war time need in
WWII, the 3rd Technological Revolution came after the 4th Scientific Revolution.
This Technological Revolution has created fundamental changes to the industry,
and organization of business. Following the 3rd Technological Revolution, the 3rd
Industrial Revolution, however, is still underway (Rifkin 2011).
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Chapter 2
Ancient Machines

Why had China been more successful than Europe in gaining
scientific knowledge and applying it for human benefit for 14
centuries? And, given this lead, why did modern science
originate only in Europe?
—Joseph Needham (British scientist, historian and sinologist,
1900–1995)

2.1 Introduction

The “ancient times” in this book, refers to a period of about 6000 years from the
beginning of the Bronze Age until the European Renaissance in the 14th century.
This section describes: (1) the three stages in using tools by ancient humans, and
(2) the three main regions in ancient machine development.

2.1.1 Three Stages and Three Regions

Humans differ from animals by the ability of making and using tools. According to
the materials of tools, ancient humans experienced three stages, the Stone Age,
Bronze Age and Iron Age (Goddard 2010; Singer et al. 1954).

Humans used stone for millions of years. In the Old Stone Age (Paleolithic), all
humans lived as hunter-gathers. Wooden and stone tools began to be used in this
stage. Those tools, although being simple and primitive, were the ancestors of the
“simple machines”. Mesopotamia, Egypt and China first entered the New Stone
Age (Neolithic). Thereafter people lived by farming and animal husbandry.
Agricultural civilization began, and extremely simple farming tools, drawing tools,
textile tools and canoes appeared. Virgin copper was already used in this stage.

Natural metals are limited in quantity and metal smelting occurred. Copper
smelting was an important milestone in human development. Copper vessels of
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3800 BC were found in southern Iran, being regarded as the earliest items made
through metal smelting.

In 3000 BC, southern Iran and Mesopotamia entered the Bronze Age first,
followed by Egypt, Europe and China (Tylecote 1976; Ke et al. 1984). The bronze
casting industry was also developed around these regions, which became centers of
ancient civilization, and centers of ancient machine inventions (Fig. 2.1).

Around 2500 BC, Egyptian already obtained iron from meteorites, and used very
small amount of ironware. Around 2000 BC, ironware also appeared in southern
India. The Iron Age in the true sense, however, did not come until around 1400 BC,
when the Hittite Empire in Asia Minor peninsula mastered the technology of
smelting iron, and began large scale production of iron (Hua et al. 1985). Thus,
copper was replaced on many occasions by iron. The technology of iron smelting
was kept secret by the Hittite Empire, and was spread to the Middle East and
Europe only after its demise (Stavrianos 1999).

2.1.2 The Dawning of Civilization: West Asia and Egypt

Human civilization appeared in West Asia and Egypt far earlier than in China and
Europe. Thus, these two areas had also simple machines appeared the earliest. In
9000 BC, Jews in Palestine established Jericho, starting city civilization the first
time in history (Gates 2003, 18). The earliest wheels maybe appeared at this time.

Many creations were first appeared in these areas, such as vehicles, ships,
ploughshares, the shadoof, use of animal and wind power, lost wax casting, forging,
primitive lathes and so on. However, further development at early stage was very
slow. After the AD, no record was left on advances in tools and machine devel-
opment in Egypt.

It was not until the 7th–15th century that a new peak came up in West Asia—
Islamic civilization reached its golden age. Banu Musa brothers, Persian scholars,
and Al-Jazari, a Kurdish scholar, published their books on mechanical devices and
automatic machines in the 9th and 13th centuries respectively. The Book of
Knowledge of Ingenious Mechanical Devices by Al-Jazari, in particular, was well
known in the world, which described hundreds of machines and mechanisms. He

Fig. 2.1 Three main areas of
development of ancient
machinery
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stated repeatedly that all the devices described in this book were created by himself
(Hassan and Hill 1986).

Al-Jazari was an engineering genius of the Islamic world in the Medieval Ages.
He had rich inventions in a wide range, including mechanisms, components,
automata and many fabrication techniques. He even created the first programmable
humanoid robot (Al-Jazari 1973). According to Encyclopædia Britannica, the
Italian Renaissance inventor Leonardo da Vinci might be influenced by the classic
automata of Al-Jazari (Fig. 2.2).

2.1.3 Brilliance and Straggle of Ancient China

Although started later than Egypt by more than a thousand years, China kept in the
top position in the invention of machines for a long time before the European
Renaissance. These inventions covered a wide range, including not only various
machines, but also many manufacturing technologies (Needham 1986; Liu 1962;
Lu et al. 2009b; Lu 2012). In China, plough first appeared early in 3500 BC.
Several other tools, including shadoof, windlasses, and blowers etc., were already
used in the Shang Dynasty and West-Zhou Dynasty (1600–800 BC). In the late
Spring-Autumn Period (about 500 BC), China entered the Iron Age.

After the AD, China rose in terms of creation and invention of machines
simultaneously with the decline of Egypt.

Fig. 2.2 Al-Jazari
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In the East-Han Dynasty (25–220) and the Three-Kingdoms Period (220–265),
the most representative inventions made in China include the armillary sphere, the
south-pointing chariot and the mileage drum wagon. Two outstanding inventors in
this period are Zhang Heng and Ma Jun (Figs. 2.3 and 2.4).

In Song and Yuan Dynasties (960–1368), China reached the peak in technology
of the Ancient time. The two most influential inventions in this period were gun-

Fig. 2.3 Zhang Heng

Fig. 2.4 Ma Jun
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powder and movable type printing. The movable type printing technology in par-
ticular, invented by Bi Sheng, was one of the greatest inventions in ancient China
and had great impact on the development of printing technology around the world.
The most outstanding mechanical invention of this period in China was the
astronomical clock tower by Su Song (Fig. 2.5).

In 1405, Zheng He, an officer of the Ming Dynasty, led a large fleet of 240 ships
and 27,400 crews and visited more than 30 countries over West Pacific Ocean and
Indian Ocean. By 1433, Zheng and his fleet made a total of 7 voyages. Zheng’s fleet
set three world records of that time in sailing time, fleet size and sailing range,
reaching the peak of maritime transportation in the ancient world. This achievement
was an indicator of the manufacturing level at that time in China (Xin 2009, 98–102).

In 1637 (in Ming Dynasty), Song Yingxing published the book Heavenly
Creations (Song 2009), which was the world’s first comprehensive book on the
production of agriculture and handicraft in the infancy of capitalism. It covered
wide scope, including mining and smelting, casting and metal forging, operation of
tools and machines, structure and application of ships, vehicles and weapons. This
work was translated into many languages later. Due to its extremely important
position in the world history of technology, it is referred to as “the encyclopedia of
technology in China’s 17th century” by European scholars (Fig. 2.6).

Zheng’s fleet and Song’s book could be regarded as two marks of the final glory
of ancient Chinese technology.

Fig. 2.5 Su Song

2.1 Introduction 15



Liu Xianzhou (1890–1975), the first scholar on ancient history of machinery in
China, pointed out (Liu 1962; Zhang et al. 2004): “Generally, China’s invention
before the 14th century was not only superior in terms of quantity, but also far
earlier in time. However, after the 14th century China fell gradually behind the
Western. The basic reason for this was related to the social system”.

In a long period, rulers in China did not pay attention to development of industry
and handicraft technology. Technical inventions were often regarded as “diabolic
tricks and wicked craft”. In the Ming Dynasty, the imperial examination became
more rigid and dogmatic. As a result, intellectuals only focused on passing the exam
and squeezing in government, with no interest in anything related to technology and
practical knowledge.

Zheng and his fleet reached only the east coast of Africa, without getting a
glimpse of Europe. Everywhere he saw was less developed in comparison with
China. The information he collected from overseas only increased the hubris of
Chinese rulers and the people.

In the mid and late Ming Dynasty, China adopted the “closed door policy”. Qing
Dynasty went even further to strictly limit trade with foreign countries. The rulers
knew little about the change of society and development of science and technology
taking place in the Western. The closed door policy not only prevented the trade
and culture exchange between China and other countries, but also obstructed the
path for China to learn the development of science and technology from the outside
world. More importantly, it hindered the growth of the capitalist sprout in China.

At the same time, however, Europe was experiencing fundamental social and
economic changes. After the Renaissance, ideology was being emancipated, sci-
entific spirit was being disseminated, and productive forces were developing.
Europe was well prepared to rise up.

Fig. 2.6 Song Yingxing and
his Heavenly Creations
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