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Preface 

The International Symposium on the History of Machines and Mechanisms is the 
main activity of the Permanent Commission (PC) for the History of Mechanism 
and Machine Science (HMM) of the International Federation for the Promotion of 
Mechanism and Machine Science (IFToMM). The first symposium, HMM2000, 
was initiated by Dr. Marco Ceccarelli and was held at the University of Cassino 
(Cassino, Italy) on May 11–13, 2000. The second symposium, HMM2004, was 
chaired by Dr. Marco Ceccarelli and held at the same venue on May 12–15, 2004. 
The third symposium, HMM2008, was chaired by Dr. Hong-Sen Yan and held at 
the National Cheng Kung University (Tainan, Taiwan) on November 11–14, 2008. 

The mission of IFToMM is to promote research and development in the field 
of machines and mechanisms by theoretical and experimental methods, along with 
their practical applications. The aim of HMM2008 is to establish an international 
forum for presenting and discussing historical developments in the field of 
Mechanism and Machine Science (MMS). The subject area covers all aspects of 
the development of HMM, such as machine, mechanism, kinematics, design 
method, etc., that are related to people, events, objects, anything that assisted in 
the development of the HMM, and presented in the forms of reasoning and argu-
ments, demonstration and identification, and description and evaluation. 

The HMM2008 Proceedings contain 26 papers by authors from all over the 
world. The topics include historical development on mechanism and machine the-
ory, historical figures and their works, history of mechanical engineering, ancient 
machines and mechanisms, reconstruction design of ancient devices, mechanism 
and machine design, and engineering education. This book is of interest to re-
searchers, graduate students and engineers specializing or promoting the history of 
science and technology, in particular on mechanism and machine science. It is be-
lieved that the book would provide the readers with extensive background infor-
mation on the origin and the history of the invention of fundamental machines and 
mechanisms, and will undoubtedly provide further understanding and motivation 
for their own research and/or consultancy work. 

The figure on the cover was provided by Dr. Tsung-Yi Lin. It shows a pictorial 
view of the water-powered armillary sphere and celestial globe invented by Su 

This was a water-powered mechanical clock with an escapement regulator. On the 
top was a massive spherical astronomical instrument for observing the stars. Inside 
the tower was a celestial globe, whose movements were synchronized with those 
of the sphere above. At the front of the tower was a pagoda-like structure of five 

v

Song (蘇頌) of the Northern Song Dynasty in ancient China around 1088 AD. 
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floors, each with a door through which wooden puppets appeared at regular inter-
vals throughout the day and night. 

The evolutionists see history as the steady progression through time; the space 
enthusiasts press on with the exploration of the universe. However, by looking 
back in time, there is much to learn from the vast treasure of ancient science and 
technology, from the accumulated knowledge of our ancestors. And, we truly hope 
the publication of this book will create more interest from people around the world 
toward the research and publication of the history of machines and mechanisms. 

Finally, we would like to express our sincere gratitude to the members of the 
Organizing Committee of the Symposium: Prof. Hanfried Kerle (Chair of the PC 
for History of MMS), Prof. Alexander Golovin (Russia), Prof. Teun Koetsier (The 
Netherlands), Prof. Carlos López-Cajún (Mexico), Prof. Jammi S. Rao (India), 
Prof. Jae Kyung Shim (Korea), Prof. Junichi Takeno (Japan), and Prof. Lu Zhen 
(China). We are grateful to the hard work of all the contributing authors and of the 
reviewers. We would also like to thank the sponsors of the Symposium: IFToMM, 
Ancient Chinese Machinery Cultural Foundation, National Cheng Kung Univer-
sity (NCKU) and the University Museum, Southern Taiwan University, and Na-
tional Pingtung University of Science and Technology. Special thanks are also due 
to the following friends and colleagues for which without their generous support 
and help, this book would not have been possible: Dr. Sanly Hsin-Hui Huang, Dr. 
Tsung-Yi Lin, Dr. Kuo-Hung Hsiao, Dr. Sin Sin Hsu, Ms. Gretle Yu-Lin Chu, and 
students in the Creative Machine Design Research and Education Lab in the De-
partment of Mechanical Engineering at NCKU. 
 

November 2008, Tainan, Taiwan. 
Hong-Sen Yan 
Chairman, HMM2008 
International Symposium on History of Machines and Mechanisms 
 
Marco Ceccarelli 
President, IFToMM 
International Federation for the Promotion of Mechanism and Machine Science
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History of Dynamics of Machines and 
Mechanisms from Leonardo to Timoshenko 

Francis C. Moon 

Sibley School of Mechanical and Aerospace Engineering Cornell University,  
Ithaca, New York, USA 
fcm3@cornell.edu 

Abstract In this paper we review the use of dynamic analysis in the evolution of 
machine and mechanism design. Our thesis is that the application of analytical 
methods in dynamics to machines and mechanisms lagged behind the application 
of these methods to non-machine areas of science and engineering such as plane-
tary dynamics and structural dynamics. The early works of Mertzalov, Den Hartog 
and Timoshenko are reviewed. 
 
Keywords Dynamics, Machines, Mechanisms, Leonardo da Vinci, Reuleaux,  

Timoshenko  

Introduction 

Historical reviews of dynamics usually treat the motions of particles and rigid 
bodies but rarely mention applications to constrained rigid bodies in mechanisms 
and machines (see e.g. [24,83]). In the same spirit, historical reviews of kinemat-
ics of mechanisms do not discuss dynamical problems in machines. (see e.g. 
[61,62,33,27]) The author has recently published a book on the history of kinemat-
ics in machines from the time of Leonardo to Reuleaux. [63]. Often dynamics his-
tories describe the evolution of general principles of physics but do not consider 
the application to technology. In this survey we attempt to put together an outline 
the history of technical dynamics as applied to mechanisms and machines.   

H.-S. Yan, M. Ceccarelli (eds.), International Symposium on History of Machines  
and Mechanisms, DOI 10.1007/978-1-4020-9485-9_1,  
© Springer Science+Business Media B.V. 2009 
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The histories of kinematics of mechanisms and dynamics have evolved on dif-
ferent paths and time tracks. In some cases the applied dynamics of mechanisms 
such as clocks were understood before theoreticians had a deep understanding of 
theoretical dynamics. Galileo described the motions of the pendulum and Huygens 
invented a pendulum clock in 1658 before Newton published his Principia in 1686 
[39]. Even then it was not until 1760 before Euler had written his treatise on dy-
namics of rigid bodies. In addition to the history of general principles there are 
many dynamical phenomenon connected with machines that have only now been 
understood mathematically such as nonholonomic dynamics of rolling   and con-
trol of robotic systems. Even in the realm of general principles, the phenomenon 
of unpredictable dynamics known of chaos theory has only recently been under-
stood and even less so in its application to machines (see e.g. [59]).  

Dynamics of mechanisms developed as a formal sub-area of the theory of ma-
chines around the beginning of the 20th century. For example in the textbook 
Mechanisms written by S. Dunkerley [25], who was Director of the Whitworth 
Laboratory at the University of Manchester, three areas of machine design are out-
lined: kinematics, machine element design and dynamics of machines. Some as-
pects of dynamics of machines can be found in the work of Rankine [67] and 
Redtenbacher [69] in which mention is made of the dynamic principal of virtual 
velocities. However in the major books of Franz Reuleaux who is often called the 
“father of kinematics” there is no discussion of dynamical principles in either 
Kinematics of Machinery [74–76] or Der Constucktor [73,77].  

Dynamics vis a vis Kinematics of Mechanisms  

Before we proceed too far it is necessary to define our terminology because in 
classical mechanisms the terms kinematics and dynamics of connected rigid links 
are sometimes used synonymously. We define a dynamics-based problem in ma-
chines and mechanisms when either accelerations are required to determine forces 
(indirect dynamics problem) or if differential equations of motion, based on the 
Newton-Euler principles of mechanics, must be solved to determine the motion of 
all the parts (direct dynamics problem). Included in the direct problems are regu-
lated and controlled machines, including modern robotics that may require control 
theory in addition to Newton-Euler theory. On the other hand classical engine bal-
ancing is considered an indirect problem in dynamics of machines. 

Dynamics of Machines in Antiquity 

To begin our review we survey what is known about dynamics of machines in the 
historical records of the ancient Greeks and Romans and European civilizations.   
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Aristotle (384–322 BCE) 
Of particular interest to us is his MHXANIKA, or Mechanical Problems, published 
in modern editions under the Minor Works of Aristotle. Mechanical Problems is 
more a mathematics text than an engineering manual. The focus of the Greek 
mathematics was on the force equilibrium nature of the simple machines and less 
on the motion or dynamics character of the devise.  However the chariot, potters 
wheel and catapult were by nature dynamic machines. Aristotle’s simple machines 
were focused on forces and not motions. The idea of the inherent kinematic nature 
of many mechanisms did not aappear until the time of the French school at the 
Polytechnique in Paris under Gaspard Monge at the end of the 19th century. 
 
Archimedes (287–212 BCE) 

 
Ctesibius (2nd C. BCE) 
Ctesibius’ is another engineer schooled in Alexandria and who is often credited 
with inventions but of whom we have no extant works to document his contribu-
tions. Nevertheless, he has been identified with clock mechanisms and geared de-
vices. In the Roman work by Vitruvius Pollio (circa 50 BCE), Ctesibius’s water 
clock is described as the first to have a regulator that would maintain a constant 
head of water in the effluent part of the clock in order to improve the accuracy. 
Ctesibius is also recorded as inventing various automata or moving mechanical 
animals driven by his clock.   
 
Hero of Alexandria (2nd C. BCE) 
Hero is one of the few Greek engineer-mathematicians whose written works have 
come down to us. Among his dynamic machines are catapults and balisti. These 
devices could launch both stones and arrows. He also published a book on auto-
mata. An Italian translation of 1589 by Bernardino Baldi contains a drawing at-
tempting to reconstruct one of these devices for a fountain offering wine and milk 
and having a rotating figure on top. The automata is driven by a hidden falling 
weight that creates a torque on a rotating cylinder.  
 
Vitruvius Pollio (c. 37 BCE) 
In de Architectura libri decem (c. 37 BCE) he proceeds in Book X to describe the 
existing machines of Roman times as well as their methods of construction. There is 
some discussion of pumps in Book VIII, as well as water clocks in Book IX. How-
ever in Book X we can find an encyclopedia of descriptions of many applications of 
machines. Here he described numerous dynamic machines of war including scorpi-
ons, catapultae and ballistae. In Chapter 11 he gave detailed instructions for a cata-
pult capable of hurling stones. It is likely that he must have had experience in the 

His work as a designer of machines however is usually ascribed through other an-
cient writers. For example, Plutarch in writing about the Roman general Marcellus, 
tells how Archimedes designed machines for war against the Romans in 212 BCE. 
These included dynamic machines to hurl missiles and large stones at the enemy 
as well as an underwater mechanism of levers and pulleys that could destabilize 
and overturn a ship entering a harbor. 
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dynamics of such machines because his dimensions are very detailed and specific. In 
Chapter 13 he described a battering ram that is essentially a pendulum comprised of 
a large beam supported by ropes swung back and forth to develop sufficient kinetic 
energy to transfer into impact to knock down the enemies defenses.  

Dynamics of Machines in the Manuscripts of Leonardo  
da Vinci 

For example, one of his most direct discussions of a dynamic nature is on fly-
wheels, and particularly about masses on chains attached to a spinning axis 
(Fig. 1). Here is Reti’s translation from Codex Madrid I; 
“Why do the weights which hang perpendicularly at the beginning and at the end 
[of the motion] take up, together with their chains a horizontal line while they are 
in motion?” 
[Observations about the use of flywheels can also be found in the machine book of 
Francesco di Giorgio, c. 1460.] 

In remarks relevant to another drawing of a flywheel turned by a rope wrapped 
around a shaft and under a weight under gravity, he writes; 
“The question here is: how many times would the wheel turn by itself, once the 
cord of the counterweight is completely unwound—?” This drawing is somewhat 
analogous to the sketch in 1589 by Baldi of Hero’s automata fountain. 

With respect to dynamics of machines, Leonardo only addresses dynamics is-
sues in the context of specific machines and not in terms of general principles. 

One of the more striking drawings and directed discussions of a dynamic 
mechanism is the perpetual motion wheel. (Codex Madrid I  147 verso and 148 
recto). Leonardo seemed to describe a sequence of motions and impacts that might 
allow the wheel to continue moving. However in characteristic Leonardo style, on 
the second page, he emphatically states the impossibility of such a device. 
“therefore, as it has been demonstrated, such a wheel is sophistical”. 

The Renaissance in the 15th century produced important machine engineers in 
both Siena and Florence (see Moon [63], for a review of history of machines in the 
Renaissance). Before the work of Leonardo, there was a school of machine inven-
tors in Florence’s rival city Siena; the principal engineers were Taccola and 
Francesco di Giorgio Martini. The latter’s work was reproduced in several books 
and included dynamic machines such as catapults and trebuchets. One of these 
books was in the library of Leonardo da Vinci. 

There has also much been written about Leonardo’s writings on mechanics and 
dynamics. Criticism has been made of Leonardo’s observations on the laws of dy-
namics, statics and fluid mechanics due to often contradictory writings (see e.g. 
[86]); in one place noting prescient observations of laws of physics that were dis-
covered later, while in other places espousing outdated concepts from classical 
Aristotelian physics. However our focus here is on his observations of dynamics 
as it applied to constrained mechanical systems such as machines and mechanisms 
of which Leonardo made a few contributions.  
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Fig. 1 Drawings of flywheels showing centrifugal effects from Leonardo da 
Vinci’s Codex Madrid, Folio 114 recto (left) 

Fig. 2 Leonardo da Vinci drawing of a double pendulum trebuchet war machine 
from the Codex Atlanticus (right) 

Among the most dynamic mechanisms is Leonardo da Vinci’s work is his draw-
ings of trebuchets in the Codex Atlanticus that are essentially nonlinear double 
pendulum devices (Fig. 2). Certainly Leonardo da Vinci’s designs for human fly-
ing machines were dynamics dependent.   

Theatre of Machine Books: Besson (1569)  
and Böckler (1661) 

In the 16th, 17th and 18th centuries there were published books illustrating and 
describing a wide range of machines and applications. Some of these portray ma-
chines that use dynamic principles for their operation. For example in the 16th 
century Book of Besson called the “theatre of machines” he illustrated the use of 
pendulum resonance to actuate pumps using a mangle mechanism (Fig. 3). The 
worker supposedly applies a periodic torque through a crank on the pendulum at 
the resonance frequency of the pendulum thereby setting it into large oscillations 
that are used to drive the pump. A similar scheme can be found in later “theatre of 
machines” books. Another example is the use of large verge and foliot escapement 
to control a pump (Böckler, 17th C.) shown in Fig. 4.   

This perpetual motion wheel appeared in other sources in the time of the 
Renaissance besides Leonardo and the concept of conservation of energy would 
not be formulated until the mid 19th century. His conclusion on the implausibility 
of this device was not made from general principles but as stated above, from his 
attempt to analyze the specific sequence of dynamic events were the wheel to 
work. It is interesting to note that although Leonardo da Vinci drew one of these 
perpetual motion wheels, he declared that they could not work. In later books, 
such as Theatrum Machinarum Novum by Böckler [14] and Jacob Leupold [49] 
[Theatrum Machinarum Generale], one can find machine designs that would sup-
posedly run continuously without power input. 
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Fig. 3 Woodcut of a saw mill machine using the resonance of a pendulum [7] (left) 
Fig. 4 Engraving of pump escapement [13] (right) 

Analytical Dynamics in the Industrial Age 

Although the greatest advances in analytical dynamics of particles and rigid bod-
ies took place in the pre-industrial and industrial age, little of this theory was util-
ized in the design of machines by either the machine practitioners nor their theo-
rists in the universities. Isaac Newton’s Principia, published in 1686, was a 
treatise on dynamics of particles and their behavior in gravitational force fields. 
The Swiss mathematician Leonard Euler was the principal theorist on rigid body 
dynamics whose formalism we still use today. His major work in this area was 
Theoria motus corporum solidorum seu rigidorum, published in 1760, 40 years af-
ter Newcommen’s steam engine was deployed in the Cornwall mines in England.  

Joseph-Louis de Lagrange (1736–1813) in his Mecanique Analytique [44], de-
veloped powerful mathematical tools to study the motions of constrained systems 
such as connected rigid bodies in a machine or mechanism. This work was pub-
lished during Watt and Boulton’s monopoly on steam engine manufacture that 
saw the installation of hundreds of steam engines. Yet machine dynamics was not 
studied with these new techniques in the analytical dynamics community.  

In the new technical universities such as Ecole Polytechnique in Paris, in the late 
18th century, Gaspar Monge introduced descriptive geometry methods that became 
a mathematical underpinning of kinematics of machines. Ecole Polytechnique was 
established in 1894 and the mathematician Gaspard Monge was one of its founders. 
Shortly thereafter, Lagrange received an appointment to teach analysis there. He had 
a reputation however of being a poor lecturer as he had an Italian accent, having 
been born in Turin. Later books on mechanisms by Hachette, Lanz and Betancourt 
[30] and Borgnis [15], were inspired by the work of Monge in descriptive geometry, 
but did not include any material of a dynamics favor from Lagrange.  
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It is also interesting that Lagrange’s analytical dynamics did not make it into the 
German texts in machine design though he spent 20 years at the Academy of Sci-
ences in Berlin from 1767 to 1787. He also wrote his famous Mecanique ana-
lytique there in 1782 that was later published in 1788 in Paris. Lagrange had been 
recommended for the Berlin position by Euler who himself had been in Berlin and 
had moved to the court at St Petersburg. Euler, Lagrange, and D’Alembert all ex-
changed letters and ideas during this time, but somehow in the critical period of 
1798–1810, these dynamical theories were not absorbed into the culture of ma-
chine theorists.  

During the 19th century, theoretical work of Hamilton, Jacobi, Caughy, Navier, 
and Poincare in dynamics developed but again these methods were not incorpo-
rated into machine design teaching or practice until the mid 20th century.  

Dynamics of Machines in the Industrial Age 1750–1900 

James Watt (c.1780): Regulators 
Historians of kinematics are quick to point out that James Watt’s proudest inven-
tion was the approximate straight-line mechanism [87]. A portrait in the National 
Gallery of London of Watt shows him contemplating a drawing of this linkage ap-
plied to the steam engine. However, for those who write of the history of control 
engineering, it was his use of the rotating ball speed regulator that was his most 
important contribution and the first large scale use of feedback control (some 
might argue that the directional control of windmills was the earliest automatic 
controller. See Bennett [5]), Boulton and Watt did not seek patent protection for 
the ball governor but thought it might go unnoticed. However it was soon copied 
and improved as can be seen in the version of Poncelet from the mid 19th C. The 
ball mechanism was only a form of sensor-actuator and also required linkages and 
control valves. In some engine controllers, instead of maintaining constant speed 
there was the dynamic phenomenon of hunting. This sparked an effort by some to 
develop an analytical model to derive stable operating condition for these control-
lers [see discussion below on servomechanisms and Maxwell].   
 
J.-A. Borgnis (1818) 
The Italian J.-A, Borgnis in 1818 published a treatise in French in which he cate-
gorized machines into six orders as “recepteurs, communicateurs, modificateurs, 
supports, regulateurs and operateurs” [15]. It is within the class of regulators that 
he included dynamic mechanisms such as escapements. He wrote about their use 
in clocks and their connection with pendula.  Borgnis discussed in detail the con-
tributions of several figures in the history of clock design including Hugyens, 
Gramham, Berthoud, Tompion, Le Roy, Thomas, Mudge, Bre’guet and others. In 
particular he discussed clock regulator subcomponents such as the fusee, remon-
toir, and different types of escapements. He also discussed the temperature compensa-
tion of pendulums for clocks. This work is completely descriptive with 36 plates 
of about 8–10 figures each and no mathematical equations.  
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Fig. 5 Rotating ball governor of Poncelet (from [4]) 

Haton de la Goupillie’re (1864) 
This is a mid 19th century French book on the theory of mechanisms: Traite des 
Me’canismes [37]. Haton cites the work of Lanz and Betancourt [45], Willis [89] 
and Laboulaye [43]. The major part of this work discusses more than 200 mecha-
nisms with over 250 drawings. However the second part of this book is titled 
“Etude Dynamique des Me’canismes”. The major part of this section treats the 
laws of friction in machines. There is one section however that derives the differ-
ential equation of oscillation for a cylinder rolling inside of another cylinder in a 
style that anticipates vibration texts 80 years later such as Den Hartog [22]. Haton 
also discussed clock escapements including the anchor and cylinder escapements 
but did not give any analytical treatment of them. In a section on regulators he 
analyzed Watt’s rotating ball regulator and similar devices and wrote equations of 
motion balancing the centripetal force moment with the gravity force moment. 
This is the extent of Haton’s treatment of dynamics of mechanisms. It basically 
contains no general principles and a few ad hoc dynamics related problems. 
 
Julius Weisbach (1848) 
Julius Weisbach (1806–1871), like Redtenbacher and Rankine wrote general 
books that helped define the teaching of what would become mechanical engineer-
ing [88]. Weisbach’s books were translated into English and thus his work was 
familiar to engineers in both Great Britain and North America. For example, his 
Principles of Machinery and Engineering, first published in America in 1848 was 
a two volume work that was expanded in its 1870 edition into three volumes. This 
work presented some general material on dynamics of rigid bodies, dynamic sta-
bility and the theory of oscillations.   
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Franz Reuleaux (1859, 1876, 1893) 
The Reuleaux ‘‘School’’ of kinematics, which included Kennedy [41] in England 
and Burmester [18], Hartmann [36], and Grübler [29] in Germany, influenced the 
kinematics of machines to this day  [72,75–77]. Although Reuleaux’s theory of 
machines were important contributions, his theories were based largely on geo-
metric ideas, or Phoronomy, and not on dynamic principles, that were later incor-
porated into the theory of machines (see, e.g. [34]). Nor did Reuleaux treat the 
problem of nonholnomic constraints. In general, however, ideas about the impor-
tance of elastic vibrations, resonance, or structure-borne noise in machines did not 
make it into Reuleaux’s work. 

There are examples in his oeuvre where he exhibited interest in dynamics and 
control. One was a 1859 paper in the new journal of the German society of engi-
neers or VDI. He titled this paper [72] “Regulatorfrage” or regulator questions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Drawing of Reuleaux’s design for an experimental apparatus to measure 
the moment of inertia of balls for a Watt type governor 

Reuleaux was also interested in the regulation of steam and gas engine motions 
which he discussed in the 4th Edition of his The Constructor (1893). In these en-
gines, slide and rotary valves were opened and closed during each machine cycle 
to admit steam or air-fuel mixtures or to exhaust steam or gas from the engine cyl-
inder. In an early 20th century book by Bevan [9], he refers to “The Reuleaux 
Diagram”, a phase diagram to describe the timing between the valves and crank 
motions of a steam engine. There is evidence that Reuleaux understood the concept 

Reuleaux also published a paper in 1876 titled, “Das Zentrifugalmoment: Ein 
Beitrag zur Dynamik”. [The centrifugal moment: A contribution to dynamics]. 
Reuleaux found a general equation for the centrifugal force of extended rigid bod-
ies rotating about an axis. He used integration methods to relate the force moment 
to the principal moments of inertia of the rotating body and designed an experi-
mental apparatus to measure this moment (Fig. 6). However, this result in dynam-
ics did not appear in his major books.  
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of feedback control in a figure from The Constructor, Figs. 1012, 1213, p. 231, in 
which he tried to explain the workings of two coupled regulators of a commercial 
machine. This figure has the features of a block diagram, an idea that did not ap-
pear in control theory until several decades into the 20th century.  

 
M. J. Callon (1875) 
As an example of a French text on design of machines we examine the work of 
M.J. Callon whose course on machines at the L’Ecole des Mines de Paris largely 
dealt with the steam engine of mid 19th century Europe [19]. In Chapter 18 titled 
“Details on the parts of the steam engine” Callon discussed Watt’s rotating ball 
speed regulator. He used the balance of the centrifugal force moment on the rotat-
ing balls and the gravity force moment to derive design equations (Figs. 255–265). 
This method converted a dynamics problem into a static equilibrium problem. 
However, it was Maxwell who about this time, examined the stability of governors 
in steam engines from a more modern point of view.    
 
Alexander Kennedy (1886): Acceleration diagrams 
Kennedy translated Reuleaux’s major work in kinematics of machines in 1876, 
one year after the German publication. Both Kennedy [41] and Burmester [18] in-
troduced the acceleration diagram that became a staple part of the kinematics 
pedagogy for the next half century.  

One example in Kennedy’s book describes the acceleration history of a piston 
in a pumping engine called the “Bull Engine” [Page 336, §45; see KMODDL 
website for digital copy; http://kmoddl.library.cornell.edu] Kennedy notes the im-
portance of dynamics in this machine: “Kinematically the combination is nothing 
but a sliding pair of elements, there is no crank or rotating parts of any kind. Dy-
namically the machine is of much more interest, and its action much more com-
plex. For although the form of the piston and cylinder prevent any relative mo-
tions—they do not in any way affect or control the velocity of motion and the 
length of the stroke of the engine is entirely dependent on the acceleration forces 
in action,—”.  

 
Ludwig Burmester (1888) 
Burmester was an ardent admirer of Reuleaux’s kinematics of machinery. In his 
Lehrbuch der Kinematik, he advanced and embellished Reuleaux’s geometric 
theories especially in the area of centrode theory of rolling [18]. Unlike Reuleaux, 
Burmester included a long section on accelerations in mechanisms and presented 
graphical methods to calculate these terms especially four-bar and slider crank mecha-
nisms [Chapter 11: “Die Lehre von der Beschleunigung und irhe Anwendung”]. It is 
odd that in his introduction Burmester mentions the work of Newton, D’Alembert, 
Euler, Carnot and Kant. He even cited Euler’s 1765 theory on the motion of rigid 
bodies that was translated into German in 1853. However after an extremely de-
tailed treatment of acceleration diagrams, Burmester did not present a general 
treatment of dynamics or vibrations in machines and mechanisms. 
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Clock Dynamics 

The next major improvement was the invention of the anchor escapement that 
replaced the verge with a two-arm device. Other contributors at this time were 
Pierre Le Roy and Ferdinand Berthoud of France as well as Arnold and Earnshaw 
in England. Many other escapements were invented such as the detent, cylinder, 
duplex, pin wheel, and gravity escapement, over a period of four centuries of 
clock invention, design and development [16] (see Fig. 7). Despite this progress, 
the historical record is replete with evidence and discussion of the irregularities, 
inaccuracies and unpredictability in the mechanical clock.  

Early works on the dynamics of clocks include George Biddell Airy [1], James 
Mackenzie Bloxam [11], and Edmond Beckett Denison (Lord Grimthorpe) [23].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Reuleaux model of a three pendula gravity escapement [from the Cornell 
Reuleaux kinematic models collection] 

The first pendulum clock is attributed to Huygens in 1657, although even here 
there is some posthumous claim to the invention by Galileo and his son. The 
Huygens clock is a combination of the verge and the pendulum. Huygens also 
recognized that the period of the pendulum increased with the amplitude and he 
designed a cycloidal clamp for the pendulum which decreased the effective length 
of the swinging bob to produce a constant period, independent of amplitude. This 
is one of the first solutions in nonlinear vibrations. 

Other important mathematical analyses in the 20th century were those of the 
Russians Andronov, Chaiken and Witt (circa 1940–1960) [2]. Recently there have 
appeared a series of papers on the mathematical analysis of escapement dynamics 
such as, Kauderer [40], Kesteven [42], Lepschy et al. [48], Bernstein [6] and Roup 
and Bernstein et al. [78] as well as a work by the Author [64]. 
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Governors, Servomechanisms and Control Theory 

The two principal historical texts in this area are Otto Mayr’s The Origins of 
Feedback Control [54] and S. Bennett’s A History of Control Engineering 
1800–1930, written in 1979 [4]. Mayr’s work covers the period from antiquity to 
around 1800. There have been many other reviews of control engineering since. 
However for us the focus is how this subject of control and its associated ques-
tions of dynamics and stability entered the teaching of machine design. Many 
writers credit James Watt with the invention of the rotating ball regulator in 1788 
to achieve speed control of the steam engine. However Mayr cites earlier use of 
the rotating ball governor for control in windmills by Mead around 1787.   

In Maxwell’s paper [53], which was published in the Proceedings of the Royal 
Society, there are no sketches or pictures of any governor mechanisms, although 
there are several in Bennett’s book. There is reference to several governors of 
Watt, Jenkins, Siemens etc. but Maxwell’s analysis uses general abstract terms to 
describe forces or torques in these machines and no specifics. He obtained a third-
order dynamic system coupling the governor dynamics to the machine or “plant” 
motions and thus found a stability criterion for the controller to avoid instabilities. 
Although his mathematical models have some generality, it is not clear if they ap-
ply to actual devices since, none of the parameters are estimated by Maxwell. 
There is also a hint in Maxwell’s paper that there was anecdotal evidence for en-
gine instabilities with governors as Maxwell calls it, “oscillating and jerking mo-
tion, increasing in violence until it reaches the limit of action of the governor”. 

Maxwell and others such as E.J. Routh [79] and the Russian work of 
J. Wischnegradski (1876–1879) in St Petersburg and A.M. Lyapunov [50] laid out 

As outlined in Bennett [4], the use of speed controllers in the 19th century, 
evolved into the field of servomechanisms (Fig. 8). Initially both feedback and 
control actuation were accomplished with mechanical linkages but were gradually 
replaced with electromechanical sensors and actuation in the early 20th century. 
Still, the teaching of control theory in the late 20th century was often devoid of 
specific machine knowledge. Two exceptions were in gyro design and aircraft 
control, in which detailed knowledge of the plant was part of the control culture.   

Gyroscopes 

Spinning tops have always had a fascination with people and can be traced back to 
ancient civilizations in China and the Middle East and Mediterranean cultures. In 
1760, The dynamic theory of rotating rigid bodies was first formulated by Euler. 

the ideas of stability of motion in mechanical and electrical systems by the end of 
the 19th century. It is interesting to note that Lyapunov was a student of Chebyshev 
at St Petersburg. The latter had spent many years analyzing the kinematic geome-
try of linkages and mechanisms. There is the question of whether the teaching of 
dynamics of machines and kinematics of mechanisms was more unified in Russia 
than that in Europe and North America.  
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Pantheon determined that the spinning of the Earth could be detected in the pre-
cession of the plane of rotation of a pendulum. Around the same time he invented 
a spinning top that could also detect the Earth’s rotation. He was the first to give 
such a device the name “gyroscope”. 

Despite Foucault experiments with the use of a spinning body as an angular ref-
erence, the first practical use of the gyro compass for navigation was developed in 
Germany by Hermann Anschütz around 1908. Later in 1911, Elmer Sperry in the 
US developed a gyrocompass for ship navigation that was easier to manufacture 
(see e.g. [91]).  

A theoretical treatise on these principles appeared in 1897 by F. Klein and A. 
Sommerfeld; Über die Theorie des Kreisels, which was published later in several 
editions. Despite the span of theoretical and mathematical discussion of the dy-
namics of rotating bodies from Euler [26] to Klein, there remained technical prob-
lems to overcome before this technology became practical machinery. To quote 
the book by the MIT Draper lab engineers, Wrigley et al. [91]: “The history of 
precision gyro technology is, as is the case for most practical devices, a story of 
methods, materials, engineering skill, and perseverance rather than of scientific 
breakthrough or new physical principles”. 

However it still does not explain why the design of the gyro mechanism was 
absent from most kinematics of machines and machine design books of the 20th 
century.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Servomechanism for ship steerage of McFarlane Grey (from Bennett) (left) 

Fig. 9 Sketch of design for gyrocompass of Sperry (from Wrigley et al.) (right) 

A century later, J.B. Leon Foucault, using his famous pendulum in the Paris 
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Early 20th Century Dynamics of Machines 

The lack of common ground between practitioners of analytical dynamics and 
technical mechanics of machines is illustrated in the career of Arnold Sommerfeld 
(1868–1951). Born and educated in Köingsberg, Prussia, he taught at Göttingen, 
Clausthal, Aachen and Munich. In Clausthal (1897–1899) he was professor of 
mathematics, while at Aachen (1899–1905) he held the chair of Technical Me-
chanics at the Technische Hochschule. Although known for his contributions in 

Dynamics of Engines: Inertia Forces and Balancing 

Although there were a few serious mathematical studies of a dynamical nature in 
technology at the beginning of the 20th century, these tended to be carried out by 
mathematical scientists and not engineers or as in the case of Van der Pol for the 
new field of electric circuits. Practitioners in the field of kinematic design of ma-
chines generally took only small steps toward full dynamic analysis. One example 
of such books was by Ham and Crane [32] of the University of Illinois (Fig. 10). 
The text reviews all the standard elements of kinematic analysis, pairs, chains, in-
versions, point paths etc. Near the end of the text however there is an analysis of 
acceleration and “inertial forces”. The problem of engine balancing became im-
portant with the expansion of the use of the automobile and became more promi-
nent in machine engineering books such as Den Hartog [22]. Dynamics of Ma-
chines: Den Hartog and Timoshenko (1928–1948). 

The reduction of dynamic problems in machines to equilibrium of static forces 
and “inertia forces” was soon replaced by full dynamic analysis with the recogni-
tion that machine elements are elastic components. This often involved the use of 
vibration theory, a mathematical method that appeared in the 19th century in 
works such as Rayleigh [68] in his theory of sound.  

applied mathematics applied to quantum mechanics, Sommerfeld gave lectures in 
classical physics and mechanics. For example, his lectures in mechanics at 
Munich were published in English after World War II [81]. Scattered throughout 
this text are a number of examples relating to the dynamics of engines, including 
the slider-crank mechanism, balancing of a four piston marine engine and the 
equations of motion of an automobile differential, juxtaposed amidst mathe-
matical exposition on Hamilton–Jacobi theory and the quantum treatment of 
Kepler’s orbital mechanics. Although the first German edition of these lectures 
was published in 1942, it is likely that Sommerfeld’s interest in dynamics of ma-
chines was born during his tenure at the Technical University at Aachen at the turn 
of the century. As in the case of Lagrange at the Ecole Polytechnique a century 
earlier, the mathematical theory that Sommerfeld brought to mechanics of ma-
chines was not incorporated into engineering textbooks and practice in a system-
atic way until the late 1920s and early 1930s. For example in Timoshenko’s 1928 
book Vibration Problems in Engineering [84], he references an experiment of 
Sommerfeld in 1904 on the resonant vibrations of an unbalanced rotor. 
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One of the important English books on the dynamics of machines was Me-
chanical Vibrations by J.P. Den Hartog of Harvard University written in 1934 
[22]. Den Hartog had worked for the Westinghouse Corporation when he arrived 
from Europe in the 1920s as did Steven Timoshenko. Den Hartog’s book ac-
knowledges his indebtedness to his former colleagues at Westinghouse as well as 
to Professor Timoshenko who first went to the University of Michigan and then to 
Stanford University. Many of the problems in Den Hartog’s book arose out of ma-
chine related problems including gear systems, vibration absorbers in machines, 
ship stabilization problems, automobile shock systems, multi-cylinder engine dy-
namics, balancing or rotors, hunting of steam engine governors, wheel shimmy 
and self excitation of fluid valves (Fig. 11). At the same time Den Hartog intro-
duced advanced analytical methods such as coupled linear systems, subharmonic 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10  Balancing of a 4 cylinder engine (Ham and Crane) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11  Wheel Shimmy model from Den Hartog [22] 

resonance, nonlinear vibrations, relaxation oscillations. Both Den Hartog and 
Timoshenko brought advanced analytical techniques to America from Europe and 
Russia and combined them with experience with practical problems in industry. 
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Steven Timoshenko (1878–1972) was born in the Ukraine and educated in St 
Petersburg. Ten years younger than Sommerfeld, he worked in railroad engineer-
ing. He came to the United States in 1922. His first dynamics book was published 
in 1928 under the title Vibration Problems in Engineering, when he was at the 
University of Michigan [84]. He also acknowledged his indebtedness to the West-
inghouse Corporation as well as to Den Hartog with whom he had worked on sev-
eral dynamics problems on electric generating systems for Westinghouse. His 
work not only dealt with linear systems, but also “non-harmonic vibrations”, using 
the dynamics of locomotives as an example. He also dealt with vibrations of tur-
bine blades and described several vibration measuring instruments including seis-
mic vibrographs that had a substantial mechanism component to them. A large 
part of the book treats the vibration of continuous beams and plates without much 
reference to specific machine applications however. 

The 1948 book of S. Timoshenko and D.H. Young Advanced Dynamics, both at 
Stanford University at the time, truly combined advanced analytical methodology 
with many problems of direct machine dynamics [85]. This includes balancing of 
reciprocating engines, dynamics of rotating ball governors, dynamics of con-
strained systems including linkages, flywheel governors, gyroscopic motions, the 
gyrocompass, ship stabilizers, and vibration absorbers. Analytical techniques in-
cluded Lagrange’s equations, linear systems, Mathieu’s equation, Rayleigh’s 
method, and nonlinear vibrations. The Authors acknowledged their access to sev-
eral European books such as E.I. Nikolai’s Theoretical Mechanics [65], Routh’s 
Elementary Rigid [Body] Dynamics [80], and Biezeno and Grammel’s Technische 
Dynamik [10]. 

There were other works of this nature in the Russian and European literature 
during the quarter century, 1925–1950, that contained similar materials. The Au-
thor has come across a citation to a Russian work by N.I Mertsalov, Dynamics of 
Mechanism [55] which was a published set of lecture notes at the Imperial Tech-
nical School, in Russian. In a recent visit to Bauman Moscow State Technical 
University, the Author had an opportunity to examine a copy of Mertsalov’s lec-
ture notes. There is certainly some aspects that relate to the dynamics of machines, 
but this work is not as comprehensive as the later texts of Timoshenko and Den 

In the English speaking engineering community, the works of Timoshenko and 
Den Hartog had considerable influence on the study and design of machine dy-
namics. One example is the book by James B. Hartman of Lehigh Universty, Dy-
namics of Machinery [35].  

The presentation of analytical methods in dynamics in the mechanisms text-
books, were much abbreviated during this period.  However in defense of the ki-
nematicians, although the technical dynamics books of the time used examples 
from machine design, these examples were often used as a way to illustrate the 
mathematical methods of vibrations. Engine balancing seems to be the exception. 
In general, there was no attempt to address a general theory of dynamic design in 
machines and mechanisms nor to use dynamics in the context of design optimiza-
tion and synthesis.  

Hartog. (This reference is from Prof. Alexander Golovin of the Bauman Moscow 
State Technical Univ.)   
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Summary and Concluding Observations 

In the 18th, 19th and early 20th centuries, advanced ideas of analytical dynamics 
and concomitant mathematical tools of dynamical systems were developed dec-
ades, sometimes a century, before their adaptation into the theory of mechanisms 
and machines. What can be the reason for this delay? It cannot be for lack of 
communication channels as this period coincided with major advances in tele-
communication as well as land and sea travel. One possible thesis was the exis-
tence of different scientific, mathematical and technical communities between dy-
namicists and machine designers.  

One can advance the theory that it takes a community of scientists, mathemati-
cians and engineers to develop a new idea or theory or to create new machines and 
technologies. Throughout most of the 19th century, machines were developed 
largely in workshops and factories although academic engineers such as Willis, 
Rankine, Weisbach, Redtenbacher and Reuleaux were creating an engineering-
science of machine design. However this mathematics and science-based design 
methodology took at least half a century to mature and to be accepted in industry 
as well as in the academic engineering communities that provided the talent for 

On the other hand, the analytical dynamics community that emerged in the 18th 
century and early 19th century, seemed more interested in so-called “natural” dy-
namics problems in astronomy, fluid mechanics of air and water, acoustics and 

One reason for the increasing interest by machine theorists in dynamics in the 
20th century may have been the increasing speed of prime movers and the attempt 
at increasing power to weight ratios. Higher speeds in machines placed a greater 
emphasis on dynamic forces as well as on dynamic instabilities and machine com-
ponent vibrations. 
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Abstract In this article, a historical survey of geometric algebra also called Clifford 
algebra is first undertaken in chronological order. This new algebra is ascribed to 
Grassmann and Clifford. The quaternion algebra originated from Hamilton can be 
considered as its special version.  Next, in terms of geometric algebra notation, we 
further deal with the representation of the classical problems about the single finite 
rotation, first derived by Euler, and the composition formula of two successive fi-
nite rotations, originally proposed by Rodriques.  Finally, the rigid body motion in 
the four dimensional geometric algebra G4 is introduced for the basis of possible 
future applications using geometric algebra and a general rigid body motion re-
lated to the 4×4 homogeneous transformation matrix in Euclidean space is then 
elucidated.  
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Historic Survey on Geometric Algebra 

Geometry stemmed from two Greek words meaning “earth measurement”. It was 
motivated by the need to make measurements of distances and areas on the Earth. 
Euclidean geometry has a broader meaning and the chief subject matter of the 
monumental 13-volume work called “The Elements”, written about 300 B.C. by 
Greek mathematician Euclid (365–265 B.C., Fig. 1) [1]. Geometry, as developed 
in Euclid, was a systematic body of mathematical knowledge, built by deductive 
reasoning upon a foundation of the definitions, axioms, and postulates. 

Algebra was associated with geometry from its beginning, but the French phi-
losopher René Descartes (1596–1650, Fig. 2) was the first to develop it systemati-
cally into a geometrical language in 1637. He gave the Greek notion of magnitude 
a symbolic form and made significant improvements in algebraic notations, put-
ting algebra in a form close to the one we use today. Descartes united algebra and 
geometry by treating the arithmetic of scalars as a kind of arithmetic of line seg-
ments. His application of algebra to geometry in the book of La Géométrie [2] 
leads to Cartesian geometry.  

           
 Fig. 1  Euclid of Alexandria (365–265 B.C.) Fig. 2  René Descartes (1596–1650) 

In 1840, French mathematician Olinde Rodrigues (1795–1851, Fig. 3) proposed 
the well-known half-angle relations for calculating the compound effect of two fi-
nite rotations [4]. Three years later attention was deflected from Rodriques’s con-
tribution by Hamilton’s celebrated paper of 1843 describing the quaternions. The 
quaternions, introduced by Irish mathematician Sir William Rowan Hamilton 
(1805–1865, Fig. 4) form the oldest and best known non-commutative algebra, 
and can be regarded as a special case of geometric or Clifford algebra by express-

The introduction of complex numbers, generally attributed to Jean Robert 
Argand (1768–1822) in his work of 1806 but in fact anticipated by Norwegian 
Caspar Wessel (1745–1818) in 1799 [3], provided a valuable way of describing a 
rotation in algebraic terms, namely modulus and phase. These contributions pro-
moted many attempts to develop an algebra of n-dimensional space by analogy 
with the representation of the plane using complex number in the future.  
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ing its basal elements as a binary product of geometric algebra bases. Quaternions 
yield the introduction of the ideas of vectors, and the cross product between them, 
but exist in three dimensions only. Quaternions are unsuited to representation of n 
dimensional rotations and after raising initial enthusiasm, influenced by Gibbs, 
were abandoned by most workers [5]. 

              
 Fig. 3  Olinde Rodrigues (1795–1851) Fig. 4  William Rowan Hamilton (1805–1865) 

In 1844, the German mathematician Hermann Günter Grassmann (1809–1877, 
Fig. 5) discovered a rule for relating line segments to numbers that differed 
slightly from the rule adopted by Descartes. He chose to regard two line segments 
as equivalent if and only if one can be obtained from the other by a translation. 
This leads to the ideas of a “directed line segment” or vector. Trigonometry is 
founded on the Greek theories of proportion and perpendicular projection. But the 
principal ideas of trigonometry did not find their simplest symbolic expression un-
til the invention of vectors and the inner product by Grassmann. With the abstract 
definition of the inner product (a • b),  the principles and theorems of geometry 
can be completely expressed by algebraic equations without the need to use natu-
ral language. Moreover, trigonometry can be regarded as a system of algebraic 
equations and relations. The algebra of scalars and vectors based on the inner 
product has been so widely accepted as to be routinely employed, but this algebra 
is still incapable of providing a full expression of geometrical ideas. So a new kind 
of directed number, a directed plane segment (a parallelogram) also called a bivec-
tor (or 2-vector), was introduced to characterize the notion of directed plane seg-
ment. Since the bivector corresponding to a parallelogram is clearly uniquely de-
termined by the geometrical construction, a new kind of multiplication to 
distinguish it from the inner product called the outer product (a ∧ b) was defined.  

Grassmann, who was the first person to define multiplication simply by speci-
fying a set of algebraic rules, invented the outer or exterior product which can be 
defined on any vector space [5]. The outer product, a generalization of the idea of 
the cross product, is a new mathematical entity encoding an oriented plane and is 
called a bivector. Bivectors form a linear space and have the algebraic properties 
of being antisymmetric and distributive over addition. It can be visualized as the 
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Clifford algebra, also named “geometric algebra” and sometimes called “hy-
percomplex numbers” to describe a generalization of the complex number and the 
quaternions [7], was introduced by the English mathematician William Kingdom 
Clifford (1845–1879, Fig. 6) in 1878. Clifford used Grassmann’s ideas as the start-
ing point for development of his geometric algebra and united the inner and outer 
products into a single geometric product, a new kind of product. Hence, geometric 
or Clifford algebra was formally introduced by Clifford in 1878 [8]. He called this 
algebra “geometrical algebra” and sometimes called the elements “hypercomplex 
numbers” as they generalize the complex numbers and the quaternions [9]. 

 

                       
 Fig. 5  Hermann Günter Grassmann  Fig. 6  William Kingdom Clifford  
 (1809–1877) (1845–1879) 

Mechanics is most commonly formulated in terms of the vector algebra but for 
some applications of mechanics the algebra of complex numbers is more efficient 

parallelogram obtained by sweeping one vector along the other. In modern no-
tation, the outer or exterior product can be written as a ∧ b, or “a wedge b”. 
Grassmann’s considerable achievements are recognized as the first presentation of 
the abstract theory of vector spaces over the field of real numbers [6].  

Geometrical algebra is a powerful mathematics with applications across a range 
of subjects in physics and engineering [5]. In the field of theoretical physics, Duffin-
Kemmer algebra used to describe the behaviour of the π meson is a subalgebra of 
Clifford algebra. Clifford generalized the quaternions what he called the biquater-
nions and used them to study motion in “Clifford-Klein spaces”. A general algebra 
denoted by Cn over a field of real number generated by any Clifford algebra base 
element. Every element of Cn can be regarded as a linear combination of 1 and 
products of basis vectors of the algebra. A general geometric algebra is classified 
into four cases based on the property of base elements [7]. Even subalgebra of a 
general algebra is closely related to the quaternions and we call this subalgebra “n-
way algebra” and sometimes the second or special Clifford algebra.  
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than vector algebra, while in other applications matrix algebra works well. Geo-
metric algebra integrates all these algebraic systems to retain their advantages and 
to produce new capabilities [9]. It encompasses both complex numbers and 
quaternions. Many distinct algebraic systems have been developed to describe 
geometric relations. They include the system of complex numbers, the quater-
nions, matrix algebra, vector, tensor and spinor algebra. Some of the more well-
known mathematical applications of Clifford algebra which are adequately treated 
in the literature are historically mentioned in this work.  

Briefs on Fundamentals of Geometric Algebra 

Clifford’s powerful idea was to introduce a product for vectors within a vector 
space. Starting with a space of dimension n and basis vectors e1, e2, ..., en, a larger 
space is formed of dimension 2n whose basis elements are eS where S is any subset 
of {1,2,...,n}. This new space is the Clifford algebra and it clearly contains the 
original space. The element eØ where Ø is the empty set is identified with the unit 
scalar 1. The (non-commutative) product of original basis vectors is defined fol-
lowing that ideas that, for distinct subscripts i, j, k 

eiej = eij,  ejei = -eij, eiejek = eijk (1) 
and that the square of any original basis element is a scalar, here taken to be the 
unit element 

ei
2  = 1 (2) 

The typical element of the larger space is a linear combination of the eS and the 
multiplication extends naturally to these elements. The product also obeys the left 
and right distributive rules. The grade of the basis element eS is the size of the sub-
set S. If a general element is a combination of basis element only of a single grade, 
then that is also the grade of the element. Elements of grade 0 are simply multiples 
of eØ and are regarded as scalars; elements of grade 1 are called vectors; elements 
of grade 2 bivectors; and elements of grade 3 trivectors to arbitrary dimensions. 

The product is used to define an inner and an outer product of vectors of the al-
gebra as follows. 

a • b = (ab+ba)/2 (3a) 
a ∧ b = (ab-ba)/2 (3b) 

It is clear that the original product can be written simply as follows, 
ab = a • b + a ∧ b (4) 

Note that in the case when a and b are vectors, this product is the sum of two 
distinct objects, a scalar and a bivector. 

Consider an example when the original vector space has three dimensions. 
Suppose that {e1, e2, e3} form a right-handed frame of orthonormal vectors. Let a 
= aiei and b = bjej be typical vectors, where the summation convention is used in 
this notation. It follows that  
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a • b = (ab+ba)/2  
= (aiei) • (bjej)= aibjδij     where δij  is the Kronecker delta (5) 

a ∧ b = (ab-ba)/2  
= (aiei) ∧ (bjej) 
 = (a2b3 – b2a3)e2∧e3 + (a3b1 – b3a1)e3∧e1+ (a1b2 – b1a2)e1∧e2 (6) 

a ∧ b ∧ c = (aiei) ∧ (bjej) ∧ (ckek)  
= εijk (aibjck) ei∧ej∧ek      where εijk  is the alternating tensor (7) 

which thus define the inner and outer products in terms of the geometric algebra 
and represents an oriented parallelepiped called a trivector. The orientation of a 
trivector depends on the order of its factors. Based on antisymmetry of the exterior 
product, the trivector a∧b∧ c changes sign under interchange of any pair of vec-
tors. Therefore, the anticommutation rule together with the associative rule implies 

The full product of a vector a and a bivector B can be written as a sum of 
“symmetric” and “antisymmetric” parts in the following way 

aB = a • B + a ∧ B (8) 
where in terms of the geometric algebra, a generalization of the inner product of 
vectors a • B = (aB – Ba)/2 and the outer product of vector and bivector a ∧ B = 
(aB + Ba)/2 , because of  a • B = – B • a  and  a ∧ B = B ∧ a.  The geometric 
product of a vector with a bivector results in the sum of a vector and a trivector. It 
is evident that outer multiplication by a vector raises the dimension of any directed 
number by one, whereas inner multiplication lowers it by one.  

Furthermore, in the case of dimension n=3, introduce the following basis bivec-
tors: B1 = e2e3 = e23,  B2 = e3e1 = e31 and B3 = e1e2 = e12. Then, their geometric 
products yield: B1

2 = B2
2 = B3

2 = –1,  B1B2 = –B2B1 = –B3, and more generally 
BiBj = – εijkBk (9) 

It is easily verified that these basis bivectors are the properties of the quaternion 
algebra generators i, j, k except that we have B1B2B3 = +1. To set up an isomor-
phism, one can change sign in B2. Hence, the quaternions are a left-hand set of 
bivectors. 

Despite the American physicist Josiah Willard Gibbs (1839–1903) [10] being 
misguided in some of his objections to the quaternion product, two of the lasting 
legacies of the quaternion concept are the introduction of the idea of a vector, and 
the cross product between two vectors. In fact, the vector cross product is largely 
redundant now because there exists the exterior product and duality which can be 
used. By means of the unit right-handed pseudoscalar I = e1e2e3 = e123 for 3-
dimensional space, the vector cross product can be defined as 

a×b = –I(a∧b) (10) 
This shows how the cross product of two vectors is a disguised bivector and the 

bivector is mapped to a vector by a duality operation [3]. By multiplying from the 

that exchange of any pair of factors in a product reverses the orientation of the 
result.  
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left or the right, the product of a unit vector ei (i = 1, 2, or 3) with the unit grade-3 
right-handed pseudoscalar I returns a bivector which represents the plane perpen-
dicular to the original vector. This operation of multiplication is called the duality 
transformation and was originally introduced by Grassmann. It is independent of 
the order and holds for any basis vector. In fact, the pseudoscalar commutes with 
all vectors in the three dimensional case and squares to –1. This applied also to 
spaces of odd dimension, but I anticommutes with all vectors in the even dimen-
sional case. In addition, the product of the pseudoscalar I with a unit bivector 
formed by e1e2, e2e3, or e3e1 is the minus the vector perpendicular to the original 
plane. Then, in terms of a definition by the exterior product and duality operation, 
the vector cross product is obviously redundant. It is now clear that a triple cross 
product of vectors is ready calculated by  

a×(b×c) = –Ia∧[ (b∧c)] = I [aI(b∧c) (b∧c)Ia] 
= –a • (b∧c) = a • bc – a • cb (11) 

This turns out to be a very useful formula. 
Here, some conventions are worth mentioning to simplify expressions in geo-

metric algebra. For example, inner and outer products are performed before geo-
metric products, and inner products are performed before outer products unless 
brackets specify. 

An important operation in geometric algebra is that of reversion, denoted by the 
+ symbol, which reverses the order of vectors in any product. Scalars and vectors 
are invariant under reversion, but bivectors and in three dimensions the pseudosca-
lar I change sign. For an example, a general multivector in the geometric algebra 

M = α + a + B + βI (12) 
in which α and β are scalars, a is a vector and B is a bivector. Any element of the 
geometric algebra can be called a multivector. For all multivectors, addition is 
commutative, addition and multiplication are associative, and multiplication is dis-
tribution with respect to addition. There exists unique multivectors 0 and 1 and 
every multivector has a unique additive inverse. The whole algebra is algebrai-
cally closed, that is, the sum or product of any two multivectors is itself a mul-
tivector. By virtue of the definition, vectors always commute with trivectors. It 
follows that the pseudoscalar scalar commutes with all vectors in spaces of odd 
dimension but in even dimensions, the pseudoscalar anticommutes with all vectors.  

Then, we see that the reverse of M, denoted as M +, is  
M+ = α + a – B – β I (13) 

This operation has the same effect as Hermitian conjugation applied to the Pauli 
matrices. 

Two most powerful applications of geometric algebra are reflections and rota-
tions. The result of reflecting an arbitrary vector a in the plane orthogonal to a unit 
vector n is the vector a′ , which can be expressed as 

a′ = – nan (14) 

–I – 

of three-dimensional space G3 can be written as 
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c = RaR+ (15) 

R = cosθ – B sinθ (16) 

R = exp(–Bθ /2) (17) 
This provides a clear geometric significance and gives the formula 

a′ = RaR+ = e–Bθ//2 a eBθ//2 (18) 
which is for a rotation through θ in the B plane, with handedness determined by B. 
We can also see that the inverse transformation is given by a = R+a′R . 

Let the rotor R1 transform the vector a into a vector b and then rotate b into 
another c, using a rotor R2. This produces  

c = R1bR1
+ = R2R1aR1R2 = R2R1a(R2R1)+ (19) 

The above formula is a quite general formula for a reflection and is valid in 
spaces of any dimension. Making use of the scalar product between two vectors 
and the cyclic reordering property of scalar part of geometric product [5], it is eas-
ily verified that this operation has the desired property of leaving lengths and an-
gles unchanged.  

A rotation in the plane generated by two unit vectors m and n is achieved by 
successive reflections in the planes perpendicular to m and n. On the other hand, 
two successive reflections in the hyperplanes perpendicular to m and n results a 
rotation in the plane m∧n. Simple trigonometry confirms that the angle between 
the initial vector a and the final vector c is twice the angle between m and n. Fur-
thermore, we define a quantity R=nm (or R+=mn is a reversion of R) so that the re-
sult of the rotation becomes  

This transformation is a totally general way of handling rotations. It works in 
all spaces, whatever their dimension, and also works for any grade of multivector. 
Here, the quantity R=nm is called a rotor, which provides a way of handling rota-
tions that is unique to geometric algebra. Since a rotor is a geometric product of 
two unit vectors, we see immediately that RR+ = R+R = 1. This also provides a 
proof that the rotation transformation has the property of preserving length and 
angles. Furthermore, in terms of the bivector B, we have  

This is equivalent to Euler’s formula in complex number with i = 1−  re-
placed by the unit bivector B. With the exponential defined in its power series in 
the normal way, we can therefore write R = exp(–B ).  Recall that our formula is 
for a rotation through 2  . So the appropriate rotor to rotate through  is  θ θ

θ

The composition rotor is given by R =R2R1. This is the group combination rule 
for rotors. Rotors form a group, a continuous group or a Lie group [5].  

Finite Rotations with Geometric Algebra 

The Swiss mathematician Leonhard Euler (1707–1783, Fig. 7) was first to derive 
the finite rotation formula. Euler’s theorem [11] states that the general displace-
ment of a rigid body with one point fixed is a rotation about some axis. In terms of 
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the angle of rotation φ and the unit vector u along the axis of rotation, the vector 
representation of the commonly used Euler finite rotation formula is expressed as 
follows.  

r′ = rcosφ  + (u×r)sinφ + u(u•r)(1-cosφ) 
=  r + (u×r)sinφ + [u×(u×r)](1-cosφ) (20) 

where r and r′ are initial and final positions of the vector, respectively. 

               
Fig. 7  Leonhard Euler (1707–1783)   Fig. 8  Arthur Cayley (1821–1895) 

In 1775, Euler considered a single finite rotation and obtained the finite rotation 
formula expressed in terms of the direction cosines of the rotation axis and the ro-
tation angle. He did not solve the problem of finding the resultant of two succes-
sive finite rotations, although Euler’s theorem affirms its existence. The composi-
tion formulae of rotations were actually derived by French mathematician Olinde 

ur tan(φr/2) = [u1 tan(φ1/2) + u2 tan(φ2/2) – u1 tan(φ1/2) × u2 tan(φ2/2)] 
/[1 – u1 tan(φ1/2) • u2 tan(φ2/2)] (21) 

where u1, u2 and ur and φ1, φ2 and φr are the unity vectors along the axes and the 
rotation angles of the first, the second and the resultant rotations respectively. Be-
sides, it was Rodrigues who defined the Euler-Rodrigues parameters explicitly: 

µ0 = cos(φ/2)   µ 1 = ux sin(φ/2)   µ2 = uy sin(φ/2)   µ3 = uz sin(φ/2) (22) 
where u=[ux, uy, uz]T is a unit vector, and used them to derive the composition 
formulae, which, in vector form, are 

Rodrigues (1795–1851, Fig. 3) [4]. Rodrigues proposed the well-known half-angle 
relations for calculating the compound effect of two finite rotations in 1840, three 
years before the invention of the quaternions [5], which were originated in Dublin, 
Ireland, on Oct. 16, 1843, by W.R. Hamilton (1805–1865, Fig. 4), who is famous 
because of his canonical functions and equations of motion that are important in 
both classical and quantum dynamics. The vector form of Rodrigues formula for 
two successive rotations [7] can be written as  
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µο″ = µοµο′ − µ⋅µ′   and   µ″ =µοµ′+µο′ µ − µ×µ′ (23) 
in which the four Euler-Rodrigues parameters (µο″, µ1″, µ2″, µ3″) are the resultant 
of two successive rotations (µ0, µ1, µ2, µ3) and (µ0′, µ1′, µ2′, µ3′), and the vectors 
µ,  µ′,  and µ″ are defined as µ=[µ1, µ2, µ3]T,  µ′=[µ1′, µ2′, µ3′]T,  
µ″=[µ1″, µ2″, µ3″]T. The application of Euler-Rodriques parameters further leads to 
the quaternion representation of the finite rotation formula,  

r′ = qrq-1  (24) 
with the unit quaternion q=µ0 + µ1 i + µ2 j + µ3 k and the initial and final position 
vectors r and r′. This quaternion formula for the finite rotation itself was first de-
rived by Hamilton [12]. However, the physical meaning of this quaternion form 
using Rodrigues parameters: 

d1 = ux tan(φ/2)    d2 = uy tan(φ/2)    d3 = uz tan(φ/2) (25) 
was discovered by English mathematician Arthur Cayley (1821–1895, Fig. 8) [13]. 
Hamilton then made the same composition formula which can be written as 

r″ = q′r′q′–1 = q′qrq–1q′–1 = q″rq″–1 (26) 
with q″=q′q. 

The Rodrigues’s composition formula of finite rotations mentioned above could 
be easily derived by just multiplying the rotors directly. Hence, the rotor composi-
tion rule is ready to provide a simple formula for the compound effect of two rota-
tions in the following manner. 

Suppose that we have 

R1 = 2/11θBe−  = cos(θ1/2) – B1sin(θ1/2)  and 
R2  = 2/22θBe−  = cos(θ2/2) – B2sin(θ2/2) (27) 

in which B1 and B2 are unit bivectors. The product rotor is R=R2R1=exp(–Bθ /2) 
[or cos(θ/2) – Bsin(θ/2)], in which B is a new unit bivector,  

R = [cos(θ2/2) – B2sin(θ2/2)][cos(θ1/2) – B1sin(θ1/2)] 
= cos(θ2/2)cos(θ1/2) – [cos(θ2/2)sin(θ1/2) B1 + cos(θ1/2)sin(θ2/2) B2] 

+ sin(θ2/2)sin(θ1/2) B2B1 (28) 

cos(θ/2) = cos(θ2/2)cos(θ1/2) + sin(θ2/2)sin(θ1/2) <B2B1> (29) 
and  

sin(θ/2)B = [cos(θ2/2)sin(θ1/2)B1 + cos(θ1/2)sin(θ2/2)B2] 
– sin(θ2/2)sin(θ1/2) <B2B1>2 (30) 

By using angled brackets <  >r to denote the r-grade onto which we want to 
project and dropping the subscript zero for the scalar part of a geometric product, 
we immediately see that  

These expressions definitely confirm the half-angle relations for the composi-
tion of two finite rotations. 
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x•y = (xy + yx)/2   and   x∧y = (xy – yx)/2 (31) 
It turns out that if x, y, z have the same grade then, 

(x∧y)•z = (y∧z)•x = (z∧x)•y = (xyz+yzx+zxy–xzy–zyx–yxz)/6 (32) 
which agrees with Lounesto’s definition [17] of x∧y∧z.  

Let b be a unit bivector and b=q1e23+q2e31+q3e12. Suppose that c and s are the 
abbreviations of cosine and sine of angle θ/2, that is, c=cos(θ/2) and s=sin(θ/2). 
For convenience, an axis in the direction q is indicated as a unit vector 

q = [q1, q2, q3]T = q1e1+q2e2+q3e3 (33) 

Rigid Body Motion in the Geometric Algebra G4 

A general rigid body motion related to the 4×4 homogeneous transformation ma-
trix in Euclidean space is briefly elucidated for the basis of possible future appli-
cation using geometric algebra. Conventional mechanism analysis approach is the 
use of 4×4 coordinate transformation matrices indicated by means of the Denavit 
and Hartenberg parameters [14] or its varieties. These allow each type of rotation 
and translation to be combined using the ordinary matrix multiplication. Quater-
nions, which form a special geometric algebra, can also be used to represent rota-
tions. The relation between the quaternion and matrix approaches has also been 
studied. However, recently, more attentions are taken to handle geometry and to 
represent geometric entities as actual elements within itself rather than as equa-
tions relating coordinates. As a consequence of the appearance of papers by Selig 
[15], Mullineux [16] working in the 4-dimensional (4D) geometric algebra G4 ex-
tend the definition of the inner and outer products, which were defined just for 
vectors, to apply for all elements in 4D geometric algebra. So, for any x and y in 
G4,  

In Cartesian geometry, lines and planes are represented by equations involving 
the coordinates of points. In the work of [16], points, lines and planes are elements 
of a four dimensional geometric algebra G4 in their own right. Therefore, a geo-
metric algebra can be used to handle translations and rotations in a way which pre-
serves the natural representation of Euclidean space. The rigid body motions, 
which are combinations of rotations and translations can be represented in a natu-
ral way as elements of even grade within the geometric algebra G4. In this ap-
proach, one of four basis vectors has a square which is treated as infinite by defin-
ing it to be the reciprocal of an arbitrarily small number so that e0

2 = ε–1, where e0 
is the fourth basis of algebra element and ε is an infinitesimal, real number. This 
algebra is used to represent three dimensional space in a projective way. The typi-
cal point (x,y,z) is represented by the element e0+xe1+ye2+ze3 (and by any non-zero 
scalar multiple of this element). It turns out that all rigid body transforms are rep-
resented by even grade elements in the geometric algebra and act upon vectors 
which are the natural representation of Euclidean points. 

For the typical Euclidean point (x, y, z), let r=xe1+ye2+ze3. so that the point is 
represented in the algebra G4 by the vector p=e0+r. The element R of G4 is defined 
as R=c+sb, then the map that takes p to R+pR (where + means the reversion), rotates 
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the position vector r to a new position vector about an axis through the origin in 
the direction of vector q. Moreover, let T=1+εe0t where t=t1e1+t2e2+t3e3. The map 
that transform the point p=e0+r to T+pT take r to r+2t. In this way, the transforma-
tion represents a translation through 2t. Thus a rigid body motion that rotates the 
angle θ about an axis through the origin in the direction of the vector q and fol-
lowed by a translation 2t along the t-direction can be the element S of even grade 
in G4 as follows.  

S  = RT  = (c+sb)(1+εe0t)  
 = (c+sb) + ε(c+sb)e0t = c(1+εe0t) + sb(1+εe0t) (34) 

R = (1–εe0u)(c+sb)(1+εe0u) 
= c + sb + εcu2 + 2εse0(b∧u) + εsubu (35) 

and in the limit as ε→0, this becomes 
R = c + sb + 2εse0(b∧u) = c + s[b + 2εe0(b∧u)] (36) 

S = RT = [c + sb + 2εse0(b∧u)](1 + εe0t) 
 = c + εce0t + sb + εse0bt + 2εse0(b∧u) – 2εs(b∧u)t 
 = (c + sb) + εe0[ct + 2s(b∧u)] + εse0bt (37) 

A kinematic model shown in Fig. 9 is the three-body open chain connected by 
two helical (or screw) pairs, in which 1t (=1t1e1+1t2e2+1t3e3) and 2t 
(=2t1e1+2t2e2+2t3e3) are the half translations for each screw revolution, and 1q=[1q1, 
1q2, 1q3]T and 2q=[2q1, 2q2, 2q3]T are the direction of rotaion axes of screws. Hence, 
b1 = 1q1e23+1q2e31+1q3e12 and b2 = 2q1e23+2q2e31+2q3e12.  

 

 
Fig. 9  The kinematic model of a HH open chain 

Suppose now that the axis of rotation does not pass through the origin, but 
passes through the position u = e0+2u1e1+2u2e2+2u3e3 and in the same direction 
cited above. Then, the rotation is represented instead by the following modified 
form of R. This formed as a combination of a translation, a rotation, and a transla-
tion, where the translation take the point u to the origin and back. 

Thus, a rigid body motion that combines the rotation and translation is repre-
sented by 
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Summary 

It is contended that Geometric Algebra as a method is more comprehensive and 
less artificial than and eventually in every way far superior to Coordinate Geome-
try. When, in the treatment of any particular question, scalars have to be adopted, 
geometric algebra solution can becomes identical with the Cartesian one. It must 
always be remembered that Cartesian methods are mere particular cases of geo-
metric algebra. It is hoped that this historical survey of geometric algebra with 
originated with Grassmann and Clifford could lead to a kinematic interest in the 
mechanism community for the further applications. 
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Abstract This paper is an attempt to investigate the remote origins of the theories 
of machines and mechanisms. The work “Mechanica” (Lindsay, Energy: Histori-
cal Development of the Concept, 1975; Dugas, A History of Mechanics, 1988), 
attributed to Aristotelian tradition and considered the first explanation of the be-
havior of machines, is studied and discussed. His author is known as “pseudo-
Aristotle”, probably a follower of the great Greek philosopher. The properties of 
the circle, according to the author explain that behavior. 
 
Keywords History of mechanics, History of mathematics, Greek mathematicians, 
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Introduction 

The studies conducted in this paper use the first four sections of the treatise 
“Mechanica” in an English translation by E.S. Forster in Volume VI of the 
works of Aristotle, edited by W.D. Ross, a Clarendon Press appeared in London 
in 1913, p. 847-a to 850-b. By using the properties of the circle the author ex-
plains the dynamical behavior of machines at some length, coming close to intro-
ducing the parallelogram law of composition of vectors. He also studies the balance 
as a lever in rotational motion about the fulcrum whose discussions anticipate the 
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principle of virtual velocities [2,3]. The importance of the text “Mechanica” is 
not only because it geometrizes mechanical problems but also because it is in con-
trast with the statical method employed some years later by Archimedes (287–212 
B.C.) and Euclides in mechanics. There is an Arabic manuscript of 970 A.C. 
called “Book on the balance” which remained unknown to the western Midle 
Ages. Dr. Woepke has brought this manuscript to light as referred by René Dugas 
[4]. 

This dynamical approach is a remarkable advance in terms of future works 
like the contributions of Hero of Alexandria [5] to machines studies. It seems 
that Hero lived at some time during the second century A.D. He wrote a treatise 
“Mechanics”, divided in three books. In book one he studies some geared sys-
tems to move weights. A clear influence of “Mechanica” in his studies is shown. 
To Hero of Alexandria is also attributed: “Pneumatics”, “Automata”, “Metrics” 
and “Dioptra”. 

If we look at history of TMM the majority papers are of two categories. Some 
discuss their ancient origins [6] and others the modern contributions [7, 8]. 

“Mechanica”, the First Theory of Machines  
and Mechanisms 

In p. 847-a, the author refers to the context where mechanical problems appear: 
“Instances of this are those cases in which the less prevails over the greater, and 
where forces of small motive power move great weights – in fact, practically all 
those problems which we call Mechanical Problems… Among questions of a me-
chanical kind are included those, which are connected with the lever. It seems 
strange that a great weight can be moved with but little force, and that when the 
addition of more weight is involved; for the very same weight, which one cannot 
move at all without a lever, one can move quite easily with it, in spite of the addi-
tional weight of the lever”. 

The fact that “the less prevails over the greater” and where “forces of small mo-
tive power move great weights”, implies a force multiplication system, provided by 
the lever. The author attributed the original cause of “all such phenomena” to the 
properties of the circle. He considers that the circle has a great marvel that “con-
traries should be present together” and the circle is made up of contraries as a 
kind of dialectics inherent to this figure. He, then, made a detailed description of 
these contradictions: “The motion and rest, the concave and the convex, the pecu-
liarity of moving in two contrary directions at the same time…” 

To illustrate those properties he studies a system very similar to a gear train, 
as shown below in Fig. 1. 
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Fig. 1  

In p. 848-a, one can read: “Because a circle moves in two contrary forms of 
motion at the same time, and because one extremity of the diameter, A, moves 
forwards and the other, B, moves backwards, some people contrive so that as the 
result of a single movement a number of circles move simultaneously in contrary 
directions, like the wheels of brass and iron which they make and dedicate in the 
temples. Let AB be a circle and ΓΔ another circle in contact with it; then, if the di-
ameter of the circle AB moves forward, the diameter ΓΔ will move in a backward 
direction as compared with the circle AB, as long as the diameter moves round the 
same point. The circle ΓΔ therefore will move in the opposite direction to the cir-
cle AB. Again, the circle ΓΔ will itself make the adjoining circle EZ move in an 
opposite direction to itself for the same reason. The same thing will happen in the 
case of a large number of circles, only one of them being set in motion”. 

In Fig. 2, an anticipation of the rule of the parallelogram and vectors composition 
is presented as follows: 
 
 
 
 
 
 
 
 
 
Fig. 2 

“Now if two displacements of a body are in any fixed proportion, the resulting 
displacement must necessarily be a straight line, and this line is the diagonal of the 
figure, made by the lines drawn in this proportion. Let the proportion of the two 
displacements be as AB to AΓ and let A be brought to B, and the line AB brought 
down to HΓ. Again, let A be brought to ∆ and the line AB to E; then, if the pro-
portion of the two displacements be maintained, A∆ must necessarily have the 
same proportion to AE as AB to AΓ. Therefore, the small parallelogram is similar 
to the greater, and their diagonal is the same, so that A will be at Z”. 
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Obviously, if the proportion of the sides is not obeyed, the point will not move 
along the diagonal but following a curve. A circular or circumferential path is ex-
plained by the author, as a resultant of two components motions, related to each 
other according to a constantly changing ratio. Other properties of the circle come 
from Aristotelian tradition as “natural” and “unnatural” components. He refers to 
“natural” component that directed along the tangent at every point of the circle. 
The “unnatural” component, in the sense that it interfered with the “natural” tan-
gential movement, is that directed toward the center of the circle, and thus, at a 
right angle to the tangential component. As we mention, the author considers that 
the ratio between the “natural” and the “unnatural” components changed continu-
ously, resulting in a curved arc. In connection with his analysis of the lever, he in-
quired why the end point on a rotation radius traveled more quickly than some in-
termediate point on the same radius. Using Fig. 3, this analysis is made. 
 

 
Fig. 3 

Let the equal perpendiculars ZT and YO represent the natural tangential com-
ponents of arcs XT and BO. Let the vertical projections XZ and BY of the same 
arcs represent their respective unnatural components. Take ZT = YO, so that arc 
XT, described by the shorter radius, can be compared with arc BO, apart of arc BH 
described in the same time by the longer radius. Since XZ > BY, it follows that n2 
/ u2 > n1 / u1. By n and u we are designating the two components of the move-
ment: the natural (n) and unnatural (u). Or if we put the argument in terms of 
physical objects, a weight on the end point of a rotating radius moves more rap-
idly than a similar weight at an intermediate point because it is less interfered with. 
The analysis has some deficient points. YO represents the tangential component 
even when the radius is no longer at B on the circumference, but at O, where 
YO is by no means tangential. In order to express the greater velocity of the ra-
dius on the other arc, the author compares radius AX when it is at point T to 
AB, an extension of the same radius, when it is at point O, where it was formerly 
but is no longer. He asserts, but cannot prove, that the inequality between the ra-
tios n2 / u2 and n1 / u1 when the radii are at T and O holds everywhere on the cir-
cumferences. 
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For the analysis made above, it is the following the author’s conclusion: “The 
reason why the point further from the center is moved quicker by the same force, 
and the greater radius describes the greater circle, is plain from what has been 
said; and hence the reason is also clear why larger balances are more accurate 
than smaller… Therefore by the same weight the end of the balance must necessar-
ily be moved quicker in proportion as it is more distant from the cord (the ful-
crum), and some weight must be imperceptible to the senses in small balances, 
but perceptible in large balances…” 

To finalize the part of the manuscript under consideration, the author studies the 
balance with two kinds of restriction. The first one with the cord attached to the 
upper surface. The other with the cord attached to the lower surface. He intends 
to prove that, for the first case “if one takes away the weight when the balance is 
depressed on one side, the beam rises again”, while for the second, “it does not rise 
but remains in the same position”. It is explained in Figs. 4 and 5, below. 
 

 
Fig. 4  

“Let BΓ be a straight beam, and AΔ a cord. If AΔ were produced it will form 
the perpendicular AΔM. If the portion of the beam towards B be depressed, B will 
be displaced to E and Γ to Z; and so the line dividing the beam into two halves, 
which was originally ΔM, part of the perpendicular, will become Δθ when the 
beam is depressed; so that the part of the beam EZ which is outside the perpen-
dicular AM will be greater by θH than half the beam. If therefore the weight at E 
be taken away, Z must sink, because the side towards E is shorter”. 

“Let NE be the beam when horizontal, and KAM the perpendicular dividing NE 
into two halves. When the weight is placed at N, N will be displaced to O and E 
to P, and KA to Aθ, so that KO is greater than AP by θAK. If the weight, there-
fore is removed the beam must necessarily remain  in the same position; for the ex-
cess of the part in which OK is over half the beam acts as a weight and remains 
depressed”. 
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Fig. 5 

The Influences of “Mechanica” in Hero of Alexandria 

“The Mechanics”, a famous book of Hero of Alexandria, is known only by means 
of an Arabic manuscript from the IX century, translated into several languages. In 
this paper, we use the translation to French language by Carra de Vaux with 
comments by A.G. Drachmann, published by “Les Belles Lettres”, in 1988. 

In book one, Hero studies gear-trains mechanisms in order to move weights. 
These mechanisms are very similar to those studied by “pseudo-Aristotle”. The 
first mechanism is shown in Fig. 6, below. 
 

 
Fig. 6  

In p. 63, Hero wrote: “Lets move two equal circles, one ηεξδ, the other ζγθε, 
with centers in α and β, respectively and the point of contact of both ε. They move 
starting by this point and after some time, they turn a half-circumference. During 
this time, the point ε displaces the arc εηδ, arriving in δ the same displacement of 
the point γ. There are points turning in the same direction and others in opposite 
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directions. Similar points in the two circles have opposite movements and those 
symmetrically placed have movement in the same direction”. 

In Fig. 7, the author studies a similar mechanism but with circles of differ-
ent diameters. 
 

 
Fig. 7  

In p. 65, one reads: “Now, lets suppose two different circles with centers in α 
and β, respectively. The relationships are not perfect like in the previous case. By 
considering two points that turn from ε and, as an example be the diameter γε the 
double of diameter εδ. The arc εξδ will be the double of the arc εηδ as demon-
strated Archimedes; then, the time elapsed by the point ε to describe the arc εη 
moving towards the point γ, the same point ε moving in opposite direction de-
scribes the arc εηδ; the same time that the point starting at ζ describes the arc ζγ, 
one point starting at δ describes the arc δξε  and arrives at point ε”. 

The considerations above made by Hero of Alexandria are very similar to 
those made by pseudo-Aristotle” in Fig. 1 about the properties of the circle. 

In p. 69/70, Fig. 8, one can read considerations quite similar to the parallelo-
gram law discussed in “pseudo-Aristotle”. 
 

 
Fig. 8 
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Lets suppose the motion of one point described by two regular motions belonging 
to lines of different lengths. Looking at Fig. 8, the parallelogram αβγδ; αδ being the 
its diagonal. The point α described by one regular motion αβ, and the line αβ itself 
being transposed by a regular motion over the lines αγ, βδ such that this line is main-
tained parallel to the line γδ. The time elapsed by the point α to arrive in β is equal to 
the line αβ to arrive in γδ. Consequently, the motion of point α describes two lines of 
different lengths and when the line αβ is displaced during any interval like εζ, the 
point α moving over the line αβ in the same time is over the line εζ; the relationship 
between αγ and αβ is δγ which is equal to the relation between the length αε to the 
length of the line over that the point is moving. Or the relation αγ /γδ is equal to rela-
tion αε /εη. Hence, the point which is moving over the line αβ is going towards η 
over the line αδ, the diagonal. It is then proved that the point which describes the 
line αβ stays ever over the line αδ; during that travel the point is moving over the 
lines αβ and αδ and that point with a regular motion describes two lines of different 
lengths. Therefore, the motion of the point over the line αβ that is simple, while the 
motion along the diagonal αδ is composed of motion of αβ over the lines αγ, βδ and 
the motion of α over the line αβ. Yet, the point α described by the same time and the 
regular motion of two lines of different lengths. 
 

Conclusions 

The dynamical tradition where we can identify the origins of the theories of ma-
chines and mechanisms began with the Greek author of “Mechanica” usually 
thought to have been among the first few generations of Aristotelians. As shown in 
this paper he devoted considerable attention to mechanical systems like mecha-
nisms, especially systems that operate like a gear train in a modern sense. He 
then created a conceptual basis to explain the kinematics involved by the proper-
ties of the circle. He also studied the balance, whose principles it was asserted, il-
luminate a wide range of mechanical problems. In this context “pseudo-Aristotle” 
contained several important and original contributions like an appreciation of 
compound motion, for which the author developed a primitive sort of vector 
analysis with the first known statement of the parallelogram of forces. His attempt 
to geometrize the constrained movement of a rotating beam to study the balance is 
also an incipient formulation of the principle of virtual velocities [9–11], very 
useful and important tool for the study of mechanisms of articulated bars and oth-
ers similar. These ideas consolidated some of the general notions of Aristotle 
mainly your dynamical approach to the science of motion [12]. 

With respect to the analysis of mathematical properties of circular motion and its 
applications to the behavior of the lever or balance, some remarks must be done. 
The analysis of circumferential path, as he explained, was a resultant of two com-
ponent motions related to each other according to a constantly changing of ratio. He 
denominated these two components by “natural”, and directed along the tangent at 
every point of the circular trajectory. The other component “unnatural”, in the 
sense that it interfered with the previous one, the natural and tangential, was 
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directed toward the center of the circle, obviously at right angle to tangential  
component. In the author’s definitions, the ratio between the natural and the un-
natural components changed continuously and the resultant was a curved arc. 
When the ratio is constant between the two components acting in an angle, the re-
sultant will be a straight line, the diagonal of the parallelogram. 

In spite of the different approaches to mechanical problems, there is an important 
similitude between “pseudo-Aristotle” and Archimedes. Both made at the same 
time a geometrization of mechanics and a mechanization of geometry. This appears 
in “Mechanica” in the study of balance or lever as well as in Archimedes study 
of lever and in centers of gravity of figures [13]. 

A good overview on recent history of TMM is given by Ceccarelli [8]. He di-
vided the contributions to TMM starting from early years works arisen at Poly-
technic School in Paris since that it was established in 1794. The author considers 
that date the foundation of modern TMM. 

The evolution of TMM continues until to become a discipline in the XX-th cen-
tury. Subsequent periods can be identified in the 1960s years and finally in 1990s 
years when TMM assumed a character of engineering science. 
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Biographical Notes 

Kurt Hain (Fig. 1) was born on May 24, 1908 in Leipzig (Saxony, Germany) [1]. 
After having finished his apprenticeship as a mechanic and turner he studied me-
chanical engineering at the Höhere Maschinenbauschule in his native town. The 
then highly appreciated Paul Knechtel taught him and evoked in him the interest 
in kinematics as the basic knowledge for the increasingly developing mechaniza-
tion period. This meant a key experience for Kurt Hain and fixed his future pro-
fessional career. After his studies he worked several years with different compa-
nies in Leipzig, Dessau and Dresden until he moved with his family in 1939 to 
Braunschweig where he worked as a research and test engineer in the National 
Aviation Research Institution. This institution changed just after the war into the 
Forschungsanstalt für Landwirtschaft (Research Institution of Agriculture). Kurt 
Hain became head of the Department of Kinematics in the Institut für Landtech-
nische Grundlagenforschung (Institute of Agro-Technical Basic Research) of the 
FAL and made for example also major improvements in the design of tractor-
drawn farm implements. He retired in 1973. 

 
 

Fig. 1  Kurt Hain (1908–1995) 

Personality and Activity  

Kurt Hain is well known in the community of Mechanism and Machine Science 

 

(MMS) both for his personality and activity. His works are still considered as an 
important background and even source of inspiration, as outlined in [2].  
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Main activities of Kurt Hain were: 
- promoter of IFToMM spirit 
- honorary IFToMM member 
- great scientist personality in MMS (published more than 500 works, formed and 

directed young researchers, directed national and international initiatives, re-
ceived honours and awards) 
Today Kurt Hain is a part of MMS history. His masterpiece “Angewandte Get-

riebelehre” was soon translated into English in “Applied Kinematics” by several 
USA friend-colleagues of him [3]. The book summarizes most of his work in the 
field of kinematics, as based on an approach bringing theory into practice. 

The research activity of Kurt Hain was aimed to practical applications and to a 
teaching of both the solutions and approach for the formation of clever profession-
als. Thus, he continued the German tradition of using models of mechanisms (Fig. 9 
and 11) to explain design aspects and operational features, even when computer 
technique was emerging as a potent means both for teaching and design research. 
He always preferred the possibility to control and to guide computations with 
models and he preferred a formulation that could also help to interpret the results 
and the intermediate steps. 

Mentor of HMM 

Kurt Hain can be considered as a mentor and promoter of IFToMM since with his 
open-minded attitude and ability for cooperation he was a brilliant example of an 
IFToMMist. Within this frame he contributed considerably and got benefit of the 
cultural environment that gave the Second Golden Age for Theory of Machines 
and Mechanisms (TMM, today MMS), whose main characters are outlined in [4]. 
The First Golden Age can be identified in the second half of the 19th century with 
great developments in theory and practice of mechanisms which enhanced engi-
neering during the Industrial Revolution. Relevant contributions were given by the 
German Schools of Kinematics of Mechanisms within which Kurt Hain was 
formed and inspired. 

Kurt Hain was not directly involved in the foundation of IFToMM. However, 
his activity was directed to collaboration and dissemination of engineering for the 
benefit of the society which made him recognized as if he would have been in the 
group of the IFToMM founding fathers. For those of the third generation of 
IFToMMists he is a brilliant example of the significance of the IFToMM spirit for 
worldwide collaboration and promotion of TMM in order to achieve personal sat-
isfaction and useful goals for the community. 
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The Reflection of the Lifework of Kurt Hain  
at the DMG-Lib 

Since 2005 the Deutsche Forschungsgemeinschaft (DFG, German Research 

bibliothek” (Digital Mechanism and Gear Library; abbreviated DMG-Lib, 
www.dmg-lib.org). The focus is on: 
1. development and realization of powerful infrastructures including required 

tools for digitization, preparation, accumulation and suitable presentation of in-
formation, 

2. the selection, collection and preservation of knowledge in the mechanical en-
gineering field of mechanical motion systems which is available in heteroge-
neous sources (Fig. 2), 

3. design of an internet-based, multilingual digital library for the mechanism and 
gear technology being the central information memory in motion technology. 

 
Fig. 2 Insight into the variety of sources from which contents is integrated into 

the DMG-Lib 

As a pioneer of Applied Kinematics Kurt Hain doubtlessly belongs to the most 
significant German researchers in the field of motion technology. He left behind a 
considerable lifework with his 13 books, approximately 380 academic writings, 
176 gear models as well as several other writings and drawings which are nearly 
completely publicly available in digital form through the DMG-Lib project. 

The following sections give an overview of the lifework of Kurt Hain at the 
DMG-Lib. 

Hereby, based on findable general search results in the DMG-Lib with the term 
“Hain” different documents belonging to Kurt Hain are presented. The documents 
are sub-divided into personal description, literature, models, and interactive an-
imations. For more information about the DMG-Lib project see [5]. 

General Search 

Searching the DMG-Lib with the term “Hain” results in a list with 538 documents 
(Fig. 3). These include 522 works of primary and secondary literature, 55 model 

 

Foundation) funds a project called “Digitale Mechanismen- und Getriebe-
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descriptions, 41 interactive animations (including “Hain” in their name) and a per-
sonal description as well. In addition, some documents are origins for access to 
further information and resources concerning “Hain”. For example, model de-
scriptions are typically connected with interactive animations and videos to com-
prehend the kinematics of the described gear models in a better way. 
 

 
Fig. 3 A snapshot of the results by searching for the term “Hain” 

Besides a simple search a differentiated or advanced search can be carried out. 
Here, the highlight is particularly the full text research in the total stock of works. 
Among other things this allows for the finding of sources or citations of Kurt Hain 
in works of other authors. 

Personal Description 

Personal descriptions with short biographies and tabular résumés take a central 
position at the DMG-Lib. Information about Kurt Hain is displayed in Fig. 4. 
Publications relating to persons as well as supplementary literature are added in 
chronological order to the personal descriptions. Based on this numerous works 
are accessible in full text. 
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Fig. 4 Snapshot about information concerning the person Kurt Hain 

Literature 

Kurt Hain is with his lifework momentarily the most frequently represented author 
in the DMG-Lib. His 508 visible works approximately correspond to half of all 
examinable and searchable works. According to Fig. 5 Hain had a very creative 
period particularly at the beginning of the 40s. Solely in 1944 he wrote more than 
40 articles.  

Even after the Second World War till his death in 1995 he continuously devel-
oped a considerable quantity of publications. Within these 50 years of his scien-
tific work this corresponds to approximately 10 publications each year. 

A large part of Kurt Hain’s publications are scientific papers. This explains 
why the momentarily number of visible pages is not dominated by Hain’s publica-
tions (Fig. 6). However, more than 5000 pages of Hain’s lifework are reflected in 
his wishes to gather expertise in the field of motion technology as well as adjacent 
research areas and to convey it to his readership. 
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Year of publication

Number of documents

all authors: 924

by Hain: 508

 
Fig. 5 Number of examinable works per year of publication at the portal 

(Status: March 2008) 

 

Year of publication

Number of pages

all authors: 28211

by Hain: 5590

 
Fig. 6 Number of examinable pages per year of publication at the portal 

(Status: March 2008) 

not seen as publications in the narrower sense are publicly available through the 
DMG-Lib. This involves e.g. reviews, course material, unpublished manuscripts 
and handwritings. 

A book viewer is available at the DMG-Lib-Portal for work with text docu-
ments. It combines usual standard features known from PDF displaying software 
as well as specific features adjusted to the needs inside the DMG-Lib. 

Figure 7 shows one page of the Hain book “Getriebelehre: Grundlagen und 
Anwendungen” [6] as seen in the book viewer. This figure shows exemplarily the 
search results after terms starting with “Fadengeber” (English: thread take-up 
lever) for the viewed page as well as for the entire book. 

An important DMG-Lib specific feature is to embed animations into book 
pages. It allows the reader e.g. to view the “Fadengebergetriebe” shown in Fig. 7 
in motion (Fig. 8). The book “Getriebelehre: Grundlagen und Anwendungen” 

From the librarian point of view it should be noted that even documents that are 
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includes 62 embedded animations for a better understandability of kinematic 
properties. The used software for generation of embedded animations is MASP 
(Modeling and Analysis of Solution Principles, see [7, 8]).  

Fig. 7 Term search inside the book viewer with corresponding results 

Models 

Kurt Hain designed 176 display models in the course of his scientific work. Only 
97 of them (among them 76 original models) exist as physical models (Figs. 9 

 

 

 

 

 
Fig. 8 Interactive illustration of a model inside a book 
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Fig. 9 Cabinet with Hain models at the TU Dresden 

 

 
Fig. 10 Example from the mechanism atlas by Kurt Hain containing drafts of 

mechanism models 

 
 

 

and 10). At the DMG-Lib 61 of these Hain models among them are 11 of similar 
design are prepared as interactive animations for the public. 
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 Fig. 11 Search results for Hain models in the gallery mode 
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Furthermore, 18 model descriptions of Hain models are placed at the disposal 
in the DMG-Lib portal. Figure 11 shows thumbnails of described models in a gal-
lery mode to provide the user with an insight into the stock. The model description 
can be displayed by a click on the thumbnail which is shown in Fig. 12 for an 
eight-bar linkage (8-gliedriges Koppelgetriebe).  

 
Fig. 12 Visible metadata for a model in the portal 

Interactive Animations 

Another DMG-Lib feature is the provision of interactive animations of selective 
gears and mechanisms (Fig. 13). Here, purpose-processed animations approve an 

 

 

To describe a model currently 43 metadata are considered like formal (e.g. 
builder, location, used material), functional (e.g. type of the drive movement), 

cases) and referring (e.g. further sources like interactive animations, figures, vid-
eos) attributes. 

structural (e.g. number of links, gear dimension), application related (e.g. use 
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interactive adjustment of the pictured mechanism or gear dependent on the posi-
tion of the mouse cursor. This significantly improves the comprehension of the 
mechanism model functionality and hence the identification of common kinematic 
coherences. For the generation of interactive animations the software MASP is 
also used [7,8]. 

Fig. 13 Accumulated animation for a “Fadengebergetriebe” 
(thread take-up lever) from [6] 

Source material for interactive animations can differ. The animation displayed 
in Fig. 13 is based on an engineering drawing. In contrast, the source material in 
Fig. 14 is taken from a sequence of 400 different mechanism positions that were 
recorded automatically. At this stage, more than 500 interactive animations are in-
cluded in the DMG-Lib. More than 120 of them are based on figures or models of 
Kurt Hain.  

Each interactive animation can be treated as a video allowing to use common 
video recorder features (play, stop, pause, speed control etc.). However, the qual-
ity of freeze-frames is in accordance to its original material better than conven-
tional video material due to the avoidance of motional blur. 
Another surplus yields the realization of metadata ( ), and the modification of 
viewer settings ( ), like e.g. the fade in and masking of background images or 
additional information. 
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Fig. 14 Accumulated animation for an eight-bar linkage 

(8-gliedriges Koppelgetriebe) 

Conclusions 

Kurt Hain belongs to the pioneers of Applied Kinematics in Germany. He leaves a 
considerable lifework in nearly all fields of motion technology behind. By means 
of the DMG-Lib project the internet-based publication of his works is accom-
plished. The aim of the DMG-Lib project is to collect, save, systematize, and digi-
tize the knowledge of gears and mechanisms and make it available in an appropri-
ate and researchable way in the internet. 

The way of the internet-based representation of contents provided by the DMG-
Lib is demonstrated by taking the example of Kurt Hain’s lifework. This is not 
only done by a targeted search for relevant text passages in full texts but also with 
the help of interactive animations for a better understanding of motion sequences, 
by the possibility of target-oriented gear retrieval or by links to continuing infor-
mation (e.g. in life data and other works of authors of a specific work). 

An extension of the DMG-Lib contents is aimed for in the future. Qualitatively 
new approaches for the retrieval and representation are intended alongside. The 
aim is to design a solution memory for motion systems (see [9]). 
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Abstract Developments in natural philosophy and the scientific method in the 6th 
and 5th Centuries BC led to rapid development of engineering design in the 4th to 
1st Centuries BC in the Greek and Hellenistic world, reaching maturity in the 
Roman Empire after the 2nd Century AD when Greek mathematical works started 
being translated into Latin. Design rules and concepts were practiced extensively by 
the engineers of ancient times leading to machine design from machine elements to 
the design of a machine as a system. Purely mechanical treatises on machinery go 
back to the 4th century BC. For the solution of mechanical problems and the design 
of equipment many basic scientific principles had to be explained at this time, and 
also trial and experimentation was established. The process of engineering design 
evolution from the 4th century BC up to modern era is discussed here.  
 
Keywords Machine design, Origins of machine and mechanism designs 

Introduction  

The principles underlying design activity were investigated very early in history 
Dimarogonas. This process is confined with the machines and mechanisms which 
were designed in a systematic way and not arrived at empirically through a 
process of long evolution. This is a point that separates engineering science 
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from technology and crafts. The first design theory was part of aesthetics, where 
aesthetic (beautiful) included also functional (useful) and ethical (the good) attrib-
utes. Function and ethical were inseparable from form. The philosophical founda-
tion of knowledge, aesthetics and ethics are discussed in the works of Dimarogo-
nas [11,12,14–16] in order to identify their implications in engineering design. 
After 2005 that the contents of the Archimedes Palimpsest were retrieved [43,44], 
new evidences for the influence of natural philosophy and the scientific method in 
the 6th and 5th Centuries BC in the development of engineering as a science in the 
4th to 1st Centuries BC can be traced. 

The Miletian (Ionian) philosophers in the cities of Ionia, the Greek-inhabited 
coast of Asia Minor, sought the principle of the universe in the concrete material 
substance that is perceivable by the senses [36]. The Ionian philosophers are also 
referred to as pre-Socratic philosophers [47], as much of their work was com-
pleted before the time of Socrates (469–399 BC). In the 6th century BC, Thales 
(620–546 BC), founded the Miletian School of natural philosophy and developed 
the scientific method to investigate the basic principles and the question of the 
originating substances of matter (Diogenes Laertius) [18,8,20,19,28]. Thales, 
Anaximander (ca. 610 BC) and Anaximenes (ca. 560–528 BC), developed their 
ideas about the Universe and the laws describing its behavior.  

The later Ionians were Heraclitus (ca. 550–475 BC), Anaxogoras of Clazomenae, 
in the coast of Asia Minor, (500–428 BC), Empedocles of Acragas (in Sicily) 
(492–432 BC) and the Atomists Leucippus (5th century BC) and Democritus from 
Abdera (460–370 BC). Anaxagoras speculated that in the physical world every-
thing contains a portion of everything else and Mind (Nous) is the initiating and 
governing principle of the cosmos [17,42,30]. 

Leucippus is regarded as the founder of atomic physics, and is reported to state 
that the atoms are always in motion [17,42,2]. Democritus expanded the atomic 
theory of Leucippus [17,23,42]. He maintained the impossibility of dividing things 
ad infinitum. From the difficulty of assigning a beginning of time, he argued the 
eternity of existing nature, of void space, and of motion. Epicurus borrowed the 
principal features of his philosophy from Democritus. Pythagoras of Samos 
(ca. 569–475 BC) made important developments in mathematics, astronomy, and 
the theory of music. The rigorous proof was introduced by Pythagoreans, based in 
deductive logic and mathematical symbolism. Experimentation was established as 
a method for scientific reasoning (Proclus Diadochos 410–485 AD).  

Heraclitus of Ephesus (ca. 550–475 BC), was a contemporary of Pythagoras, 
Lao-Tzu, Confucius, and Siddhartha, the Buddha. He is best known for his doc-
trines that things are constantly changing (universal flux), that opposites coincide 
(unity of opposites), and that fire is the basic material of the world. Similar theo-
ries with those of Heraclitus concerning world views and philosophy were devel-
oped by Lao-Tzu in China without any known way of correspondence [37]. Hera-
clitus appears to have been the first to separate the study of motion itself from 
dynamics, the forces causing the motion, and introduced the principle of retribu-
tion, or change, in the motion of celestial bodies [46]. 

The Eleatic philosophy was founded by Xenophanes of Colophon who lived in 
various parts of the ancient Greek world during the late 6th and early 5th centuries 
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BC. Parmenides of Elea (515–450 BC), Zeno of Elea (490–420 BC), and Melissus 
of Samos (475–410 BC), apparently a student of Parmenides, are considered to be 
the Eleatic philosophers [9,47]. In the search for truth, the Eleatics, in contrast 
with the Ionian philosophers rejected any input from sensory experience. The 
Eleatics felt mathematics to be the method of arriving at the truth. They argued 
that the true knowledge of being can be discovered through reason, beyond the 
false impressions of the senses. Zeno, according to Aristotle was the inventor of 
“dialectic” and the so called “indirect proof”. Aristotle reproduced Zeno’s argu-
ment for the impossibility of motion in his Physics [31]. Empedocles, Anaxagoras, 
and Philolaus, tried to meet the same challenge, and did so in very different ways.  

Although the Eleatic thinking was not perfect, important beginnings of logic 
were developed. Platon (429–347 BC) and Aristoteles (ca. 384–322 BC) formu-
lated the Eleatic philosophy into a science that served as an instrument for the par-
allel development of the natural sciences, especially mathematics and physics 
[11,12]. 

The search for Reason led to the development of a generalized science as dis-
tinct from a set of unrelated empirical rules.  

Aristotle’s from Stagirus, Thrace (384–322 BC) at the age of 17 joined the 
Academy and studied under Plato. Later, he set up his own school, the Peripatetic 
school, at a place called the Lyceum [21]. In his definition of “substance” states 
that it is “the being which exists by itself and does not need anything else for its 
existence” yielding the ontological, Cartesian definition. This definition of sub-
stance considered both the Heraclitus philosophy, everything is changing, as well 
as the Eleatics philosophers’ inquiry of truth through mathematics. Aristotle’s 
works on natural science include Physics, which gives a vast amount of informa-
tion on astronomy, meteorology, plants, and animals.  

Xenocrates of Chalkedon (396–314 BC) was explicit about the division of phi-
losophical topics implicit in Plato, into “physics”, “ethics”, and “logic”; this be-
came the norm in Stoicism [21]. Strato (Straton) of Lampsacus (d. 269 BC) was 
the second successor of Aristotle in the Lyceum, following Aristotle’s successor 
Theophrastus in about 286 BCE. Strato’s origin was Lampsacus, a Greek city on 
the eastern side of the Hellespont in northern Troas (now part of Turkey). He was 
known in Latin as Strato Physicus. His extensive writings included a non-
teleological reinterpretation of Aristotle’s physics, which influenced Alexandrian 
philosophers such as Hero. Strato introduced an important kinematic criterion of 
equilibrium, the principle of virtual velocities. Strato’s other theories included the 
notion space was porous, objects containing different amounts of the void (which 
accounted for differences in weight); he also corrected Aristotle’s claim that bod-
ies fall at a constant speed, noting that in fact they accelerate [3].  

The subject of philosophy, as it is often conceived – a rigorous and systematic 
examination of ethical, political, metaphysical, and epistemological issues, armed 
with a distinctive method – can be called a Plato’s invention. The most fundamen-
tal distinction in Platon’s philosophy is between the many observable objects that 
appear beautiful (good, just, unified, equal, big) and the one object that is what 
beauty (goodness, justice, unity) really is, from which those many beautiful (good, 
just, unified, equal, big) things receive their names and their corresponding 
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non-contradiction, and propounding an incoherent theory of knowledge based on a 
radical flux [22]. The philosophical inquiry developed in parallel with the establish-
ment of the principles involving the initial steps of the mechanisms and machines 
design theory, from the 6th century BC, are discussed here in a chronological order. 

The Origins of Machines and Mechanisms Design  

Reuleaux [33] suggested as the earliest machine the twirling stick for starting fire 
and discussed further other early machinery such as water mills. The lever and the 
wedge are technology heritage from the paleolithic era. The first known written 
record of the word machine appears in Homer (ca. 800 BC) and Herodotus (ca. 
484–425 BC), to describe political manipulation [14–16, 5]. The word was not 
used with its modern meaning until Aeschylus ca 450 BC used it to describe the 
theatrical device used extensively in the ancient Greek theatre as a stage device to 
lift actors, chariots or flying horses in the air, as though flying, portraying the de-
scent of gods from the sky and similar purposes. The mechane is also known with 
the Latin term Deus Ex Machina. Mechanema (mechanism), in turn, as used by 
Aristophanes (448–385 BC), means “an assemblage of machines”.  

Purely mechanical treatises on machinery go back to the 4th century BC. One of 
Plato’s contemporaries and friends and a student of Pythagoras, Archytas of Tar-
entum (ca. 400–365 BC), is said to have written the first systematic treatise on 
machines based on mathematical principles. This is lost. Archytas built an air-
propelled flying wooden dove (Aulus Gellius, ca. 150 AD). Details about Archy-
tas’s dove are not known but it seems to be the first flying machine [15,16].  

The simple pulley, used not to gain mechanical advantage but just to change the 
direction of pull, is first known from the 9th century BC and may well have been 
known to the Greeks before they began to build in megalithic masonry in the late 
seventh century BC. About 400 BC the Greeks had put to use compound pulleys. 

The principles of statics and dynamics were discussed by Aristotle (ca. 384–322 
BC) in Mechanica (Problems of Machines), the first extant treatise on the design 
of machines, probably written by one of Aristotle’s students in Lyceum. 
Mechanica starts with the definition of machine, which in that era was synony-
mous with mechanism. In fact, mechanisms were the only machines known. 
Mechanica contains remarkable discussions of the mechanics of the lever, the 

characteristics. Plato seems to have used Heraclitus’ theory (as interpreted by 
Cratylus) as a model for the sensible world, as he used Parmenides’ theory for the 
intelligible world. Both Plato and Aristotle viewed Heraclitus as violating the law of 

The earliest indisputable evidence for knowledge of compound pulley systems 
is referred in the Mechanical Problems attributed to Aristotle around 330 BC. 
Aristotle mentions gears, (wheel drives in windlasses). He said that the direction 
of rotation is reversed when one gear wheel drives another gear wheel. Philon of 
Byzantium (ca. 250 BC), a student of Ctesibios at the Museum was one of the first 
who used gears in water raising devices. Archimedes around 260 BC, used gears 
in various constructions and were well-known to the Alexandrian engineers.  
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balance, the wedge, rolling friction, the strength of beams, impact, mechanical ad-
vantage, and the difference between static and kinematic friction. Aristotle, further 
discusses several purely kinematic aspects of mechanisms. such as: the vectorial 
character of velocity, the superposition of velocities, and the parallelogram law for 

Ctesibius (ca. 283–247 BC), was the designer of the precision water clock. He 
left many writings, which were subsequently lost, and only references to them by 
his students, notably Philo and Hero, are extant. Vitruvius (De Architectura) de-
scribed the method used by Ctesibius to design a device for lifting a mirror for a 
barber shop. In fact this can be considered the first original mechanism that has 
been designed to order on the basis of engineering reasoning.  

Archimedes (287–212 BC) contributed to knowledge concerning the five sim-
ple machines – winch, pulley, lever, wedge, and screw-known to antiquity, sys-
tematized their design and the study of their functions, and developed a rigorous 
theory of lever and the kinematics of the screw [6]. He invented the entire field of 
hydrostatics with the discovery of the Archimedes’ Principle. Archimedes studied 
fluids at rest, hydrostatics, and it was nearly 2000 years before Daniel Bernoulli 
took the next step when he combined Archimedes’ idea of pressure with Newton’s 
laws of motion to develop the subject of fluid dynamics [10,39]. He provided a 
theoretical explanation of the pulley kinematics. The Antikythera mechanism was 
analyzed by Derek De Solla Price of Yale University [7], who concluded that it 
was an ancient planetarium in which the positions of the heavenly bodies were in-
dicated by dials on the face of the device. The gearworks are about as complicated 
as those in a modern mechanical clock and represent the earliest physical evidence 
of an advanced metallic mechanism. Price gives evidence that this mechanism was 
in the Archimedean tradition and strongly suggests that Archimedes’ planetarium 
was its forerunner.  

Euclid’s Elements, written about 300 BC, a comprehensive treatise on geometry, 
proportions, and the theory of numbers, is the most long-lived of all mathematical 
works. This elegant logical structure, formulated by Euclid based on a small num-
ber of self-evident axioms of the utmost simplicity, undoubtedly influenced the 
work of Archimedes ([36], Proclus). Archimedes introduced step-by-step logic 
combined with analysis and experiments in solving mechanical problems and the 
design of machines and mechanisms.  

Philo of Byzantium (ca. 280–220 BC) also known as Philo Mechanicus (Engi-
neer in Greek), was a student of Ctesibius at the Museum. Some fragments of an 
extensive treatise, Mechanike syntaxis (Compendium of Mechanics) exist. His 
treatise dealt among other things with the idea of machine elements, a small num-
ber of simple elements that constitute every machine. Different machines are con-
stituted from different syntheses of these basic machine elements [26,27]. A sec-
tion of Philo’s Pneumatics which has so far has been regarded as a later Arabic 
interpolation, includes the first description of a water mill in history [24,48].  

velocity addition, the concepts of absolute and relative velocity of points along a 
link of a machine. Strato (Straton) of Lampsacus (d. 269 BC) known in Latin 
as Strato Physicus the second successor of Aristotle in the Lyceum, following 
Aristotle’s successor Theophrastus in about 286 BCE introduced an important 
kinematic criterion of equilibrium, the principle of virtual velocities [15,16].  



64      T.G. Chondros 

 

Hero of Alexandria born possibly in Alexandria, Egypt (ca. 10–70 AD) almost 
three centuries after Archimedes, expanded on his laws concerning levers. Heron 
wrote a number of important treatises on mechanics. They give methods of lifting 
heavy weights and describe simple mechanical machines. Heron separated the 
study of particular machines and the general concepts of machines from the study 
of standardized elements. He introduced five simple mechanical elements for the 
solution of the general problem of moving a weight with a given force: wheel and 
axle, lever, windlass, wedge, and screw. Heron’s Mechanica is based quite closely 
on ideas due to Archimedes. Mechanica gave the first systematic development of 
design solutions to a given mechanism problem. Heron has developed a great 
number of automata, including vending machines. It is to be noted that these de-
vices were original designs employing advanced principles such as feedback con-
trol and not devices made on the basis of long evolution of a craft. There are, 
rather remarkably, descriptions of over 100 machines such as a fire engine, a wind 
organ, a coin-operated machine, and a steam-powered engine called an aeolipile, 
Heron’s aeolipile, which has much in common with a jet engine [26,27]. 

The Greeks from Syracuse developed the first catapults, as a result of engineer-
ing research financed by the tyrant Dionysius the Elder of Syracuse in the fourth 
century BC. To mechanize the archer’s motions the catapult engineers incorpo-
rated a number of appropriate design features [38,12,13,6]. One of the crucial 
steps in designing the torsion springs was establishing a ratio between the diame-
ter and the length of the cylindrical bundle of elastic cords. This optimization of 
the cord bundle yielding a complex stone-thrower formula was completed by 
roughly 270 BC, perhaps by the group of Greek engineers working for the Ptole-
maic dynasty in Egypt, Thera and at Rhodes. Philo of Byzantium, Archimedes of 
Syracuse and Hero of Alexandria, were famous for their work on catapults. Most 
of the group of the solvers of the cube-root problem had either a direct or an indi-
rect connection with catapults. Pappus of Alexandria (290–350 AD [29]), the last 
of the great Greek geometers wrote commentaries on Euclid’s Elements and 
Ptolemy’s Almagest. In his treatise Mathematical Collection, discusses the study 
of mechanics “examining bodies at rest, their natural tendency, and their locomo-
tion in general, not only assigning causes of natural motion”.  

Commentators on the classics flourished in Rome. They not only preserved 
most of the classical culture but made substantial advances of their own. Vitruvius 
ten books De Archetecture (on Architecture) contained important material on the 
history of technology and on the design of machinery. Vitruvius defined a ma-
chine as “a combination of timbers fastened together, chiefly efficacious in mov-
ing great weights”. Vitruvius studied Greek philosophy and science and gained 
experience in the course of professional work.  

The diffusion of Roman culture into highly religious medieval Europe shifted 
the emphasis to the practical needs of worshipping God. The influence of the 
works of the pioneers of science and engineering in classical times in medieval 
and the early modern era was due mainly to Latin and Greek–Latin versions 
handwritten, and then printed from the 13th to the 17th centuries. Design method-
ology returned to the level of a craft, and no noticeable advancements were re-
corded until the time of Leonardo da Vinci (1452–1519). The early modern era is 
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highlighted by the works of Galileo (1564–1642) and Newton (1642–1727) and 
includes the early stages of mechanization and the Industrial Revolution. The sub-
jects of Mechanical Engineering have attracted more and more interest since early 

Newton, further, was the first to place dynamics on a satisfactory basis, and 
from dynamics he deduced the theory of statics: this was in the introduction to the 
Principia published in 1687 [34]. Design of machines and mechanisms in modern 
times were established in 1794 when The Έ cole Polytechnique in Paris estab-
lished the separate study of kinematics from the study of machinery. Releaux in 
1875 published Theoretische Kinematik on an attempt to systematize and classify 
a great number of different machines and mechanisms, a “mechanical alphabet” 
[15,16].  

The contribution of Leonardo Da Vinci, Galilei and Newton, the redefinition of 
classical physics and mechanics, the separation of the study of kinematics and the 
study of machinery in the 18th century, the early mechanization and the progress 
during the Industrial Revolution yielded the development of engineering design as 
a systematic process in modern era. Various methods by which the different ap-
proaches and requirements of engineering design can be synthesized and evaluated 
appeared: mathematical analysis, computer modeling and simulation, experimen-
tal prototyping and testing, and extrapolating information from past experience 
[15,16].  

Conclusions  

Beginnings of logic were developed by Plato and Aristoteles into a science and 
served as an instrument for the parallel development of the natural sciences, espe-
cially mathematics and physics, by such pioneers as Pythagoras, Heraclitus, 
Euclid and Archimedes. The search for Reason in classical times led to the devel-
opment of a generalized science as distinct from a set of unrelated empirical rules. 
Rigorous proof was introduced, based in deductive logic and mathematical sym-
bolism. Experimentation was established as a method for scientific reasoning. 
Kinematics and machine design have a distinct place in the history of engineering 
because they comprised a rational step-by-step logic to receive further a mathe-
matical foundation.  

Developments in natural philosophy and the scientific method in the 6th and 5th 
Centuries BC led to rapid development of engineering design in the 4th to 1st 
Centuries BC in the Greek and Hellenistic world, reaching maturity in the Roman 
Empire after the 2nd Century AD when Greek mathematical works started being 
translated into Latin. Design rules and concepts were practiced extensively by the 

Renaissance both for practical applications and from a theoretical viewpoint in re-
sponse to an increase of societal needs. Le Mecaniche is considered as a minor 
work of Galilei’s since it is regarded as a preliminary step in the development of the 
masterpieces of Galilei in the field of experimental mechanics. In Le Mecaniche, 
Galilei approaches the analysis of fundamental machines for lifting weights, 
namely lever (‘lieva’), capstan (‘argano’), pulleys (‘taglie’), and screw (‘vite’).  



66      T.G. Chondros 

 

engineers of ancient times leading to machine design from machine elements to 
the design of a machine as a system. Purely mechanical treatises on machinery go 
back to the 4th century BC. Abstract reasoning based on mathematical analysis 
and engineering science, distinguished from mere empiricism, formed the basis for 
engineering design as a science using mathematics and reason.  
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Abstract Mechanical Engineering is probably the forerunner of many branches of 
Engineering and has persistently been their companion up to the present. For this 
reason, the History of Machines embraces a very broad period of the History of 
Mankind, and can be studied from many perspectives. This paper attempts to link 
progress in Mechanical Engineering to the great cultures that have arisen through-
out the History of Mankind. 

This paper begins with the anonymous mechanical developments that appeared 
in Prehistory and opened up the way to the first civilisations, marked to a large ex-
tent, maybe, by Greco-Roman culture in Europe and by China in Asia. After them 
came the Islamic world, which, in the Middle Ages stimulated society to find new 
mechanical devices and set the foundations that would lead to the Renaissance. 
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Outstanding in this period was the expansion of Italian, French and German crea-
tive and innovative thinking with its “Treatises on Machines”, which, for a short 
time, coincided with the advance of the Iberian Empire and the development of 
machinery for the New World. Finally, the Industrial Revolution became the cli-
max of all previous developments and a period of rapid mechanical evolution be-
gan that was to be highly interesting from a historical and technological point of 
view. This was accompanied by a parallel interest in reflecting on and analysing 
machines, which has led to the appearance of countless “Treatises on Machines”. 
 
Keywords History, Machine, Treatise on machines, Cultural area 

Introduction 

The History of Mankind is also the History of Technology. Any culture moves 
forward at a rhythm imposed by its technology. Scientific knowledge itself re-
quires a pre-existing technological substratum in order to move forward. Political 
and military affairs are also underpinned by technological development. Economic 
history goes hand in hand with the technological development, products and trans-
port that make trade possible. On both a large and small scale, Engineering takes 
advantage of the existing technology of every period and makes it tangible. Engi-
neering makes technological knowledge a reality and places it at the service of so-
ciety by creating useful objects. 

Mechanical Engineering is, together with Architecture, Civil and Military En-
gineering, the forerunner of newer types of engineering, which means the History 
of Machines embraces a very extensive period of the History of Mankind, all of 
which makes compiling a Machine Compendium extremely difficult. An eight 
section framework has been chosen, each section of which more or less corre-
sponds to historical periods focused on large cultural areas; this inevitably leads to 
time overlaps. Each period receives a cultural inheritance from the previous ones 
and each culture receives cultural influences from other cultural areas, but the 
overall result is a compendium that presents a reasonably coherent sketch of the 
global development of the human race. This point of view has been dealt with in 
the book entitled “A Brief Illustrated History of Machines” [1] published by the 
authors, where the contents and chapters are set out in this paper are dealt with in 
more detail. 

In general, a whole range of Prehistoric devices exist under the chapter name of 
“Anonymous Developments”, whose inventors, for many reasons, are unknown to 
us. The Neolithic revolution also has a part in the anonymous development of 
machinery. 

Looking at historical epochs, the great Mesopotamian river cultures, of south-
east Asia or the Chinese plains, developed mechanical devices after they had dis-
covered the written word. The Chinese cultural area that spread from the Ancient 
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World to the beginning of Modern Times has been chosen in order to describe 
“Chinese Inventions and Machines”. 

Likewise, Greco-Roman culture is of particular relevance for “Mechanical En-
gineering in Antiquity”. Latin and Greek have always been accessible languages 
for western European peoples, for which reason most references to Middle Eastern 
and North African cultures originate from Greek and Roman authors, who lived 
in, and came into direct contact with extensive cultural zones of the ancient world. 
The influence of this ancient world reached out to the Middle Ages passing 
through Byzantium and Islam and penetrated the Renaissance with the study of 
authors such as Vitruvius. 

So the way was opened up for “Medieval Machines and Mechanisms” where 
Arab authors were outstanding, since Islam spread to the confines of the known 
world during the Middle Ages, and Arabic became the vehicle of culture in its 
area of influence. 

The title, “The Machine Renaissance” refers to the tremendous impulse given, 
mainly from Italy, to all spheres of knowledge and also to the study of machines. 
Thus a considerable technological difference began to be marked between Euro-
pean culture and other cultures, which has lasted up to present times. 

Additionally the technological impulse of the Renaissance led firstly to the 
great geographical discoveries and then to the founding of the European colonial 
empires that spread to large parts of the world. Very soon after, the “Machines in 
the First Colonial Empires” took advantage of the technological achievements of 
the Renaissance in order to exploit the resources at their disposal. 

European political policy boosted industrial development by creating new ever 
more science-based technologies. The abundant “Machinery of the Industrial 
Revolution” reflects the achievements attained in this period. Technology was the 
travelling companion of political hegemony. 

Recent history, particularly that referring to machines, has been considered to 
be sufficiently known, and therefore lacking in the “historical” interest that remote 
periods might have. On the other hand, the increasing speed at which technology 
is developing would make any systematic processing of the present-day period 
difficult and certainly ephemeral. 

However, after the Industrial Revolution, an unusual event took place in 
Europe that marked a difference in respect of what happened in other cultures: “A 
Reflection on Machines” mainly led by the French enlightenment whose influence 
at the time spread to all European countries. These Reflections obviously had 
roots in the past, mainly in the Renaissance, and gave rise to systematisations for 
ever more mathematically-based personal machine study, which resulted in this 
material being included in higher study programmes. We are of the opinion that 
this qualitative leap deserved a separate chapter. 



 

Anonymous Developments 

No matter how far back in time we go, there is a considerable number of machines 
and mechanisms that are common cultural heritage. These study of ancestral de-
velopments is relate to two basic areas: Archaeology and Biology. 

Archaeology has enabled the mechanisms used since Prehistory to be discov-
ered through an exhaustive analysis of the remains from sites. These remains are 
not usually one object but an ordered set of parts, which gives rise to different 
theories and interpretations resulting from the innumerable studies carried out. 
Moreover, it is unusual for any archaeological remains to be found intact, which 
means that an adequate interpretation of many of them is difficult, particularly as 
the concept of a machine is linked to the relative motion of the various constitutive 
parts. Although current Archaeology lends more importance to the context of a 
site than to the object in isolation, there continues to be an intrinsic difficulty in 
recognising various scattered, incomplete parts as being the parts of a mechanism. 
The examples of machine development resulting from collective, popular re-
sourcefulness in prehistoric times are innumerable. Figure 1 a shows a prehistoric 
drill, compiled by Strandh in 1998 [2]. 

As for the biological axis, it may be said that the most important development 
of anonymous mechanisms was based on biological shapes, as highly effective 
mechanisms can be found in both plants and animals. Their variety, complexity 
and evolution are also irrefutable evidence of mechanical design that induces us to 
include these “biological mechanisms” in the History of Machines. Figure 1 b 
shows the hearing “mechanism” of a grasshopper, depicted by Hass in 1979 [3]. 

 

  
                     a)                                                             b) 

Fig. 1 (a) Bow drilling machine. Reconstruction from “Machines, an Illustrated 
History” by Sigvard Strandh; (b) Ear in a grasshopper’s front leg, from 
“From Fish to Man” by H. Hass 
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Chinese Inventions and Machines 

Ideographic writing and a concern for calligraphy has been successful in revealing 
that Chinese technology had surprisingly evolved, on many occasions, beyond 
what was to be found in Europe up to the 16th century. Extremely ancient docu-
ments like the “Kao Gong Ji” (“Book of Diverse Arts”, 770–221 BC), reveal a 
concern for the development of science in all its forms: Astronomy, Biology, 
Mathematics, Physics and Engineering. 

Numerous written examples followed this work: compendiums on war machines, 
agricultural and hydraulic machines, textile machinery, clocks and automatons fol-
low one another through countless pages of diagrams and explanations. Two ex-
cellent examples of this technological progress are shown in Fig. 2: “the south 
pointing chariot”, a series of gears and gear wheels that always kept the figure’s 
finger pointing south, which dates from 2600 to 1100 BC and Su Song’s astro-
nomical clock built in 1089, which, with its more than four hundred parts was un-
doubtedly a technological wonder. Additional examples can be found in the book 
“Qi Qi tu Shou” by Schreck and Wang Cheng which includes copies, sketches and 
improvements of machines from the European Renaissance.   

 

    
                            a)                                                           b) 

Fig. 2 (a) Drawing of the “south pointing chariot” from the “San Tshai Thu 
Hui” [4] by Wang Chhi, 1609;  (b) Su Song’s astronomical clock from 
the “History of the Sung Dynasty” [5] by Shen Yueh, 500 AD 



 

Mechanical Engineering in Antiquity 

Some documents, artistic representations, and even humanistic literature reveal the 
existence of numerous automatic mechanisms during Antiquity, although most of 
them not been preserved, The Greco-Roman world adopted a large part of the 
technology developed by previous cultures such as the Egyptian civilisation. 

Greece attained a high level in technical fields, one of the most outstanding ex-
amples being the School of Alexandria (from the 3rd century BC), where celebri-
ties as famous as Archimedes, Euclid, Philo (Fig 3a) and Hero received their train-
ing. Some historians consider the latter to be the first real engineer because of his 
detailed and precise diagrams and explanations. His work entitled “Pneumatics” 
[6] brings together a series of automatic machines that were studied not only dur-
ing his time, but subsequently rediscovered and used during the Renaissance. 

The evolution of Greek culture had a determining influence on Roman technol-
ogy. Its technology became more in-depth and wider-ranging with a study of dif-
ferent fields like public works and military applications. The most remarkable fig-
ure of this period was undoubtedly Vitruvius (80–70 BC.–25 BC.) with his “De 
Architectura” [7], a work containing his knowledge on architecture, including ex-
planations and drawings of the machines used for this craft. This book was repro-
duced during Renaissance by authors like Daniele Barbaro and many others. Fig-
ure 3b shows a later representation by J. de Ortiz y Sanz from 1787 [8]. 

 

     
                        a)                                                            b) 

Fig. 3 (a) Hero’s “Singing birds” from Bennet Woodcroft’s translation of 
“Pneumatics”[6], 1851;  (b) Reconstruction of machines for raising water 
and loads from Vitruvius’ book, by J. Ortiz y Sanz [8], 1787 
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Medieval Machines and Mechanisms 

Islam spread to the confines of the known world during the Middle Ages and Ara-
bic became the vehicle of culture in its area of influence. The “House of Wisdom”, 
founded in Baghdad (9th century), contributes to the apparition of the book enti-
tled “Ingenious Devices” [9] written by the three Banu Musa brothers, whose 
pages contain the diagrams of one hundred machines and mechanisms. Some ma-
chines were copies of those produced by Hero and Philo but many others were 
improvements of these or new models. 

Following in their footsteps came the most significant name in Islamic technol-
ogy: Al-Jazari (1136–1206). His “Book of Knowledge of Ingenious Mechanical 
Devices” [10, 11] shows fountains, clocks, water wheels and automatons with a 
precision of detail in both drawings and explanations that had been unknown up to 
that time. His machines reveal an increasing complexity that turned out to be not 
only useful but also of spectacular appearance, as was the case of the elephant 
clock that combines mechanical engineering and design in equal parts. Figure 4 
presents two examples of machines from the cited Al-Jazari’s book. 

Although it was the Islamic world that most disseminated its knowledge, 
Europe was moving slowly forward along the road to the Renaissance. Walking 
this road was Villard de Honnecourt, who, in the 13th century, produced a note-
book [12] where he drew the machines and mechanisms he had seen on his trav-
els, such as catapults, saws and lifting devices. 

 

       
                                    a)                                                           b) 

Fig. 4  (a) Fountain;  (b) Elephant clock. Both from the book written by Al-Jazari 



 

The Machine Renaissance 

The Re-birth of Western Europe in the14th, 15th and 16th centuries marked a 
stage of renewed activity and vitality on a level of arts, sciences and literature, as 
it was sought to leave behind the stagnation of the Middle Ages. Unlike what hap-
pened in the Middle Ages, the opening up of Renaissance society paved the way 
to the spread of machines. 

The 15th century can be taken as the high period of machine development, with 
celebrities like Leonardo da Vinci [13, 14] and Francesco Di Giorgio [15], whose 
success was partly due to an environment that was open to their creativity and new 
ideas. Parallel to this an interest in the theoretical aspects of machines led to a re-
covery of the knowledge of Antiquity with the study of authors from the Greek 
and Roman culture. 

The publication of knowledge in the form of treatises began at the end of the 
15th century. A first line of activity was the study of machine mechanics as an ap-
plication of physics, by well-known figures such as Guidobaldo del Monte [16, 
17] and Galileo Galilei [18]. The second line consisted of a development towards 
a discipline in the shape of a rational collection of machines, outstanding of which 
were the machine collections of the aforementioned Francesco Di Giorgio and 
Agostino Ramelli. 

 

Fig. 5  Title pages of some “Machine Treatises” [21–23] 

The printing press was a decisive factor in the dissemination of these treatises. 
Not only the text but also the accompanying illustrations attained a quality hitherto 
unknown in the previous books on machines that had been painstakingly copied 
by scribes. Although some significant treatises have survived to the present in the 
form of manuscripts, most authors published printed books whose readers no 
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The Machine Renaissance, from Italy, spread throughout Western Europe from the 
second half of the 15th century with outstanding works such as Georgius Agricola’s 
“De Re Metallica” [19] and Jacobus Strada’s “Kunstliche Abris allerhand Wasser” 
[20]. Figure 5 shows the title pages of some relevant “Machine Treatises”. 
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longer needed to belong to the privileged classes. Machine knowledge became 
popular and spread on a qualitatively different scale from previous periods. 

Machines in the First Colonial Empires 

For various known historical reasons, in Modern Times Europe set out on a proc-
ess of expanding its political and cultural influence over large geographical areas, 
founding European colonial empires that have endured to the present. In this 
sense, Castile and Portugal had overtaken all other European nations from the end 
of the 15th century, which meant that the first colonial empires were basically 
Iberian. 

Going round the world was a feat requiring mechanical engineering, but keep-
ing the new spice trade routes open meant that engineering was here to stay. The 
overseas mineral resources needed new machinery to exploit them. All this gave 
rise to specific centres for the study of science and technology, which facilitated 
this global geographic expansion. 

Further clear proof of the strategic interest in mechanical engineering was the 
publication of Juanelo’s “The Twenty-One Books of Devices and Machines” [24], 
ordered written by “the Catholic King Philip II, King of Spain and the New 
World”, in about 1570. Among other knowledge, the book contains a large num-
ber of machines of the time ordered according to function with a surprising num-
ber of pumps, mills, cranes and other machines, particularly those driven by water, 
wind-energy, gravity or animal traction. 

Considered to be a machine encyclopaedia by many historians, the author of 
this work is unknown. Since Juanelo Turriano was famous at the time for being 
the inventor of a well-known device in Toledo for raising water called “the danc-
ing machine” (Fig. 6a), it was initially attributed to him. However, later studies 
have shown that it might have been by Pedro Juan de Lastanosa [25]. 

Other outstanding figures were Jerónimo de Ayanz y Beaumont [26], who was 
awarded a patent in 1606 for over fifty devices and Francisco Lobato [27], who, in 
less than forty pages made notes on technology from 1547 to 1585. 

Figure 6b below, of one of the most common and used machines of the period, 
is shown by way of example: the mill. In this example, it was convenient to be 
able to adjust the height of the water wheel and adapt the position of the paddles 
according to the level of the water. 

 



 

  
                                     a)                                                                         b) 
Fig. 6 (a) Diagram of Juanelo’s device in Toledo: “The dancing machine”. Re-

construction by L. Reti;  (b) Mills from “The Twenty-One Books of De-
vices and Machines”, 1570 

The Machinery of the Industrial Revolution 

This period in history arose after the accumulation of knowledge from preceding 
eras and due to the coming together of a series of factors that resulted in a period 
of continuous advancement and progress that led to a change of focus, both social 
and engineering. 

The construction of the steam engine by J. Watt (1736–1819) was a turning 
point, but on a mechanical level maybe establishing the search for automation in 
every field was more important. The machines began to replace people as a result 
of the new technologies that were being discovered in agriculture, mining or tex-
tile industry. A fine example of this generalised progress came about in the sphere 
of textile engineering, where developments arose in every field (spinning, weaving 
and sewing), thanks to men like Arkwright, Hargreaves and Crompton [28].  

Figure 7 shows two examples of these machines: Arkwright’s “Water frame” 
(or continuous motion machine) and Hargreaves’ “Spinning Jenny”. Evolution 
was continuous and in very few years all industries that were unable to move for-
ward with technology became obsolete. 
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                                a)                                                                         b) 

Fig. 7  (a) Arkwright’s “Water frame”;  (b) Hargreaves’s “Spinning Jenny” 

It should also be emphasised that the industrial revolution did not spread and 
appear everywhere at the same speed. For example, while England was the pio-
neer in introducing mechanised and automated industries, neighbouring France 
was caught up in a social conflict that set it aside from this type of progress. 

A Reflection on Machines 

Throughout the above section, it has been seen how machines evolved alongside 
the cultural, social and often political circumstances. After the Industrial Revolu-
tion, mechanical development embraced a whole range of subjects. 

Even so, after the Industrial Revolution, there appeared, or rather, reappeared, a 
new “History of Machines”: one made up of the theoretical treatises begun in the 
Renaissance but consigned to oblivion by the writings of the French Enlighten-
ment, and which set out a series of essays and treatises on the composition of 
mechanisms and machines or theoretical studies of mechanical models. 

One of the first was by the Spaniard Agustín de Betancourt, who moved to 
France to study. In his “Essay on Machine Composition” [29] (together with José 
María de Lanz) he puts forward a classification of movements which still contin-
ues to be valid.  

not only used the books of their time but also those of their much older predeces-
sors, such as G. del Monte [16,17] and G. Galilei [18] who, in the midst of the 
Renaissance, took it upon themselves to reflect on the study of Mechanics.  

From modern authors the works of Artobolevsky on “Modern Technical 
Mechanisms” and Needham on “Chinese Engineering” are really noteworthy.  

Figures 8 and 9 include a few examples, by different authors, regarding re-
markable contributions on the machines and mechanism science. 

Many are the engineers who followed in his footsteps: M. Hachette [30], 
J. Weisbach [31], Labouyale [32], F. Redtenbacher [33] and F. Reuleaux [34,35], 



 

 

    
                       a)                                                                  b) 

Fig. 8 (a) Page from “Le Mechaniche” by G. Del Monte, 1581 [16];  (b) Ma-
chine classification from “Madrid Codex” by L. Da Vinci, 1493 [14] 

 

   
                        a)                                                                      b) 

Fig. 9 (a) Figure from “Essay on Machine Composition” by A. de Betancourt 
and J.M. de Lanz [29], 1808;  (b) Mechanism from “Traité de ciné-
matique” by Labouyale, 1861 [32] 
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Conclusions 

Comparing the “History of Mankind” with the “History of Machines” reveals a 
parallel evolution that results in political and economic hegemony going along 
with the most technologically developed cultures. Technical progress has led man 
to use his imagination and resourcefulness not only for his own benefit but also as 
a way of providing help in tasks or work requiring skilled operatives. This work 
has always been done jointly and under the considerable influence of the scientific 
and political environment of the time. Perhaps the most appropriate example of 
this type of development is the Industrial Revolution, which, as we have seen, 
gave way to automated industries and the replacement of men by machines. 

A “History of Machines” will never be complete, but this lightweight review 
[1] will help understand how the minds of “mechanical engineers” gradually 
evolved and changed, adapting to their era while looking to a “beyond” that led 
them to discover new and improved machines and mechanisms that would become 
a new step on an endless flight of stairs. 
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Abstract A brief account of Roman machines is presented by looking at the his-
torical development of a technical culture and its practice, with a specific focus on 
the main available sources. A few examples of designer personalities and machine 
designs are discussed with the aim to illustrate the specific professional approach 
that made the Roman Engineering very successful from practical point of view. 
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Introduction 

The Roman culture lasted near one thousand years, since the time of the mature 
Republic in 4th century B.C. until the end of the Empire in the 5th century A.D. It 
is usually said that the power of the Romans was based on a strong military or-
ganization and a successful development of infrastructures all around the Roman 
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Empire. Both aspects got great benefits from a cultural flexibility of Romans in 
accepting but absorbing populations and their cultures through an integration 
process that was motivated by practical goals for a successful organization of the 
state. 

Beside the many studies on the historical developments of the Roman culture, 
organization, and politics in a very rich literature, no great attention was addressed 
to the technical developments in terms of machines by looking at their designs and 
operations. Only recently in the last decades interest has been directed in examin-
ing the technical developments even from some engineering viewpoints. Signifi-
cant examples in the Italian literature of this specific interest are the Encyclopedia 

Unfortunately no original Roman machines have been preserved since they 
were made of perishable material. Thus, most of the arguments are based on inter-
pretation of literature works, and mainly on those handbook-like books with tech-
nical contents that were available as copies made without figures during the Mid-
dle Ages. Recently, there is also a search in archaeological discovers in order to 
understand the technical content and expertise level of the Roman society. 

In this paper we have attempted to outline the peculiar characters of the Roman 
technique referring to machines by looking at the cultural frame and to some de-
signs through few significant examples. 

Biographical Notes of Main Personalities 

Most of the Roman engineers remained unknown since the engineering practice 
was not used to be made visible with work’s paternity and written publications. In 
addition, engineering practice was carried out mainly within state frames in mili-
tary corps. Furthermore, most of technical developments were achieved by practi-
tioners, who were named or identified as machinatores for their skills as techni-
cians more than as educated engineers. They were figures who were related with 
design and construction of machines even with different specialties, as we can un-
derstand by terms like e.g. faber automatarius, clepsydarius, mensor, that indicate 
a specific machined design skill. These machinatores, who may recall the Greek 
mechanikoi, seems to be those experts for practical applications of the machines 
with a full expertise from the design and construction up to operation work. But 

on History of Science [3], and the book The Roman Boats [18]. A larger interest 
in this field exists from the community of History of Science since many years, 
but with no deep technical engineering insights, as stated for example in 
[2,14,11,12,17]. In Italy, interest on the technical Roman culture has been ad-
dressed since the Renaissance time with the discover of the works by Roman en-
gineers. In particular the treatise by Vitruvius caused large discussions both from 
cultural and technical viewpoints [2,10–14,19–21].  Indeed, that interest was a 
mixture of humanistic investigation and practical curiosity whose aim was di-
rected both to identify a technical literature and a source for successful machinery 
to be copied or reinvented. 
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we have not Roman names that are related with specific designers of machines as 
inventors. 

Nevertheless, we have evidence of the Roman Engineering not only from the 
very durable infrastructures of Civil Engineering that required machines but even 
from few technical publications that reached us through manuscript tradition dur-
ing the Middle Ages and reconsideration during Renaissance times. Beside these 
few works, there is great memory of personalities who contributed considerably to 
the Roman Engineering and its visibility through the centuries. In this survey we 
shall address attention briefly on biographical notes and characters of Marcus 
Vitruvius Pollio (80/70 B.C. circa – 25 B.C.); Sextus Julius Frontinus (30–
103/104 A.D.); Apollodorus of Damascus (2nd century A.D.), Fig. 1. But others 
could be mentioned, although very little is known on many others who contrib-
uted, even considerably, to Roman Engineering.  

Marcus Vitruvius Pollio (80/70 B.C. circa – 25 B.C.), Fig. 1a, is known as an 
architect and engineer. Indeed in the Antiquity and in the past up to the Industrial 
Revolution there was not a distinction between architect and engineer and only the 
term architect was used to identify technical experts in design and construction of 
systems (machines or buildings), as pointed out in Ceccarelli [5]. Indeed, a figure 
of architect was used to identify expertise on machines that were needed for the 
architect profession. 

Vitruvius was an officer for war machines under Julius Cesar and then architect 
under Augustus. He wrote the treatise De architectura in ten books (today we 
shall say chapters) very probably between 27 and 23 B.C., since he dedicated it to 
Augustus. The treatise (perhaps already used in the Carolingian Age) was redis-
covered in the Renaissance and since the translation into Italian in 1414 by Poggio 
Bracciolini until the later in 1584 by Daniele Barbaro, it has addressed lot of atten-
tion both from technical and literature viewpoints. The significance of the treatise 
can be recognized also by the fact that it was cited in other works in the Antiquity, 
like in the work by Frontinus.  
 

    
           a)                       b)                     c) 

Fig. 1 Portraits of Roman Engineers: (a) Marcus Vitruvius Pollio (80/70 B.C. 
circa – 25 B.C.);  (b) Sextus Julius Frontinus (30–103/104 A.D.);  (c) 
Apollodorus of Damascus (2nd century A.D.) 



 

 

tion and formation of an architect, II – origin and developments of construction 
techniques, III and IV – holy buildings, V – public buildings, VI and VII – private 
buildings,  VIII – hydraulics engineering, IX – solar clocks with elements of as-
tronomy and astrology, X – machines and elements of mechanics. The aim of 
Vitruvius’ work was to outline the figure and formation of a clever architect with a 
strong cultural basis and a very complementary knowledge of machines, as indi-
cated by the fact that only one book over ten is dedicated to machines. 

Sextus Julius Frontinus (30–103/104 A.D.), Fig. 1b, is a typical figure of a 
Roman technical expert. He was a senator and his political carrier was very bril-
liant since he was governor of Britannia from 74 to 78 where he was a successful 
general in defeating local population. In 97 he got the position of curator of the 
water supply in Rome during the empire of Nerva. He was also consul in Rome in 
74, 98 and 100. He wrote several treatises but today we have only De aquaeductu 
urbis Romae and Stratagemata. The last is a history of military facts over the time. 
The De aquaeductu urbis Romae deals with problems and solutions to bring water 
to Rome. 

Apollodorus of Damascus (died ca. 130 A.D.), Fig.1c, lived between the first 
and the 2nd century carrying out activity of engineer, architect, and sculptor. He 
had Syrian origins coming from Damascus and he worked under the emperor Tra-
jan. It is known that he built a bridge in 104 on the Danube during the war against 
the Dacians and then public buildings in Rome such as the Trajan’s Forum, Tra-
jan’s column; he is also credited to be the designer of the third Pantheon’s rebuild-
ing, achieved under Hadrian. He also wrote a treatise on war machines. 

In addition to these engineers and architects who left important handbooks dedi-
cated to the basic principles of their disciplines, we have further few information 
about other technicians, who supervised complex works, both in military and civil 
building, as Cocceius Nerva, architect in service of Agrippa, who built tunnels in 
the Phlegraen area, or Severus and Celer, architects of the neronian Domus Aurea. 

Cultural and Technical Frames 

Roman culture was oriented to efficiency of society and State. Thus, engineering 
was considered and used as a fundamental means for achieving practical goals 
without recognizing any scientific aim or social status to the practitioners. 

We have mainly literature sources, and then other evidence coming from ar-
chaeological findings or ancient iconography. The literature nature of available 
sources reveals a more oriented ‘ideological’ approach, with philosophical re-
marks about the use of science and technology in human life. On the other side, 
the archaeological and iconographic evidence does not fill the lack of specific and 
technical information. For this reason a general overview shows a substantial di-
chotomy between science and technology. In the Roman world, in fact, these two 
kinds of knowledge were quite distinct: science was considered as a higher level 
of knowledge, that was deserved to people from the upper classes; technology 

The treatise De architectura is composed of ten books dealing with: I – educa-
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belonging to a lower social level. A key role in this strict distinction was played by 
the substantial contempt of any kind of manual labor which was widely spread in 
the Roman society, where only the intellectual work was considered worthy for 
ruling classes activity. On the other side, science was strictly connected with the 
philosophical thought and therefore considered as higher intellectual activity, far 
distant from technology that was considered at the same level of any hand labor. 

According to many modern scholars, the Roman science was completely based 
on Greek studies and Roman scientists do not provide any new idea in comparison 
with Greek scientists. Roman treatises on scientific topics are only compilations, 
that were drawn with a massive and sometimes uncritical use of Greek sources. 

apparent contradiction can be explained through the above mentioned dichotomy 
between science and technology. Science had a more abstract attitude, that was 
deserved to solution of theoretical questions and was devoted to explain phenom-
ena of nature or physical laws, without trying any practical application. On the 
other hand, technology was more practical oriented, with a strong pragmatic ap-
proach, which did not often use the results of theoretical science. In this frame-
work it is useful to remark that the scarce use of scientific knowledge in technical 
applications was caused also by social and economic factors: first of all because it 
was not necessary to develop advanced technological tools in a society where the 
slaves provided a very cheap labor and, for this reason, it was not profitable to de-
velop machine-tools for a large utilization. A largely spread ‘naturalistic’ outlook 
of human life, that was proposed by many ancient philosophers, refused any artifi-
cial tool asserting that nature provides to human beings anything is necessary for 
their life. 

In the ancient science, physical laws and phenomena of nature are only de-
scribed through the observatio, namely by framing general rules from observation 
of phenomena themselves. For this reason, at the end of ancient world, the settle-
ment of the canonical seven liberal arts, that were directed to a basic educational 
pattern even in the Middle Ages, divides teaching subjects between humanistic 
disciplines of Trivium (Grammar, Logic, and Rhetoric) and scientific disciplines 
of Quadrivium (Arithmetic, Music, Geometry, and Astronomy), by choosing for 
the last ones the more theoretical arts and leaving out the disciplines which could 
have a practical or technological approach. 

The most representative figures of scientific and technological approaches in the 
Roman culture can be considered Seneca and Vitruvius.  

Lucius Annaeus Seneca (4 B.C.–65 A.D.) may be considered as a perfect syn-
thesis of above mentioned features of ancient science: he was a philosopher, 
mainly oriented to moral speculation. Seneca explains in several works that scien-
tific research is anyway subject to an ethic evaluation; science must drive human 
beings to a better understanding of good and evil and any tool that is found or in-
vented by men through science has to be used with moral purposes and not to ful-
fill perverted or corrupted instincts. In a well known passage of his Epistulae ad 
Lucilium, he claims that invention of technical tools is due to men who have only 

held a lower importance and rank, and for this reason it was dedicated to people 

On the contrary, even the most critical scholars cannot avoid to remark that 
Romans reached a far higher technological level if compared to the Greek one. This 



 

 

philosophers, intellectual people of the highest level). Seneca believes that it is 
useless to apply the human thought to technology, because the real wise man does 
not try to invent unnecessary tools, since nature already provides men with every-
thing is essential for their life.  

In the technological side, Vitruvius is the most interesting figure. He was con-
scious indeed of enormous potentiality of technology, but he experienced in a very 
suffered way the ‘inferiority complex’ of technicians against the outstanding hu-
manistic culture. In his work De architectura, Vitruvius tries to re-evaluate the ar-
chitect work. Vitruvius emphasizes the necessity of a wide and versatile formation 
that is not limited to technical subjects but open to humanistic education too. In 
this way architecture obtains a preferential position if compared with other techni-
cal disciplines and Vitruvius can claim an intellectual role for himself and for the 
architect profession as well defined inside the official culture. The awareness of 
the role and of cultural level of architects leads Vitruvius to a rather positive atti-
tude towards machines and human technology, against the opinion of philosophers 
like Seneca. Vitruvius believes in a positive function of machines, because they 
are useful for men and because they succeed to fill the lacks of nature. Thus, a 
Roman engineer is able to recover an old Hellenistic way of thinking, which un-
derlined the strict connection between nature and technique. 

On the contrary, we can find a less homogeneous level in the treatises dealing 
with practical technical subjects, like handbooks on Agriculture by Cato the Elder 
(De agri cultura), Varro (De re rustica), Hyginus (De agri cultura and De 
apibus), Columella (De re rustica), Gargilius Martial (De hortis), Palladius (Opus 
agriculturae), as they were based even on not Greek sources, as the agricultural 
treatise by the Carthaginian Mago; the several medical works (Scribonius Largus, 
Compositiones; Gargilius Martial, Medicinae ex oleribus et pomis; Avianus Vin-
dicianus; Theodorus Priscianus; Caelius Aurelianus; Cassius Felix; Antimus, De 
observatione ciborum) or veterinary handbooks (Vegetius, Mulomedicina; 
Pelagonius, Ars veterinaria; Palladius, Opus agriculturae). 

Technical results by Romans, especially in machines production, are quite dif-
ferent and really impressive in the more technical oriented handbooks. Roman 
technology reached a very high level especially in the field of military engineer-
ing, as we can see in historical works and in specific treatises, as Vegetius’ De re 
militari or Frontinus’ Stratagemata (Frontinus wrote also a work De re militari, 

the gift of sagacitas but who are not in possession of sapientia (namely the 

The sharp division between science and technology in the Roman world caused 
different results. In this perspective we can consider the main scientific and 
encyclopedic Roman works, like Naturalis Historia by Pliny the Elder or 
Naturales Quaestiones by Seneca. The same remark can be made about several 
scientific works on specific topics, like handbooks on Geography by Pomponius 
Mela (De chorographia), Solinus (Collectanea rerum memorabilium), and Vibius 
Sequester (De fluminibus, fontibus, lacubus, etc.); on Astronomy and/or Astrology 
(not quite distinct in the ancient tradition) by Hyginus (Astronomia), Censorinus 
(De die natali), and Firmicus Maternus (Matheseos libri VIII).  
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Mechanicus as mainly devoted to siege war machines.  
Although the extensive use of slaves likewise in other societies in Antiquity, the 

Romans developed machines as tools or systems to increase the operations power. 
Thus, typical main Roman machines can be considered cranes for lifting weights 
(stones for roads and buildings, loads for boats, etc.), pumps for water supply, 
mills for grinding floor and other materials; and war machines. Those machines 
were somehow originally imported from conquered countries but they were soon 
improved in efficiency for very practical specific applications. 

The Romans were also attracted from the technical culture beside the specific 
machines and it is well known that military corps, i.e. the legions, were used to be 
fully autonomous even from technical viewpoints through soldiers who worked 
with several different technical skills. In fact, military corps were used to build 
roads and anything they needed in war campaigns and even in diary peace life, 
such as bridges, houses, chariots, towers, and of course weapons and war ma-
chines. In the Roman social frame technical needs were also considered with 
proper organizations under the supervision and responsibility of very high political 
positions, who had the power to ask activity of military corps too. They were the 
aediles, high officers under the direct control of a consul, who was sometimes 
even involved in important activity with technical contents. 

Beside the above-mentioned great consideration of machinery techniques, there 
is not evidence of formation frames for those experts. Very probably most of the 
training was developed within military frames or, for civil technicians, directly on 
the field. Thus, the few written treatises seem to be likely handbooks or reports of 
activity. This is the case for the works by Vitruvius and Frontinus, respectively. 
The work by Frontinus ([8]; the only existing medieval manuscript is [9]), is a 
kind of report of his work as ‘water commissioner’ in Rome by indicating prob-
lems and solutions for such a complex task due to the geography but due to also 
the size of the required water flow for the huge population living in Rome. In the 
1st century A.D., Rome population is estimated to be more than one million, and 
some hypotheses give even two millions. Thus, the problem of having enough wa-
ter was really a huge task and it was ensured through brilliant solutions that can be 
still admired as remains of aqueducts, not only in the city of Rome. 

Another relevant work for Roman engineers can be considered the construction 
and maintenance of roads, Fig. 2. A Roman road is composed of several layers as 
shown in Fig. 2a, although its appearance does not reveal them, like in the exam-
ple in Fig. 2b. The construction of the several layers required a considerable work 
of men and machines that can be thought necessary to achieve the accurate techni-
cal results and the power to move so many materials, even as pieces of relevant 
weight. The need and construction of roads ere considered so fundamental for the 
state efficiency that they were somehow considered ordinary works of engineering 
for  military corps with specific expertise. 
   

a treatise Peri mechanematon (On Machines) by the military engineer Athenaeus 
De rebus bellicis, the final chapters of Book X of Vitruvius’ De architectura, and 
unfortunately now lost); to these works we can also add the anonymous treatise 



 

 

 
a) 
 

 
b) 

Fig. 2 Roman roads: (a) general design scheme [16];  (b) a detail from Via Sacra, 
a road from 2nd century B.C. in Nemi near Rome 

Roman Machines 

At the beginning of liber X Vitruvius defines: «A machine is a combination of ma-
terials and components that have the capability of moving weights» [1], than can 
be understood with a modern view as  «A machine is a combination of timbers 
fastened together, chiefly efficacious in moving great weights» [13].  Thus, he ad-
dressed his attention to machines whose aim is the movement of mechanical parts 
for load transportation. This is a quite common viewpoint concerning with the 
Roman machines and more in general in Antiquity. Namely, machines have been 
developed to move weights with suitable performance that could not be achieved 
by human labor at the most in term of load capacity and positioning precision. 

In this paper, we shall observe examples of machines from applications for load 
movements, water engineering, and war machines by looking at available sources 
from literature, illuminated manuscripts and archeological evidence. Considera-
tion of sources either than in engineering products makes necessary interpretation 
from several viewpoints, like for example history of representation and history of 
society development, that are beyond the scope of this paper, although they could 
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be important complementary aspects for a full understanding of Roman machines 
and their role in the society. Because of space limits, we shall limit discussion by 
referring to few figures for outlining considerations from technical viewpoints. 

Figure 3 shows examples of Renaissance interpretation of those Roman ma-
chines that, indeed, were used and gave inspiration for theoretical studies and 
practical applications during the Renaissance yet [6,7]. In Fig. 3a attention is fo-
cused on components of cranes in terms of pulley systems, cables, and capstans 
with different solutions for high-ratio reduction of force transmission for man-
powered tasks.  In Fig. 3b a water pumping station on a river is shown with details 
of mechanical design of functional parts as hydraulic turbine and two valve-
equipped pumps that are activated by two slider-crank mechanisms. Relevant is 
the size of the machine as compared with a human figure. A proper in-parallel op-
eration is indicative of suitable expertise in operating slider-crank mechanisms at 
any scale of machines.  

Joints were considered carefully both for motion capability and transmission ef-
ficiency. Roman used properly and efficiently ball bearings, even in no-
conventional applications. Relevant is the case in Fig. 4a in which a platform for 
very heavy loads can rotate because of suitable joints made of metallic spheres. 
Platforms with cylinder roller elements were also found elsewhere.  

Different hydraulic machines were developed for different tasks with different 
sizes, namely a flow regulator as the tap in Fig. 4b and a portable water feeder as 
the noria in Fig. 4c. The tap shows a compact body with a precise manufacturing 
for efficient operation of flow regulation and closure as a result of combining 
technology and theoretical design. A noria is obtained as a combination of a pul-
ley system with suitably shaped water containers as a result of a practical me-
chanical design with an efficient transmission system, that could be used by one 
human operator only. 

It is quite curious how Romans could find innovative solutions for special situa-
tions. Emblematic examples are shown in Fig. 5 in which boats are represented 
with unconventional power systems. Namely in Fig. 5a a boat is not equipped with 
oars and neither with sails. Probably the boats was powered with alternative not 
shown mechanical systems or by a pulling system tha was operated by cows from 
the river banks. In Fig. 5b an alternative power systems is clearly shown as com-
posed by turbine wheels that are moved by on-board cows through a gear trans-
mission.  

Water paddle-wheels were used in Antiquity and Roman engineers extended 
their use in many fields, even with different paddle/blade designs. Significant new 
applications, other than pumping systems, can be recognized for measuring sys-
tems, like clocks and naval odometers, but also for more conventional tasks, like 
grinding mills. In all these systems brilliant designs are obtained by combining 
water wheels, gear transmissions, and linkage mechanisms. In particular, grinding 
mills were also designed with particular gear arrangements to obtain suitable op-
eration speed and proper mill installation with vertical axis to facilitate grinding 
operations and system maintenance. 



 

 

   
a) 

 
b) 

Fig. 3 Drawings of Roman machines in the De Architectura by Vitruvius:           
(a) a crane by C. Cesarione in 1521;  (b) a pump by D. Barbaro in 1584 
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Fig. 4 Technical means in Roman boats in Nemi [18]: (a) a ball-bearing plat-
form;  (b) a bronze tab;  (c) a manual noria 

Other important machines were cranes that were developed at several scales for 
building constructions, load movements, and road constructions, with a wide-
spread diffusion that has been recorded even in diary life. In Fig. 6 a crane is 
shown as a part of a scene in a building construction in two different situations.  

In Fig. 6a a crane is shown with similar architecture like in Fig. 3a, but with 
several pulley and a large orientating wheel that is powered by several human op-
erators (that is why is usually named calcatoria for the actuation by pedestrian ac-
tions). In addition, the crane carries two men on the top, as an indication of the va-
riety of possible tasks.  

In Fig. 6b main components are drawn as a geared tower beam and a wheel that 
is connected to the tower beam. It is remarkable the size and even the location of 
the crane on the roof of another building.  

 

                                  a) 
 

                               b)           c) 



 

 

  
a)  
 

 
b) 

Fig. 5 Examples of unconventional boat propulsion: (a) a river boat from the 
Museum of Roman boats in Mainz;  (b) a mechanical powered boat from 
De rebus bellicis  in 4-th century A.D. 

A small crane with a simple particular structure is shown in Fig. 7 for road con-
struction purposes. The crane is made of essential parts and has the aim to be eas-
ily displaced for moving and locating stone blocks for the pavement of roads. The 
crane supporting frame is made as an arc from a deployable system whose locking 
bar is shown near the top of this rod, indeed, can be also understood as a linear 
guide to facilitate the positioning of the loaded road stone. The pulley system is 
shown in detail with the two joints in the small capstan and a grasping system is 
illustrated as a two finger gripper with locking mechanisms. Thus the human op-
erator is aimed only to guide the loaded stone, even without any additional help. 
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a) 
 

 
b) 

Fig. 6 A crane for civil constructions: (a) for the construction of Haterii monu-
ment in 1-st century A.D.; (b) an artistic representation in a miniature 
from the codex Vigilius Vaticanus; in 4-th century A.D. 



 

 

 
Fig. 7 Construction of Roman road Via Appia near Terracina on 3-rd century 

B.C. in a basso-relievo 

Roman engineering capability is even more evident in war machine designs that 
are and were considered highs of Roman technical culture. 

A brilliant example of war machines is a ballista that although known since the 
Antiquity was enhanced by the Romans. The machine design combines systems 
made of flexible components with high-ratio transmissions and accurate joint con-
structions, Fig. 8. They were completed with locking mechanisms and other 
mechanisms for releasing even with multiple arrows shooting like the modern ri-
fles. In addition, the Roman war machines had the well-known peculiarity to be 
built on site and this demonstrates the accuracy of the design but even a wide-
spread culture on machine techniques at several levels.  

 

   
    a)     b) 

Fig. 8 Example of Roman war machines: (a) a drawing from Renaissance recon-
struction;  (b) a reconstruction at Roma Museum of Roman culture 
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Figure 9a shows war machines in Trajan column in Rome as a monumental 
memory of the war against Dacians by showing them as usual means available in 
the Roman Military force [15]. In this case the significance of the machines can be 
understood even as emphasized with respect to the number of the nearby shown 
soldiers. However, the war machines are not fully depicted but their capability is 
stressed through details of their portability by means of wheels and repeated fig-
ures of them. The operation is not fully explained since the military purposes of 
those machines. In the same monument, in the top of scene in Fig. 9b it is possible 
to identify an individual carrying an instrument. It seems to be for angle measure-
ments or for level determination. Remarkable is that this operator is not a soldier, 
as for the cases of war machines. This could give an idea that such a mechanism 
needed high-education and/or was of strategic significance so that it could be suit-
able only for high-level officers or even for special consultants. The machine is 
portable and has an out-side structure that does not show the mechanism. 
 

   
a)  
 

 
b) 

Fig. 9 Machines in the Traianus column in Rome: (a) a war machine; (b) a 
measuring instrument  



 

 

Machines were also considered part of the Roman society in its day life and de-
velopments, when one observes representation of machines in memorial monu-
ments, like the example in Fig. 9, in production aspects, like in the example in 
Fig. 10a and in artistic works, like in the examples in Fig. 10 b. 

 

 
a) 
 

 

Fig. 10 Roman machines in a diary life: (a) floor mill from reconstruction by 
D. Barbaro [1]; (b) a crane mechanism for loading and downloading boats 
in Ostia harbor in a sculpture of 1-th century A.D. 

b) 
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In Fig. 10a, that is a Renaissance reconstruction from Vitruvius’ treatise, a mill 
is shown as operated by common people who seem to be familiar with the com-
plex geared system that transform the hydraulic power from a river through a pad-
dle turbine to a grinding force. 

In Fig. 10b it is remarkable how the scene of the Ostia harbor (the port of 
Rome) is crowed of several elements, from holy symbols to typical boats, but in-
cluding a crane  with several pulleys. The crane is quite well depicted as to show 
familiarity of the public to such devices in a harbor.  

Conclusions 

Existence and characteristics of Roman machines can be known basically from lit-
erature works, even with specific technical contents and by analyzing representa-
tions in artistic and monumental works, like it has been reported in this paper. Few 
examples (but many more could be pointed out) have been discussed in this paper 
with the aim to outline the peculiar characters of diffusion and familiarity of ma-
chines in the Roman culture and society. Machinery were considered by the 

g successfully practical goals. Although 
theory was known and still investigated somehow, Roman engineers were much 
more attracted to practical applications and their knowledge and skills were con-
sidered and used as a well-established practice for community needs.  
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Devices for Distance and Time Measurement at 
the Time of Roman Empire 

Abstract In this paper, devices for measuring distances and time intervals are pre-
sented as conceived and used during Roman Empire since they represent the most 
important means of practices and developments both for scientist and engineers. 
The constructions and operations of main devices are discussed by using modern 
reconstructions and interpretations with the aim to sow the expertise in mechanism 
design at the time of the Roman Empire. 
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time, technology and science were quite primitive and the study of them almost 
neglected. The study of the History the Engineering gives a great help to recognize 
that, on the contrary, knowledge of Mechanics and its application was rather ad-
vanced. In addition, it can help also to recognize the use and function of some ar-
chaeological discovers by interpreting their operation and technical performance. 
In particular, by joining efforts of Archaeologists and Engineers it can be possible 
to understand that many devices of common use at the present days were invented 
and built about twenty centuries ago. From a general point of view, the study of 
the History of Engineering is a great help to understand the present through the 
understanding of the past. In addition, it is probable that deeper studies in this field 
could lead up to important new discoveries. Anyway, in order to correctly under-
stand the past, it is necessary that Archaeologists and Engineers work together.  

The attention to machines of Antiquity has been addressed in several works 
within the History of Science and Technology, like for example in [5,7,8,3,14], 
but mainly from general viewpoints, even when with technical observations. In 
some cases, the analysis has been even limited to bibliographic search with no en-
gineering comments, like for example [6,10]. Only recently, interest is arose to 
technical investigations to understand design, operation and manufacturing of ma-
chines in Antiquity, like for example in [9,4,11,12,13] by looking at the mecha-
nisms and their operations through numerical analysis for performance evaluation. 
This paper is within this research frame as an attempt to rediscover mechanisms 
that were invented and/or implemented in instrument devices at the time of Roman 
Empire. 

In the wide Roman Empire, the measurements of distances, both in the ground 
and sea, played certainly a very important role as related to the road develop-
ments. The wide road system can be considered one of the most important con-
structions that the Roman have built in Europe. Most of those roads are still in use 
at present days. In addition, since sextants and marine chronographs were not jet 
invented, the only way to know distances was to measure the space run by a ship 
in the sea. 

Even for the measure of time intervals, some devices of that time were rather 
advanced from a mechanical point of view.  

Devices for Distance Measurement 

Among the many Roman devices for distance measurement, like stadia and di-
optre, this paper addresses specific attention to odometers that make use of 
mechanisms as invented at the Roman time both for ground and sea applications. 

Introduction 

As many people know, the Roman Empire was one of the widest empires ever ex-
isted in the human history. On the other side, most people suppose that, at that 
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clear for what the dates are concerned. The century in which he lived, can be indi-
viduated by dating on March 13, 62 A.D. a moon eclipse that he described. Thus, 
he was probably born on 10 B.C. and died on about 70 A.D. He studied the works 
of Ctesibius, Philon, Euclid and Archimedes. His activity is recognized as scientist 
and practical engineer since a lot of inventions are attributed to him, mainly in the 
field of Pneumatics, Mechanics and Automatics as applications of his studies. In 
addition to the odometer, he was probably the inventor also of optical devices for 
distance measurement. 

The odometer by Heron can be considered, without any doubt, the predecessor 
of the modern mechanical mileometer and tripmeter that has been used in modern 
motor vehicles untill less than ten years ago. Although it was designed about two 
thousand years ago, it works with the same principles of modern tripmeters.  

The odometer device was of great importance during the Roman Empire since it 
was used to locate the mileage stones indicating miles along roads. This permitted 
to plan the movements of the army units and to estimate military costs. In addi-
tion, it is reported that an odometer was installed on the chariots of emperors. 

The description of the odometer by Heron is given from Vitruvius in Barbaro 
[2]. Vitruvius was an officer of the Roman Army Engineers and an inventor him-
self. From the description of Vitruvius it is possible to propose the perspective re-
construction in Fig. 1. The ring R is connected to the wheel and moves a pin of the 
input wheel through a small flap. On the axle of this first wheel is installed a 
pointer that indicates the steps named as “passus”. A dial (indicated as 1 in Fig. 1) 
was graduated from 0 to 9. This first axle moves a second axle by means of worm 
gears with a gear ratio 10. On the second axle w a second pointer is installed to in-
dicate the ten steps. This axle (indicated as 2 in the Fig. 1) moves a third axle 
again with a worm gear, and so on. 

A kinematic scheme of the mechanism is shown in Fig. 2. Because of such a ki-
nematic scheme, the odometer can be understood to have up to five pointers that 
indicated units, tens, hundreds, thousands, and thousand tens of steps. Of course, 
the gear ratios will be all equal to 10. This means that probably the worms could 
have 2 principles and, consequently the wheels had 20 teeth.  

As for the pins on the input wheel and wheel of the carriage, Vitruvius wrote 
that the standard wheel diameter of a roman chariot was 4 roman feet. Since a ro-
man feet was 0.2964 m, the wheel circumference was 3,725 m.  Therefore, we can 
suppose that, for a correct continuous transmission between chariot wheel and in-
put wheel, the latter should have 8 pins. Thus, the distance measurements can be 
computed through the following expression 

 
8 chariot wheel revolutions = 10 roman steps = 14.785 m 

The Odometer by Heron 

The invention of the odometer device is attributed to Heron of Alexandria, [1]. 
The biography of this very important ancient scientist and engineer is not very 
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Fig. 1  A perspective modern reconstruction of the odometer by Heron 

 
Fig. 2  A kinematic scheme for gear connections in the Heron odometer in Fig. 1 

14.785 / (8·π) =0,588 m ≅ 2 roman feet 
 

This is exactly one half of the standard wheel. 
It must be observed that the small flap is not rigidly installed to the axle but it 

can rotate, with a certain amount, with respect to it. This particular, that is shown 
in Fig. 3, is not reported in some later designs by later technicians but it was very 
useful for a correct working of an odometer. 

 
Consequently, with 8 pins, the wheel diameter can be computed as 
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Fig. 3 A zoomed view of a detail for flap connector in the Heron odometer in 

Fig. 1 

The Odometer by Vitruvius 

It is well-known that at the time of the Roman Empire it was not possible to de-
terminate the position of a ship by astronomical device. For this reason the only 
way to determinate the distance that were run by a ship was to measure its dis-
placement. A first device for this task can be considered the naval odometer that 
was designed by Vitruvius. A perspective reconstruction is shown in Fig. 4. A 
paddle wheel was installed at each side of a ship so that it was moved by the 
ship’s motion. Both the paddle wheels were fitted on an axle that moved the 
mechanism of the odometer.  

Each revolution of the paddle wheels causes one teeth rotation of the first gear 
wheel, which through other gears (that are not represented in the reconstruction 
drawing) moves the counting pointers. A scheme is reported in Fig. 5, in which 
the axle 1 is that one of the paddle wheels. 

As far as we know, this devices can be considered as the first log example for 
measuring ship speed. It has to be pointed out that “log” in English indicates the 
piece of wood that was tied to a small rope and was thrown outboards. The rope 
had a number of knots, that were located 1/10 of nautical mile from each other. By 
means of an hourglass, the number of knots in the unit of time where counted, 
hence the speed was computed. This device, in the shape that has been just de-
scribed, was considered as invented in the 18th century. That is to say more than 
18 centuries after the naval odometer by Vitruvius, and it is clearly much more 
unsophisticated. The term “log” is still used for mechanical or electrical devices 
that are used to measure speed and distances in the sea in more recent times. 
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Fig. 4  A perspective modern reconstruction of the naval odometer by Vitruvius 

 
Fig. 5 A scheme of the first three axes in the mechanism of the naval odometer 

in Fig. 4 

Before the (very recent) use of the GPS, the coastal navigation, both for sporting 
and professional activity, was made possible by log and compass until the present 
days. At the time of the Roman Empire, the navigation was mainly coastal as they 
were helped by a wide system of long range lighthouses. 

Topographic Instruments 

Other relevant instruments for distance measurements were developed for topog-
raphy purposes. They may have not been based on mechanisms but on the geome-
try properties which are strongly linked with displacement evaluation. In this 
paragraph we have reported some of those ancient devices which made possible 

 

the developing of topography during the Roman Empire. 
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A Groma is an instrument that was used intensively by Roman engineers. It 
would be difficult to determine when the Groma was invented since it may have 
been originated in Mesopotamia, from where it may have been imported by 
Greeks around the IV century B.C., an indicated as gnomona or little star. Then, 
Etruscans brought it to Rome and named it as cranema or ferramentum. It was 
made of a cross made of iron or bronze, whose arms supported four plumb 
weighted lines, as represented in Fig. 5 a. Looking through the opposite pairs, the 
instrument could identify two perpendicular directions, which were used to subdi-
vide the land into orthogonal alignments. In Fig. 5 a modern reconstruction of a 
Groma is proposed as compared with an artistic representation in bas-relief from 
roman imperial time. 

              
     a)         b) 

Fig. 6 A Groma instrument: (a) a modern reconstruction;  (b) an artistic repre-
sentation in archeological found 

Although this instrument was invented in other civilization, it was used for many 
centuries in the Antiquity and was extended during the Roman Empire. Proof of the 
instrument and its uses are found in the remains of a Groma discovered in Pompeii 
and its illustration is reported on several funerary steles of the time of Roman Em-
pire. As far as we can understand, the approximately two meter long rod supported 
the cross well above the eye level of a user, who could therefore look freely through 
the plumb weighted lines. The real limitation of the instrument can be identified in a 
situation when there was even a weak wind that could cause the lines to oscillate and 
prevent a correct observation of line alignment. 

Another important instrument for topography purposes was considered the 
Heron’s lever. In Fig. 6 (a) modern reconstruction of Heron’s level is reported by 
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showing communicating pipes and slots for optical sightseeing that were the basic 
components for the mechanism and its operation. In Fig. 6b a reconstruction is re-
ported for a similar devices as proposed by Giovanni Branca in the table XXXIX 
of the book “Macchine”, that was published in Rome in 1629. 

The basis of the instrument is the Mechanics of levers which will require long 
rod for proper accurate measurements. Obviously a topographic instrument six 
meters long, even though precise, was too cumbersome to transport in a filed or 
even during a military campaign. In addition, rain and wind could prevent its prac-
tical use.  

 
       a)      b) 

Fig. 7 Reconstruction of Heron’s level: (a) a modernperspective; (b) from 
G. Branca in 1629 

A real innovation was made when Hero succeeded in constructing a dioptre fit-
ted with a special accessory in lieu of the alidade. Thus he transformed the instru-
ment in a compact design even with a high precision operation. In many ways this 
is the forerunner of the theodolite. Etymologically, dioptre in Greek comes from 
two words: dià= through and opteuo= observe: observe or look through. This 
definition is suitable for all sighting instruments that are used to identify a direc-
tion. These instruments were replaced by telescopes only in modern times.  

Hero wrote a very detailed description of the instrument in his Treatise on Diop-
trics, translated from the Greek by Giambattista Venturi in 1804. The instrument 
was intended for angular measurements by using an alidade or dioptre that could 
rotate both horizontally and vertically. Two semi-cogged wheels used two worm 
screws with knobs to rotate in the horizontal and vertical directions. In this 
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manner, they could achieve lines of sightseeing with target rods in order to deter-
mine azimuth or elevation angle. By using a crosswire at the ends of the dioptre, 
they were able to improve precision apparently up to 30 min of a degree. A small 
tripod column, rather like our trestle, was used to support the instrument and a 
plumb weighted line or bob along its side ensured perfect verticality.  

In his interpretation Venturi supposed that, in addition to the goniometric plate 
to measure the azimuth angles, in the instrument there must have been installed 
also a vertical semi-disk to measure elevation angle. In effect, the device would 
resemble a modern inclinometer. However, since there is no mention or supposi-
tion to this in the Hero’s treatise, we prefer to believe that the sight slot only had a 
vertical rotation and that it occurred in the traverse fork on the goniometric plate. 
Such a location makes the functionality of the instrument as similar to a today 
telescope, which makes the dioptre even more modern.  

As for its operation for a level measurement, this occurred by replacing the sight 
slot with a wood rule containing a small copper tube with U shape. At the ends of 
the U rod tube two transparent glass pipes were installed. When an opaque liquid, 
such as red wine, was used, the two cursors could be made to coincide perfectly 
with the level of the liquid. In effect, this was two communicating vessels with 
one index. 

The cursors were actually two metal ties, each one with a line of sight that could 
slide along the exterior of the glass tubes. Once the liquid was stationary, these 
cursors were moved to align with the liquid. The regulus containing the tube is de-
scribed as being 12 fingers long, approximately 25 cm, as a measure that is per-
fectly suited to its purpose. 

The most interesting and least known accessory is the pair of leveling rods that 
completed the dioptre. However, since it was not possible to read the rod from a 
distance without a telescope, a solution was found to allow for a direct reading. By 
looking through the sight slots of the level tube, a mobile pointer along the rod 
was brought to coincide with its direction. Since this had a wide disk that was half 
white and half black, collimation was not particularly difficult. In fact, once the 
assistant had blocked the disk after it had been aligned, the measurements could be 
read on the rod, as registered by a lateral pointer. 

In Fig. 7 reconstructions are reported for an Heron’s dioptre and a Roman sta-
dia, according to Heron’s description. 

In 1907, the remains of a Roman ship was found off the coast of Mahadia. Many 
decades later, when it became possible to bring the ship cargo out of the sea, among 
the several valuable works of art they found also several bronze flanges, two of 
which were semi-cogged. This was a symmetrical pair and was most likely intended 
to rotate the horizontal plane of a dioptre, as a ship instrument. 
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   a)    b) 

Fig. 8 Modern reconstructions of topographical instruments: (a) Heron’s di-
optre;  (b) a Stadia 

The Water Clock by Ctesibius 

Water clocks were quite common two thousand years ago but generally they were 
very simple and not very accurate. Essentially they consisted in an upper water 
tank that filled a lower one through a regulated water flow. In the lower tank a ball 
cock was activated by the water flow and moved a pointer that indicated the time. 
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Fig. 9  A perspective reconstruction of Ctesibius’ water clock 
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Beside the motion and power transmission, there was another problem to solve. 
The length of a roman hour was not constant since it was defined as 1/12 of the 
time between sunrise and sunset during the day and 1/12 of the time between sun-
set and sunrise during the night. Thus, the time duration of one hour was different 
from day and night (except at the equinoxes) and from a given day to another one. 
The water clock that was designed by Ctesibius, solved this problem. A perspec-
tive modern reconstruction of it is shown in Fig. 8 on the basis of what was de-
scribed by Vitruvius.  

A bottom tank was filled by a constant water flow from a top tank that is con-
tinuously maintained full. An yarn was connected to the ball clock and to a 
counter weight and was wrapped in coil around the pointer axle. Daily the bottom 
tank was drained and the cycle started again. The main parts of the mechanism are 
shown as an orthogonal section in Fig. 9. 

The problem of measuring hours of variable length was solved by Ctesibius by 
fitting the dial on a shaft that was off the centre of the pointer shaft and by moving 
the dial during the year. The mechanism is shown in Fig. 9b.  

Any time the ball cock passes through a certain position (once a day), it moves a 
rod that pushes one tooth of a gear. This last gear has 365 teeth, so it made a revo-
lution in one year, and was fitted on an hollow shaft coaxial to the pointer shaft 
and connected to a rod, as shown in Fig. 9b. 

The dial was installed on an hub having two orthogonal slots. Through the ver-
tical slot passed the pointer shaft and in the horizontal one a crank was connected 
to the gear shaft. While the crank rotates, the dial could move just along the verti-
cal direction. In this way, the dial centre moves with respect to the pointer axis 
from the higher position to the lower position to the higher again, once in a year. 
The 365 teeth gear moved also another pointer to indicate the day of the year. 

Conclusions 

The presented devices show that twenty centuries ago the knowledge in the field 
of mechanics, and specifically in measuring time and distances, was much more 
advanced than what is commonly supposed.  In this paper, measurement devices 
are presented and discussed in order to understand their designs and operations as 
important examples of high technical level in Mechanism Design at the time of 
Roman Empire. 

Measuring distance, together with the measuring of mass and force, represented 
the first steps in developing science and technology in Antiquity. In addition, the 
first western scientists and engineers (e.g. Thaletes, Pitagoras, Archimedes, etc.) 
were very deeply interested in the study of Geometry, as fundamental for the study 
of Mechanics and design of mechanical systems. It is also well-known that an ac-
curate measuring of distances is also essential for civil engineering in building 
temples and towns. A relevant impulse in this field of knowledge and its practical 
application was given during the Roman Empire, as discussed in this paper 
through few significant examples. 
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Fig. 10 A kinematic scheme of Ctesibius’ clock in Fig. 8: (a) the clock mecha-

nism;  (b) a details of  the  mechanism for the dial motion 
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whose compilation was ordered by King Philip II around the year 1570 [1]. 
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This work sets out some reflections on the importance of this book and takes a 
detailed look at the main mechanisms and machines described, while making 
comparisons with similar devices of the period or those that may have had an in-
fluence on the contents. 
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Introduction 

The complex process of founding empires that has existed throughout History, has 
always been an object of study due to the profound political, economic, demo-
graphic, religious and social changes involved. It is important to point out that al-
most all empires have arisen out of a situation of scientific-technological superior-
ity. Progress in Engineering and Architecture has been decisive in the birth and 
duration of empires throughout History, and Mechanical Engineering has always 
played an important role [2, 3]. 

Every empire has needed to develop communication and trade networks, ad-
vances in the means of transport, in the exploitation of agricultural and mining re-
sources, and in the building of cities and infrastructures, so as to address the popu-
lation’s needs. In addition fortifications and defense structures needed to be 
continuously improved against potential enemies. In order to meet all these re-
quirements, the use of efficient machinery and resourceful devices has always 
been paramount. 

For long periods during the 16th and 17th centuries, the two Iberian empires 
became unified, whereupon the Spanish crown became the World’s number one 
political and economic power, so extensive that in the domains of King Philip II, 
“the Sun never set”.  

In the framework of this empire a need arose for the Spanish Crown to have 
highly qualified professional experts at its disposal. The scarcity of which is made 
clear in a letter by Francés de Álava, written to Philip II in the second half of the 
16th Century: “The persons that I know in Spain employed in the service of Your 
Majesty as qualified engineers […] are all foreigners and I know not a single 
Spaniard who knows anything as near as much as any of them”. 

The strategic interest in Mechanical Engineering became clear with the appear-
ance of “The Twenty-One Books of Devices and Machines of Juanelo”, whose 
compilation was ordered by King Philip II around the year 1570 and is nowadays 
preserved in the National Library in Madrid (www.bne.es). Among other knowl-
edge, the book contains a large number of machines of the period. The devices and 
machines are classified according to its function, and a surprising number of 
pumps, mills, cranes and other machines, particularly those driven by water, wind-
energy, gravity or animal traction is included. 

It is regrettable that the book was not published at the time due to a lack of con-
sent by Philip II. Had it been published, it would undoubtedly have become as 
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well-known as the most famous European Renaissance treatises. Known and 
probably used by engineers and architects such as Gómez de Mora, Teodoro 
Ardemans and Benito Bails, it remained in relative oblivion until the 60s of the 
last Century when various historians in Technology showed an interest in it. 

This work sets out some reflections on the importance of this book and takes a 
detailed look at the main mechanisms and machines it describes, while making 
comparisons with similar devices of the period or those that may have had an in-
fluence on the contents. 

On the Authorship of the Twenty-One Books 

The School of Civil Engineering prepared an edition of “The Twenty-One Books 
of Devices and Machines” in 1983 and the Juanelo Turriano Foundation, founded 
by José Antonio García-Diego in 1987, produced a facsimile edition in 1997. 
However, the continuing efforts of publishers and researchers have failed to reveal 
the authorship of the codex. 

Round about 1645, Gómez de Mora, the royal architect, chose the title page 
shown in Fig. 1 for “The Twenty-One Books”, where it reads, “The Twenty-One 
Books of Devices and Machines of Juanelo”. This reference to Juanelo on the title 
page contributed initially to Juanelo’s being attributed the authorship of this work. 
 

        
Fig. 1  Title page of the Twenty-One Books 

Later on, the words “Machines of Juanelo” was thought to be only a way of 
alluding to the quality of the machines described in the work, due to his renown 
at the time and the reputation that grew around him. Moreover, it seems strange 
that Juanelo Turriano would not include his most important work in this great 
Machine Encyclopedia: the famous device for raising water from the river Tagus 

“The Twenty-One Books of Devices 
and Machines of Juanelo, ordered 
written and demonstrated by King 
Philip II, Catholic King of Spain and 
New World. Dedicated to John of 
Austria.”. 

        



 

to the Citadel in Toledo, the old capital of Spain, overcoming a difference in 
level of ninety metres. 

In view of the features of the text, written in a Spanish full of Aragonese ex-
pressions, with numerous and precise references to Aragón (Spain), José Antonio 
García-Diego and Juan Antonio Frago reached the conclusion that the author was 
of Aragonese origin but his identity remained still unknown. 

After some additional and detailed research, Nicolás García Tapia put forward 
Pedro Juan de Lastanosa (1527–1576), from Aragón, as the author, an inclination 
that has gained strength in recent years. On the other hand, not everyone accepts 
this hypothesis, which has given rise to heated polemics that have promoted an 
even more extensive study of this work, which in turn has led to new studies being 
published on the matter [4–8]. 

A relevant argument contributed by Antonio T. Reguera, refers to the contra-
diction that Lastanosa left no proof of his authorship, when, for instance, his rec-
ognition as legitimate holder of a patent for a mill is well-known. 

New events have occurred recently that open up new lines of future research. 
María Teresa Cacho located an undated and unsigned manuscript preserved in the 
national Library of Florence, entitled “Trattato dell’acque”. This is a treatise on 
Hydraulic Engineering written in Spanish that bears a remarkable similarity to 
“The Twenty-One Books” preserved in the National Library of Madrid. Much 
shorter with only 84 pages, it contains 350 illustrations of which 315 appear in the 
Madrid manuscript. The faint definition of some of the illustrations suggests that 
the Florentine version is older. 

A third manuscript has also been discovered belonging to a private collection in 
Barcelona, and therefore less known than the previous ones. This Catalan Codex 
comes close to the Madrid version, having 609 pages and 404 illustrations com-
pared to the 949 pages and 509 illustrations of the Madrid manuscript. 

Structure and Contents of the Twenty-One Books 

The compendium kept in the National Library of Madrid deals with numerous 
themes related to Mechanical Engineering, Civil Engineering, Naval Engineering 
and Architecture, as well as how to obtain and process different raw materials 
used extensively in these disciplines. All this knowledge is grouped together in 
five related books, following the structure set out below: 

Books One to Five: On the properties of water, methods for finding it and 
evaluating its quality. 
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At present, various authors are of the opinion that “The Twenty-One Books” 
may have been written by different authors, one of whom would have been 
Lastanosa, according to Nicolás García Tapia’s version. This hypothesis is 
supported by the existence of considerable differences between chapters of the 
work regarding style, degree of detail and scientific-technical quality. 
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Books Six to Ten: On how to extract, transport and store water. On the con-
struction of aqueducts, dams, cisterns and tanks. 

Books Eleven to Thirteen: On mills, how to build them, the different types 
and their use for grinding corn, sifting flour, extracting water and washing fabric. 

Books Fourteen to Eighteen: On the use of wood and stone for building. On 
the properties of these raw materials and how to obtain them. On the construction 
of stone and wooden bridges and boats.  

Books Nineteen to Twenty-One: On building structures on the sea and about 
harbour defenses. On other works of Hydraulic Engineering and water clocks. 

Below are listed the main developments described concerning Mechanical En-
gineering, together with a comparative study of other similar inventions existing 
towards the end of the 16th Century, when this Machine Encyclopedia was 
produced. 

Some of the Main Devices and Machines Included  
in the Twenty-One Books 

These Books include detailed descriptions of machines and devices, mainly water 
raising machines, different kinds of mills and building machinery; in order to give 
this work a practical character according to its historical context. 

Water Raising Machines 

The need to supply cities with water together with the requirements to remove wa-
ter from mine workings, especially in the territories in the Viceroyalty of New 
Spain, promoted the compilation of many references to hydraulic devices such as 
pumps, and to water raising devices in general. 

Some references are about improvements to machines known and used since 
Antiquity. Figure 2a shows a set of four Archimedes screws driven by a common 
hydraulically powered shaft, with a remarkable water-raising capacity. Figure 2b 
shows a crown-lantern gear that drives a crankshaft to power a force pump similar 
to Ctesibius’, which works by alternately sending a flow to a collector tank from 
each of the two compartments in which the pump is divided. Due to this principle, 
a more uniform flow is obtained since the two pumps take turns to raise the water, 
which flows out through some side openings in the pistons themselves. 

 



 

      
                                    a)                                                b) 
Fig. 2 (a) Archimedes screws; (b) Force pump; from “The Twenty-One Books” 

The text of “The Twenty-One Books” recommends using these pumps for rais-
ing water to great heights, but only in small amounts due to the weight of water. 
Also emphasized is the importance of using the correct size machine parts. 

Figure 3 shows other water raising devices, this time animal-powered, which 
provides information as to the size and power of the machines. 

 

   
Fig. 3  Animal-powered water raising devices, from “The Twenty-One Books” 

Iberian Empire Mills 

Milling was of vital economic importance in these first colonial empires, because 
various sectors of industry and agriculture depended on it. Wheat and oil were the 
staple diet of the native population of the Iberian empires. In addition, mills were 
linked to colonial mining and therefore to the financial support of the conquering 
and expansion activities. 

The descriptions found in “The Twenty-One Books” start out from some simple 
mechanisms like the hand-operated flour mill in Fig. 4a, or the animal-powered 
one in Fig. 4b. 
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                                   a)                                                       b) 
Fig. 4 Flour mills from “The Twenty-One Books”; (a) Hand-operated; (b) Animal-

powered 

Hydraulic power drive is also frequently described, using both vertical wheels 
(Fig. 5a) and horizontal wheels (Fig. 5b). There is a section in “The Twenty-One 
Books” devoted to a study of the appropriate layout and spatial location for water 
pipes carrying water to the wheels so as to improve operating efficiency. 
 

         
                        a)                                                                b) 
Fig. 5 Water wheel-driven flour mills, from “The Twenty-One Books”; (a) Ver-

tical wheel; (b) Horizontal wheel 

On other developments explained the mill is driven by wind-power, as in Fig. 
6, which the writer assures, “is very common in Flanders, Germany and France, 
but not in Spain or Italy because the winds in these regions are not suitable for 
driving them as they are not constant when they blow”. 

 



 

 
Fig. 6 Windmill, from “The Twenty-One Books” 

When sugar cane began to be exploited overseas, milling machines were also 
required, which led to the development of more complex high production systems. 
The set up shown in Fig. 7a presents a drive wheel that in turn powers the milling 
and automatic sugar cane cutting mechanism, enabling the cutting and milling op-
erations to be synchronised. 

The attempts to develop ever more productive mills becomes clear in other ma-
chinery presented in the text, like the device shown in Fig. 7b for milling flour. 
The author himself warns that the high efficiency means that the parts may often 
suffer damage. The transmission mechanism is more complex, with three horizon-
tal shafts, one vertical and including several reduction stages. Also noteworthy is 
the addition of fly wheels and a ratchet mechanism on one of the wheels. This mill 
with counterweights gave rise to litigation, concerning patent rights, between the 
Spaniard Pedro Juan de Lastanosa and the New World Spaniard Ruy Lope de 
Luna, which ended in a judgement of Solomon with the profits being divided be-
tween both of them. 

Moreover, the machine in Fig. 7b works with counterweights, using large 
weights set at a considerable height. It is an example of the efforts made in the 
16th century to use not only animal or hydraulic energy but also gravity, as addi-
tional support. 

 

    
                               a)                                                             b) 

Fig. 7 (a) Mill for producing sugar; (b) High efficiency flour-milling mecha-
nism, from “The Twenty-One Books” 
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                           a)                                                            b) 
Fig. 8 (a) Flour mill adjustable to the level of flow of the water; (b) Floating mill 

Figure 8b shows floating flour mills that the author of “The Twenty-One 
Books” claims to have seen in many parts of Italy. The anchorage allowed them to 
be adapted to the amount of water of the river. The wheels powered by water from 
beneath had to be placed in pairs or be wider than other types of mill wheels, since 
the slow running water often did not provide enough power to move them. Conse-
quently, it was quite usual for them not to be able to grind much grain, unless they 
were driven on fast-flowing rivers. 

“The Twenty-One Books” include new designs based on grouping together 
other devices and discuss the feasibility of these novel designs. One example of 
this is the sophisticated machine shown in Fig. 9, which performs numerous tasks 
at the same time: crushing gunpowder, polishing and cleaning weapons and mill-
ing flour. 

 

Another way of improving productivity was to endow the machines with a 
capacity to work in more demanding conditions: 

Figure 8a shows a flour mill that can be adjusted in case the wheels are 
powered by highly changing currents. In such a situation, it is useful to be able to 
adjust the height of the water wheel and to adapt the position of the paddles 
according to the water level, which was performed by operating two screws. The 
great length of the lantern means that it will always engage the crown mounted on 
the water wheel although its height may vary. 



 

 
Fig. 9 Machine for performing numerous operations simultaneously, from “The 

Twenty-One Books” 

Building Machinery 

The great works of architecture carried out in the age of splendour of the Iberian 
Empire also required lifting machines with important mechanical requirements. 
“The Twenty-One Books” contributed to the spread of some of these cranes, like 
the one in Fig. 10, used for lifting building workers in a kind of cage. Elevation 
was achieved by some manually operated drums that took up the rope using a pul-
ley system. It could also be used for lowering persons, down to mining galleries, 
for example. Other different cranes are depicted in Fig. 11. 

The text sets out the advantages of using pulleys and multiple ropes to reduce 
the weight borne by each cord when lifting very heavy weights. 

 

 
Fig. 10  Machine for lifting and lowering workers 
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Fig. 11  Cranes, from “The Twenty-One Books” 

Other Machines and Mechanisms in the Compilation  

It is difficult to summarise the contents of the “Twenty-One Books of Devices and 
Machines” in relation with other types of devices and machinery, which is why 
only a few examples are given below. 

Overseas relations meant that harbours had to be enlarged and in many cities 
built. Pile driving machines were frequently used in the period; Fig. 12a depicts 
one of the machines of this kind explained in these books. It was manually oper-
ated by pulling on ropes to raise the hammer with the use of pulleys. The way of 
joining the ropes to the pulleys and hammer is shown in detail in Fig. 12b. 

The machine in Fig. 13a consists of a hydraulic press, with a crankshaft to drive 
an articulated rod mechanism. These move some swing hammers that strike a 
wedge to produce pressing by means of a crossbeam. The machine can be seen in 
operation in Fig. 13b. 

Another device shown is one for beating and washing clothes with water, as in 
exposed the diagram of Fig. 14. A small flow of water halfway up a water wheel 
suffices to set the device in motion, by producing movement in a shaft bearing two 
radial actuators to act as cams to cause the pendulum motion of the washing tools. 

 



 

           
                                           a)                                        b) 
Fig. 12 (a) Pile driving machine; (b) Detail of the device, from “The Twenty-One 

Books” 

        
                           a)                                                        b) 

Fig. 13 (a) Wax press; (b) Detail of pressing, from the Twenty-One Books 

 
Fig. 14  Clothes washing device, from the Twenty-one Books 
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Comparison with Other Machine Treatises During  
the Renaissance 

The Machine Renaissance, starting from Italy, reached extent areas of Occidental 
Europe in the second half of the 15th century, where the development of relevant 
machines and devices rose very quickly. The main developments were hydraulic 
devices, mills, building machinery and other useful machines, in line with the ma-
chines included in “The Twenty-One Books”. Nevertheless, the interest in other 

The treatises of the Renaissance include mainly new machines and reviews of 
past works in order to improve their capacity, accuracy and efficiency. For exam-
ple, though the Archimedes screw is supposed to be known and used since the An-

like shows the Fig. 15a depicted by Daniele Barbaro in 1584 or the cited modifica-
tion of this machine presented in the Twenty-One Books (Fig. 2a). Other hydraulic 
devices included in the Twenty-One Books (Figs. 2b and 3), show correlations not 
only with machines from the European culture but also with preceding illustra-

high interest in hydraulic machines, like the one depicted in Fig. 15b, from Al-
Jazari’s “Book of Knowledge of Ingenious Mechanical Devices”, finished in 
1206. In addition, Di Giorgio’s “Trattati di architettura ingegneria” (“Architecture 
and machines treatise”) published in 1484, includes examples of water suction 
machines like the hand-operated dual piston pump depicted in Fig. 16 which re-
minds the pump shown in Fig. 2a. 

 

       
                               a)                                                              b) 

Fig. 15 (a) Archimedes screw, by Daniele Bárbaro (1584); (b) An hydraulic ma-
chine from Al-Jazari’s book 

 

less practical devices such as clocks or automatons was reduced [9]. 

tiquity, this system was reproduced later in many works during the Renaissance [2], 

tions from Medieval Islam [10]. For example, the machines of Al-Jazari reveal a 



 

 
Fig. 16 Di Giorgio’s water suction machine from “Trattato di architectura e 

machine” 

 

         
                                        a)                                                b) 
Fig. 17  Mills by renaissance authors; (a) Jacobus Strada; (b) Jacobus Bessonus 
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In the same way, the mills included in “The Twenty One Books”, like the 
examples shown in Figs. 4, 5, 6, 7, 8 and 9, bear numerous similarities to other 
Renaissance works. A remarkable example due to Jacobus Strada is the flour mill 
in Fig. 17a included in his work “Kunstliche Abrís allerhand Wasser – Wind 
Rosz- und Handt Muhlen” from 1617 [2]. In this new design some considerations 
have been taking into account in order to enhance previously existing designs. On 
the one hand, a horizontal water wheel is used, which constitutes an authentic 
turbine with spoon-like blades designed so that the flow will hit the blade and 
leave in the precise direction to obtain the maximum efficiency. On the other 
hand, the machine is improved for proto-industrial applications, by using a large 
horizontal tooth wheel and two lanterns, in order to distribute the power 
transmitted to two different mill wheels. Another example is shown in Fig. 17b 
concerning a hand-operated mill with two mill wheels, included in Jacobus 
Bessonus’s “Theatrum Instrumentorum et Machinarum”, published in 1578 [2]. 
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The same considerations regarding technical solutions similar to other authors 
are common in the chapters of “The Twenty-One Books” devoted to lifting ma-
chinery for building applications. The appearance of the devices shown in Figs. 10 
and 11 reminds for example a machine depicted by Daniele Barbaro in 1584 (Fig. 

 

           
                                a)                                                       b) 

Fig. 18 (a) Vitruvius’ elevator represented by Daniele Barbaro; (b) A crane, by 
Antonio da Sangallo  

Finally, the similitude between many devices included in “The Twenty-One 
Books” and other remarkable manuscripts of the Renaissance is shown through 
the Figs. 12, 13 and 14, compared respectively to the pile driving machine shown 
in Fig. 19, the press depicted in Fig. 20a and the washing device shown in Fig. 

The machines found in “The Twenty-One Books” are in line with many other 
remarkable books of the Renaissance, though some designs exposed are simpler 
than those of Strada, Bessonus or Branca. The major contribution of “The Twenty-
One Books” is the compilation, as a kind of Machine Encyclopedia, of many use-
ful machines and devices used at that time in several application areas and for nu-
merous practical tasks. The dissemination of the machines is highly promoted with 
this compendium, because of the detailed figures and comments on each one of 
the hundreds of designs exposed, including guidelines for the construction, com-
parisons between machines, advantages and disadvantages of each design. 

18a), considering the comments in Vitruvius’ book “De Architectura” [11,12] and 
a machine scheme (Fig. 18b) present in Antonio Da Sagallo’s collection of sheets 
from 1526 approximately [2].  

It is possible to find many additional examples of machines with equivalent me-
chanical developments in other Renaissance and Pre-Renaissance works [2,13,14]. 

20b. Figure 19 has been taken from Giovanni Branca’s “Le machine” from 1629 
[15]. Figure 20a,b have been obtained from Zonca’s work [16] entitled “Novo 
teatro di machine et edificii “written in 1607. 



 

 
Fig. 19  Pile driving machine by Giovanni Branca, from “Le machine” 

 

Fig. 20 (a) Zonca’s press; (b) Zonca’s washing device; from “Novo teatro di ma-
chine et edificii” 

Conclusions 

The “Twenty-One Books of Devices and Machines” is the first and most impor-
tant Encyclopedia of Machines and Mechanisms written in Spain. It was ordered 
to be written by King Philip II around the year 1570, as a sign of the strategic in-
terest that Mechanical Engineering has always had in the birth, expansion and de-
fense of any empire. This work sets out some reflections on the importance of this 
book and takes a detailed look at some of the main mechanisms and machines de-
scribed, while making comparisons with similar devices of the period or those that 
may have had an influence on the contents. 

      
                                  a)                                                                  b) 
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Despite the fact that most of the machines and mechanisms described in “The 
Twenty-One Books” do not represent any significant technological progress re-
garding to devices already existing at the time, the large number of themes dealt 
with and their detailed analysis is remarkable. Additionally, the detailed schematic 
drawings included in “The Twenty-One Books” provide insight on the size and 
power of many different machines of the 16th century. It was undoubtedly written 
as a reference for all the engineers of the Spanish Crown for providing advised on 
how they should optimize their tasks with the help of Machines and Mechanisms.   

Who wrote, copied, edited or compiled this compendium of Engineering and 
Architectural Knowledge is really of no special importance; what really bears 
relevance is that the manuscript has been preserved. Therefore we can continue its 
detailed examination and many of the devices and machines described can even be 
reproduced, thanks to the high level of detail devoted to its production. 

We hope the reflections exposed help to call the attention, of foreign specialists 
on History of Machines and Mechanisms, on the largest compendium produced on 
this subject in Spain. We also would like to increase the technological and teach-
ing interests on the machines and devices explained in the work.    
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papers (Müller and Mauersberger, Zur Entwicklungsgeschichte der Kurvenge-
triebe, 1988; Müller and Mauersberger, LEONARDO DA VINCI – Seine Bezie-
hungen zum Kurvengetriebe im Vorfeld der Technikwissenschaften, 1990) written 
in 1988 and 1990 by the late Prof. Jörg Müller (Rostock, Germany) and the second 
author as co-author. The rather concise retrospective is mainly taken from a post 
in Germany. 



134      H. Kerle and K. Mauersberger 

 

Introduction 

Cam mechanisms with at least three links and one cam joint or so-called higher 
pair form a very common and most useful part of a machine, because the shapes of 
the two pair elements in contact can be given almost any arbitrary form dependent 
on the geometric-kinematic task to be fulfilled. Normally a cam joint represents 
maximally five joint d.o f. in space and two joint d.o f (rolling and sliding) in 
plane. But of course, there may be mechanical restrictions that reduce the number 
of d.o f. Especially with planar higher pairs it is possible and well known to give 
the two element shapes in contact the forms of corresponding rolling centrodes 
and thus create a one d.o f. higher pair with pure rolling behaviour and theoreti-
cally no friction and wear. Figure 1 shows some design example types of planar 
and spatial cam mechanisms. 

 

 
Fig. 1  Some exemplary types of planar and spatial cam mechanisms 

Following the line of time and personalities as generally scheduled in [1] con-
cerning on the one hand the early mechanical developments in Mechanism and 
Machine Science (MMS) and on the other hand a period especially described as 
the “Renaissance of Machines” [2], an approach similar to [3] is the goal of this 
historical contribution to MMS, but this time with the focus on cams and cam 
mechanisms [4]. The origin of these mechanisms must be closely seen in connec-
tion with the development of technical and manufacturing processes and with the 
first machines that could transmit and transform human and later natural mechani-
cal power sources, like water and wind streams. In the antiquity five simple ma-
chines or so-called “mechanical abilities” were known which could amplify the 
human arm force considerably, i.e. lever, wedge (inclined plane), wheel (roll, 
axle), screw (thread, helix, spindle) and pulley. These “mechanical abilities” are 
shown, for example, on the cover page of the German translation of the books 
“Mechanicorum Libri” written by the Italian artist-engineer Guido Ubaldo del 
Monte (1545–1607), Fig. 2 (left) [5]. 
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If we make rotate a wedge around a central axis, we get a screw or a helix; if 
we make rotate the helix, we can transport water in properly shaped grooves or 
pipes from a lower to a higher level, as already described in detail by the Roman 

(right) is taken from a book of W. Ryff in 1548 [6] who explained and translated 
from Latin into German Vitruvius´ ideas and inventions from a text without pic-
tures (they got lost). Instead, Ryff added pictures of his own to illustrate essential 
geometric relations. It is also possible to move up and down a load by means of a 
nut on a properly shaped thread. Thus, we can take the thread as a collection of 
cam joints put in series. 
 

 
Fig. 2 Cover page of the German translation of the book of Guido Ubaldo del 

Monte (left) and Archimedes helix for lifting water in a mine (right) 

This historical contribution starts with Leonardo da Vinci (1452–1519), one of 
the most famous artist-engineers of the Renaissance, the period between 1350 and 
1550. From Leonardo the mechanism and machine science engineer community 
inherited a big number of sketches and proposals of machine parts including cam 
mechanisms for the transformation of rotary motion into linear motion. Especially 
the Codex Madrid I, translated into English by the Leonardo scholar Ladislao Reti 
and rediscovered in 1965 has revealed to be also a mine for many applications of 
cam mechanisms, e.g. in hammer mills, clock escapements, locks, water lifts and 
pumps. We will make an intermediate stop with Franz Reuleaux (1829–1905), the 
famous German pioneer of kinematics and machinery, in the period of the Age of 
Machines leading to the Industrial Revolution in Europe and the USA [7]. Within 
the last 100 years of the recent past the development of cam mechanisms is essen-
tially determined by new manufacturing processes, more theoretical basic knowl-
edge of mathematics and mechanics and finally also by the use of computers and 
computer programs. 

Marcus Vitruvius Pollio (80, 70–25 BC) for use in a mine. The sketch in Fig. 2 
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The Sketchbooks of Leonardo da Vinci 

Leonardo da Vinci, who was born 1452 in Vinci near Florence (Italy) and died 
1519 in Amboise near Tours (France), was a genius of mankind. He thought and 
worked in his period of life as a drawer, painter, sculptor, architect and engineer in 
the broadest sense. Moreover, he also dealt with topics and problems on almost all 
fields of natural sciences, medicine included. In the context of the present paper 
the interest in Leonardo´s legacy is restricted to his genial works on the fields of 
mechanics, mechanisms and machines. 

The sketchbooks of Leonardo da Vinci are not completely preserved today, 
they were spread all over Europe after the death of his scholar and heir Francesco 
Melzi who took care of the books for fifty years. The rests of his legacy in differ-
ent European countries were recollected during the last centuries and put in so-
called “codices”. The important codices concerning mechanisms and machines are 
as follows [8–10]: The “Codex Atlanticus (CA)” [11] is preserved in the Biblio-
teca Ambrosiana in Milan (Italy), the “Codices Madrid (CM) I and II” [12] in the 
National Library in Madrid (Spain), the “Codex Forster” [13] in the Victoria & 
Albert Museum and the “Codex Arundel” [14] in the British Museum, both in 
London (UK). Additionally, there are also some smaller sketchbooks (manu-
scripts) labelled A–M [15] which were looted in Milan by Napoleon´s troops in 
1796 and now reside at the Institut de France in Paris. 

 

 
  

Fig. 3  Screw jack (left) and three different load lifts (right)  
 
As already pointed out two bodies in contact form a general cam joint and from 

this point of view we find in CM I a manually driven winch or screw jack for lift-
ing loads with three different cam joints (Fig. 3, left, [8,16]): The first cam joint 
belongs to a worm gear or endless screw, the worm rotates by a crank, and the 
worm wheel is at the same time nut and part of the second cam joint combination 
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with a screw mechanism; finally there a several balls between the lower plate of 
the worm wheel and a fixed plate on top of the winch stand; thus a ball bearing in 
a protective box between worm wheel and stand is introduced to reduce the influ-
ence of friction. 

Also in CM I we discover three interesting machines for lifting loads from the 
ground (Fig. 3, right, [10,16]). The first one (above) is based again on a worm 

vent the load from falling back to the ground. The third machine (below) belongs 
to the group of reversing or mangle mechanisms [8]. As the middle wheel on the 
crank axis with only a half circle of pin teeth rotates, say, in clockwise direction, it 
first forces the right wheel to lift the bar load, the left wheel does the same, be-
cause it is attached to a common axis. During the next half rotation of the crank, 
the left wheel is now forced to let the load go down, and then a second lift process 
follows a half circle later, and so on. The crank is normally turned by a worker, 
but his turning activity is supported by a counterweight acting on the middle 
wheel. 

 
 

 
Fig. 4 Two cam mechanisms with translating follower (left) and cam linkage 

combination (right) 
 

Leonardo was fond of cam mechanisms being very compact mechanical de-
vices to transform rotary into linear motion. Sometimes we wonder what could 
have been the use then of types of cam mechanisms that turn out to be very famil-
iar to the mechanical engineer of today. Two cam mechanisms based on eccentri-
cally rotating circular disks are depicted on the left side of Fig. 4 (CM I) [10]. The 
mechanism above is of the type “disk cam with translating flat-faced follower, 

gear, the second one (in the middle) represents a pin-teeth gear with one lantern 
pinion and a crown wheel. There is also an additional ratchet mechanism to pre-
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force-closure”, the mechanism below belongs to the group “grooved disk cam 
with translating pin-follower, form-closure”. Leonardo also designed a cam-
linkage combination as shown on the right side of Fig. 4 (CM I) [10]. A disk cam 
with a groove forming a mirror image of the letter “S” is driven by a worm gear. 
Two pins match with the groove and belong to two different links of a planar five-
bar linkage having two degrees of freedom. The range of motion of both pins is 
always one half of the letter “S” alternately. If one pin has reached the rim of the 
worm wheel, the other pin is in the centre of the worm wheel and unable to move. 
During operation the pin at the rim moves to the centre and the pin in the centre is 
forced by the linkage to move to the rim, this process occurs twice during one full 
rotation of the worm wheel resulting in a motion of the horizontal rod back and 
forth. 

Theodor Beck gives a very good and impressive survey of famous engineers of the 
old past in his book [17]. The period he viewed and discussed ranges from Heron 
of Alexandria (10–85) to James Watt (1736–1819), the inventor of the steam en-
gine. Some of these “artist engineers” wrote so-called “machine books” with won-
derful drawings, page by page. The machine books were works of art with fine 
copperplate engravings comprising the contemporary technical and technological 
knowledge about machines and their use or – more precisely sometimes – about 
their purpose. A very important question at that time was, for example, how to 
transport water and how to transform water flow energy into mechanical (kinetic) 
energy of wheels and sliders, all designed for use in hydraulic machines, e.g. 
scoop devices, water wheel drives for grain and oil mills, and water pumps. 
 

The Machine Books of the 16th to the 18th Century 

With many of his inventions Leonardo da Vinci was ahead of his time. 
Craftsmen around him were not able to realize the majority of his design ideas, 
proper tools and proper materials were not yet developed or found. So, somehow 
Leonardo was a clairvoyant mechanical engineer in his ideas and drawings. His 
genius to make three-dimensional drawings and his skill and ability to take details 
apart from the whole machine or mechanism was incomprehensible, but helped to 
preserve his ideas for coming generations of mechanical engineers. 
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Fig. 5 Two examples of cam mechanisms in machines taken from different ma-

chine books 

Jacques Besson (1500–1569), professor of mathematics and natural philosophy 
at the University of Orléans (France), designed in his “Theatrum instrumentorum 
et machinarum” a gigantic machine for scooping water from a lower to a higher 
landscape level by means of a balanced beam with two tubs at its ends (Fig. 5, 
left). The beam is rotated by the water wheel and moves at the same time along a 
fixed spatial spiral cam and thus lifts the lower tub filled with water to its highest 
position. The paddles of the water wheel are hinged in order to allow alternate turn 
of the water wheel for the rise and fall of the beam. 

The Italian Agostino Ramelli (1530–1590), also working for the French king as 
a military engineer like Leonardo da Vinci half a century before, presents in his 
machine book titled “Le diverse et artificiose machine” a special multiple piston 
water pump (Fig. 5, right) [18]. The pistons are moved upwards by cam segments 
forming a multi-threaded screw. The cam segments are mounted on a circular disk 
with a pin-wheel turned by a lantern pinion on a common shaft with a driving wa-
ter wheel. 

The two aforementioned machine books show drafts of machines, technical ex-
periments and possibilities. There are no comments on actual realizations of the 
machines presented. 

In a different way, Jacob Leupold (1674–1727) from Leipzig (Germany) wrote 
a ten-volume machine book titled “Theatrum machinarum” [19] and thus created a 
new category of literature about machines. Not every machine in his books was 
his own invention, but he added critical remarks to the then known machines and 
machine concepts the functions and purposes of which he had studied and under-
stood. He also drew details of machine parts and machine elements that could help 
to explain and to build the machine. Leupold belonged to a new generation of me-
chanics who did not only want to describe a machine, but tried to dismantle it into 
its different parts of function and design. An example of Leupold´s novel system-
atic approach as regards cams is shown in Fig. 6 (left). 
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Fig. 6 Cam studies of Leupold (left) and of Bélidor (right) 
 

with the idea to move pistons in water pumps by means of cams and improved in his 
machine book “Architecture hydraulique” [19] two cam versions of two famous 
French, the geometrician Girard Desargues (1593–1662) and the physician Philippe 
de la Hire (1640–1718), the latter pointing out the epicycloidal cam profile. 

Instead, Bélidor recommended to use ellipses because of an even transmission 
of pressure forces and consequently less friction influence. He also presented the 
geometric fundamentals of such elliptic cams, Fig. 6 (right). So Bélidor at this 
early time did not only describe cams and followers, but already wrote a theoreti-
cal treatise on this subject. 

Finally, it must be emphasized again and again the fact that the material pre-
vailing at that time was wood. Therefore, load-bearing capacity, strength, stability 
and the resistance against wear of such base material were on a minimal level. 
Consequently, most of the ideas of the authors of the machine books mentioned 
could not be set into practice and tested at once, but had to be left to and placed 
into the minds of future engineer generations of the mechanization era. 

Cam Mechanisms in the Period of the Machine Age 

The period of the Machine Age is equivalent with the 19th century, and especially 
its last third is marked by the “Industrial Revolution” in Europe and USA. The 
kernel process can be defined by the notion “mechanization of production”. The 
machine systems of this century consisted almost without exception of the three 
parts input or drive unit, transmission unit, output or driven unit. The drive unit or 
power engine of that time is the steam engine which made the production inde-
pendent of water streams. The steam engine is closely connected with the name of 

The French engineer officer Bernard Forest de Bélidor (1697–1761) also dealt 
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James Watt, even though he was not alone involved in the design, development, 
improvement and industrial introduction of this new power source [20]. The prob-
lem concerning the transmission of power had reversed: With water wheels rotary 
motion had to be transformed into linear motion, now with steam engines linear 
motions of the pistons had to be transformed into rotary motion. 

Modified or further developed mechanisms became necessary which even often 
could be taken from the old machine books, concerning pumps for example. At 
that time of mechanization a new solution found had to be patented at once be-
cause of the existing rivalry between industrial companies. 

For example: To avoid patent quarrels Watt invented two different transmission 
mechanisms with cam joints. The first mechanism called “inclined wheel” had a 
rod-belt combination acting as a linear drive unit to make rotate the inclined wheel 
by means of friction rolls, Fig. 7 (left) [21]. This solution strongly depends on a 
flywheel effect of the inclined wheel to guarantee a constant angular velocity, a 
condition which Watt could not fulfil in a satisfactory way, and so he dropped the 
inclined wheel. The second mechanism called “eccentric wheel” with three circu-
lar disks worked like a cam-roller combination and was kinematically similar to 
the expansion of the two elements of a rotary joint, Fig. 7 (right). 

 
Fig. 7 James Watt´s cam mechanism solutions to transform linear into rotary 

motion: Inclined wheel (left), eccentric wheel (right)  
 
Classical machinery science started in France in the course of the French Revo-

lution (1789–1794) at the École Polytechnique in Paris. Gaspard Monge (1746–
1818) taught kinematics as part of his subject “Géométrie descriptive”. His schol-
ars Jean Nicolas Pierre Hachette (1769–1834), José Maria Lanz (1764–1839) and 
Augustin de Betancourt (1758–1824) became protagonists of a “kinematic ma-
chine science”. They classified all relevant mechanisms of their time concerning 
the type and direction of motion (input/output) and treated them as elements of a 
“mechanism matrix” which also included cam mechanisms, Fig. 8 [22]. 
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Fig. 8 The “matrix of mechanisms”, part of a catalogue by Lanz and Betancourt 
 

Hachette also dealt with the synthesis of cam mechanisms from the geometric 
point of view, Fig. 9 (left). Later on, Jean Victor Poncelet (1788–1867) who be-
longed to the “dynamics group” at the École Polytechnique took into account also 
dynamical aspects of cam mechanisms and pointed to the “pressure angle” α with 
a translating roller follower as an important characteristic quantity for the optimal 
transmission of forces, Fig. 9 (right) [23]. Because of his two-track education 
Poncelet was capable of combining geometric-kinematic concepts with dynamic-
energetic demands. 

The interest in the development of new mechanisms and machines grew more 
and more in the Machine Age, and parallel to this increased the trend to create 
mechanism catalogues. The building of mechanism models formed the next step 
of polytechnical education of students. In England Robert Willis (1800–1876) 
taught kinematics at Cambridge University using mechanism models for experi-
mental purposes. In his book [24] we find cams being classified as rolling and 
sliding pairs. 

 

 
Fig. 9 Cam synthesis design by Hachette (left) and pressure angle α with a trans-

lating roller follower by Poncelet (right) 
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Fig. 10  Eight Redtenbacher mechanism models from Karlsruhe (Germany) 
 

Ferdinand Redtenbacher (1809–1863) laid the foundations of the scientific 
mechanical engineering in Germany (and beyond). Redtenbacher was professor at 
the Polytechnic School in Karlsruhe. He established a metal mechanism model 
collection with as many as 100 specimen [8]. These models were capable of loads 
and are mostly listed and described by Redtenbacher himself in one of his books 
[25]. Eight specimen are shown in Fig. 10. 

Parallel to Redtenbacher lived and worked Johann Andreas Schubert (1808–
1870), professor at the Polytechnic School in Dresden (Germany). Cams and cam 
mechanisms belonged to his category of elements of machine science [26], Fig. 11 
(left). Also Schubert used models to explain complex motions of links and points 
in mechanisms to his students. But till today only nine mechanism models could 
be preserved [27, 28]. In Fig. 11 (right) a swash-plate cam mechanism made of 
cedar wood is depicted exemplarily. 

 

 
Fig. 11 Planar cams and cam mechanisms (left) and a spatial swash-plate cam 

mechanism (right) designed by Schubert in Dresden (Germany) 
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Fig. 12  Reuleaux cam mechanisms and models from Berlin 

 
The German Franz Reuleaux (1829–1905) studied mechanical engineering in 

Karlsruhe and became a scholar of Redtenbacher. Later on, he got professorships 
at the Zurich Polytechnic Institute in Switzerland and at the Königliche Gewer-
beakademie (Royal Trade Academy) in Berlin. Reuleaux was the “father” and 
pioneer of the “kinematics of machines” in Germany and outside of Germany. 
With his two-volume work [29,31] in German about “Theoretical Kinematics” he 
produced a unique jewel of the “systematics of mechanisms” based on the theory 
of constraints within a kinematic chain of links and joints. Moreover, he defined a 
machine that transformed motions as well as forces. The first volume of this work 
was also translated into English [7]. 

Most famous is Reuleaux´s large collection of nearly 800 mechanism models, 
350 of them were marketed to universities around the world [8]. In the upper part 
of Fig. 12 we look at two simple three-link cam mechanisms and one triangle-cam/ 
scotch-yoke combination taken from [29]; in the lower part of Fig. 12 two original 
Reuleaux models are shown taken from a catalogue published in 1928 [32]. 

Developments in the Last Century 

At the beginning of the 20th century there is the death of Franz Reuleaux in 1905, 
but his ideas of mechanism design and systematics survived in many of his fol-
lowers who worked in industrial companies and universities all over the world. 

signed complex cam mechanisms for the study of planetary motions [30]. 
His successor in Berlin became Wilhelm Hartmann (1853-1922) who even de-
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Fig. 13 Flocke design procedure for cams with offset translating roller follower 

 
In the thirties of the last century there was again a peak period of mechaniza-

tion in Europe and USA, culminating in mass production of capital goods. It be-
came more and more important in the industrial world to develop compact ma-
chines with a high performance-to-weight ratio, for automobiles as well as for 
manufacturing machines and machine tools. Mechanism theory or kinematics be-
came one of the outstanding subjects in the curricula of schools and universities 
for mechanical engineers. The state of the art of mechanism design at that time is 
given with two books. The first book titled “Grundzüge der Getriebelehre” and 
consisting of two parts (volumes) was published by Willy Jahr and Paul Knechtel. 
It contains a very extensive part about cam mechanisms [33]. As regarded the syn-
thesis of disk cams with radial or oscillating followers the two authors made use of 
a design procedure that was developed by K. A. Flocke [34] for finding disk cams 
of minimal size. The procedure is based on the coherence of the minimal radius 
rmin of the base circle with the chosen transmission angles (complementary to the 
pressure angles) µk1 for the rise and µk2 for the fall, Fig. 13. 

The second book titled “Technische Kinematik” [35] was published by Rudolf 
Beyer (1892–1960), a very gifted theorist and estimated university teacher, besides 
a specialist for spatial mechanisms. The part he wrote about cam mechanisms is 
only very short, but Beyer was at that time editor of the famous RM/AfG – 
Reuleaux-Mitteilungen/Archiv für Getriebetechnik (Reuleaux News/Archive of 
Kinematics). The series started in 1933 and ended in 1944, with a slightly changed 
title and since 1939 also under the roof of the VDI – Verein Deutscher Ingenieure 
(Association of German Engineers).  

Here we have a mine of publications concerning cams and applications based 
on cam mechanisms. First example: The mass production of cams was performed 
by using a template cam on a milling machine (Fig. 14, left). In order to reduce 
manufacturing errors, the template cam profile had to be as precise as possible and 
bigger in dimensions than the product cam [36]. 
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Fig. 14 Milling machines for the manufacture of cams (left) and cam-activated 

toggle-press (right) 
 
Second example: On the right of Fig. 14 there is a press with a five-bar toggle 

mechanism that is activated by two conjugate cams. The main load during the 
press operation is taken by the slider-crank part of the press [37]. 

After World War II the technical development in all industrial countries began 
again, in a very stormy and exciting way, and this became also true for the devel-
opment of theoretical fundamentals and industrial applications of cams and cam 
mechanisms. The best motion laws including complicated mathematical functions 
with smooth transitions between different motion sections for different followers 
were traditionally used for valve controls in automobiles (cf. Fig. 15, [38]) and – 
still more challenging because of the extremely high number of camshaft revolu-
tions per minute – in motorcycles. High speed motion of crank- and camshafts 
causes vibrations in mass-elastic systems and must be encountered by properly 
chosen motion laws and – most important – by cams manufactured with highest 
quality and precision. 

 

A

B

 
Fig. 15 Some types of cam mechanisms in automobile engines: (A) Overhead 

valve (OHV) and (B) overhead cam (OHC) 
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Gradually these ideas and possibilities were also transferred to cam mecha-
nisms in machines for manufacturing and production processes. Harold A. 
Rothbart pioneered with his book in 1956 [39] and Preben W. Jensen wrote an-
other one nine years later [40]. Kurt Hain, the German pioneer in applied kinemat-
ics, showed how to develop cam mechanisms alone and in combination with link-
ages in a most systematic and efficient way, cf. for example [41]. 

A big thrust in research and application for cam mechanisms – and not only for 
them, of course, but generally for all technical sciences – came with the use of 
computers and computer programs. The introduction of computer hardware and 
software marked the beginning of the period of automation, and especially auto-
mated production. Now there were new chances to calculate, simulate, optimize 
and manufacture cams and cam mechanisms to achieve optimal performance and 
running quality for a given mechanical task. Starting exemplarily with the books 
of Delbert Tesar/Gary K. Matthew [42], Johannes Volmer [43] and Fan Yu Chen 
[44] who all formed the middle generation of cam experts, we now look back at 
the last monographs from Jorge Angeles/Carlos S. López-Cajún [45] and Zdenĕk 
Koloc/Miroslav Václavík [46] asking ourselves what could come next? Is it really 

Conclusions 

Cams and cam mechanisms were already known to Leonardo da Vinci in the 15th 
century. But at his time and centuries thereafter there was only the chance of real-
izing simple cam mechanisms by using wood material. Nevertheless the idea of 
applying cam mechanisms in machines was kept and substantially developed in 

of the 19th century, in the course of the invention of the steam engine by James 
Watt, and later on in the course of the development of the automobile engines, 
cam mechanisms could be calculated, designed, manufactured and applied in a 
way that is familiar to the mechanical engineer of today. Revolutionary ideas of 
the design of cam mechanisms concerning and combining geometric-kinematic 
with dynamic aspects came from researchers at the École Polytechnique in Paris, 
went around the world and finally paved the way for mechanization and mass pro-
duction of the recent past. 
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Abstract Mexican history is full of interesting facts connected not only to social 
and political issues but also to engineering practice and technology development. 
This was the case with steam locomotives during the first half of the twentieth 
century. An essential means for the transportation of persons and goods, especially 
in a country with such a difficult terrain and agriculture land situation, railroad 
transportation played an important role on the years before and during the 1910–1923 
civil revolution war. They also were essential to the conciliation and reconstruc-
tion times after the war, and to the industrialization in the years to come, sup-
ported by the foundation of the railroad workers unions and their outstanding par-
ticipation in steam locomotives construction, as is reviewed in this paper. 
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The large railroad network expansion during the last and the first decades of the 
19th and 20th centuries respectively, contributed enormously to set the beginning 
of the industrial growth of the country, in particular the iron industry, so important 
for construction and other productive activities. Nevertheless, those times were of 
social turmoil and effervescence that turn into a period of civil war among differ-
ent revolutionary ideologies, mainly motivated by the need for a socioeconomic 
change, especially in the land ownership regime and the agriculture activities, with 
consequences to industry and commerce. The opposing armies used the railroad to 
move large number of troops from one region in the north to another region in the 
central part of the country, and vice versa. They also used the trains as for many 
strategic and support activities (noteworthy was the medical hospital-train in the 
army of Pancho Villa). Therefore, the railroads, the cars and the engines them-
selves were also the target to infringe important damages to a given enemy. 

Once a new federal constitution was signed and the pacification of the country 
begun, there was a period of reconstruction and social renewal, especially in rela-
tion to industrial workers. Unions and the like organizations were founded and a 
new spirit of the working class settled in. The railroad workers participation was 
remarkable as they not only took part in the organization of the transportation 
companies but also in the equipment construction and technology improvements. 
This paper explores these experiences and facts that ended with the full design and 
fabrication of two large steam locomotives by a group of enthusiastic and well 
trained and organized railroad workers.  
 
Keywords Railroads in Mexico, Locomotives 

Historical Review of the Railroads in Mexico 

The railroad transport has played an important role in the socio-economic devel-
opment of Mexico, given its orographical features, with large desert lands in the 
center and north of the country and jungle regions in the south, connected by huge 
and intricate mountains systems. It should be pointed out also that there are some 
cities at sea level and some of them up to 3,000 m above sea level, whereas dis-
tances, in the same direction, of more than 4,000 km.       

The first complete railroad track in Mexico was inaugurated in 1873 joining 
Mexico City and Veracruz. The latter is an entry harbor in the Gulf of Mexico that 
has served for commercial, cultural and political interchange with Europe and the 
USA. The first constructions related to railroad activity actually started from 1837. 
Some workshops for foundry and mechanical construction were set at several 
places of the country. Clearly, the investments were minimal and even the low 
technology being used was imported. Nevertheless, it was recognized since then 
the importance that could have had the development of this mean of transportation. 

With the economic difficulties, due to the lack of foreign investments, joined to 
the political instability and to the frequent foreign interventions, the construction 
of different railroads was very slow, until the culmination of the abovementioned 
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route (Mexico City-Veracruz). Actually, the infrastructure required for that rail-
road was an important masterpiece of engineering due to the terrain irregularities, 
including slopes of up to 5.5%. It required huge bridges and very sharp curvatures. 
This railroad was built by foreign and Mexican engineers. There were 26 steam 
locomotives (some of them with double boiler), mainly of British manufacture, 
with 200 different types of wagons. However, this first stage of the Mexican rail-
road was not problem-free. Indeed, the track beds were inadequate to the region’s 
climatic conditions. Moreover, most of the locomotives lacked of the necessary 
power for the steep slopes as well as for the load being transported. Furthermore, 
most of the equipment was either, too old or, in bad shape. The facilities and 
workshops were provisional and had capacity only for minor repairs. 

The railroad branching achievement in almost 30 years allowed to communicate 
the country from North to South, and much less from East to West, due to the oro-
graphical difficulties already mentioned. Thus, by the year 1880, the railroad net-
work expanded to more than 1,000 km. However, the great impulse was given in 
the next decade, achieving approximately 12,000 km by 1890 and reaching more 
than 19,000 km in 1910. The North border and the Gulf of Mexico had thus com-
municated to the centre of the country via the railroad. In Emma Yanes-Rizo’s 
words, “…The steam railroad changed the country’s geography, the commerce, 
the production rhythm, the sense of time and the social relations” [1]. Parallel to 
the growing of the railroad network, and the concessionaries foreign enterprises, 
facilities and repair workshops also grew and they reached the technical capabili-
ties for manufacturing steam locomotives in the country. Clearly, this was outside 
of the railroads enterprises. 

Indeed, at the first stage of the great expansion of railroads, Government’s pol-
icy was oriented mainly to foment by all possible means the construction of rail-
roads tracks in such an extensive country and complex orography; even if this im-
plicated enormous sacrifices and concessions that would favor investments. 
Clearly, this was a marketing integration with a fiscal regime favorable to the 
capitalistic development, in order to attract foreign investments for industry and 
commerce. At the second stage, the General Law for Railroads was issued and 
helped to regulate operations of the concessionaries enterprises, by stating some 
construction and equipping norms, oriented towards railroads modernization.  

With the advent of the railroad in the second half of the XIX century, the rail-
road system was consolidated, as well as the agricultural and live-stock production 
in the great “latifundio” country state properties, a heritage from the colonial 
times (1521–1810). In addition, rules for the important industrialization, which 
reached its peak in the XX century, with the oil industry, great development of the 
hydroelectricity, and the highway network, were set.                     

During the colonial time, mining was also a very important economic activity. 
This led that at the second half of the XIX century Mexico stepped in towards its 
industrial development. Thus, several manufacturing companies were set, which 
used machines being powered by steam, like the same mining industry, textile, 
paper, sugar, shoe and leather, glass and steel industries, among others.  

At the turn of the XX century, there was a remarkable urbanization, mainly in 
Mexico City, and an important industrial production with a diversified market and 
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self-sustained based on offer and demand. For obvious reasons, the steel industry 
was very important. At the beginning of the XX century, the company “Fundidora 
de Fierro y Acero de Monterrey” was started with a strong integration of iron and 
steel activities and a strong capacity (a furnace with a daily production of 500 met-
ric tons, coke and several furnaces, rolling mills, etc.) for the production of several 
iron and steel goods, particularly useful for the development of railroads like 
tracks and also for building construction. The company had implemented the tech-
nological elements for the several stages for iron and steel production, starting 
from coke and iron mines extraction up to the finishing of steel profiles for struc-
tures. In addition of the high capacity furnace, it had also coke furnaces, steel
furnaces, rolling mills workshops, all of them with a capacity of up to 1,000 daily 
metric tons. There was also equipment for pieces of cast bronze for self provision-
ing and to provide other industries. Facilities were in good condition for producing 
all the materials and equipment required for locomotives and passengers and load 
wagons.  

At the beginning of the social turmoil (1910s revolution), the iron and steel en-
terprise had the capacity for producing tracks and accessories, but also the fabrica-
tion of locomotives and other specialized equipment as well. On the other hand, 
the Mexican transportation company “Ferrocarriles Nacionales de México” was 
more interested in the huge debt due to the recent nationalization, and very little 
interested in the possibility of investing in equipment fabrication inside the coun-
try, even though the important capacity in workshops and facilities of high techno-
logical level that had spread out in several places of the country. In other words, 
there were the given conditions for producing all the necessary material for a sus-
tained development of this mean of transportation. However, the Mexican policy 
and economy were too weak to react to foreign pressure as well as the social in-
ternal conditions. There was not economic capacity neither political actions neces-
sary to hold the economic development of a country pointing towards a railroad 
technological development.     

The railroad network served as a mean of transportation for agricultural goods, 
merchandises and people, helping notoriously to the economic integration with the 
USA, but also to the communication and spreading of the liberal and social libera-
tion ideas. Given the closeness of the USA and Mexico, the latter was taken as a 

But moreover, railroads in Mexico played an important role in the Mexican 
revolution 1910–1917. This civil war among antagonist revolutionary factions was 
at first highly motivated by the need for a change in political issues. Thereafter a 
socioeconomic change was sought, especially in the land ownership regime and 
the agriculture activities, with consequences to industry and commerce.   The op-
posing armies used the railroad to move large number of troops with horses and 

place to perform espionage activities of the European countries, the USA, and 
Japan while the First World War [2] and the political revenge showing up along 
the XX century (for example the killing of Trotsky).        
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cannons, from one region in the north to another region in the central part of the 
country, and vice versa. They also used the trains as for many strategic and support 
activities: Noteworthy was the medical hospital-train in the army of Pancho Villa 
[3]. Therefore, the railroads, the cars and the engines themselves were also the tar-
get to infringe important damages to a given enemy (Figs. 1, 2 and 3). 

The Railroad Union in the Post-Revolution 

The first railroad unions emerged since the last decade of the XIX century and 
were consolidating in the previous years to the starting of the revolution of 1910. 
Some organizations of important workers’ unions had been settled through the 
continuous search for better working conditions, before the military fight. Besides, 
they struggled for having access to education and technical training for workers. 
This would allow them to get working places being occupied for foreigners, which 
represented a strong brake for workers improving. These two last aspects were 
very important for the posterior workers’ rights, and also in the development of 
technological and management skills for managing railroads companies. Close to 
the end of the “maderista” stage (1910–1913), the railroad workers achieved, 
through a strike, several labor reinvindications, above all in relation with the 
technical training and the right to occupy higher hierarchical jobs. But, because of 
the revolution, the above implementation was stopped and workers had to learn 
authentically “on the walk” for developing their creativity and any other skills; 
these were converted actually in surviving requisites.   

The military war between antagonist groups affected strongly the quotidian life 
and working relations in the railroads working class, many times originated for the 
lack of technical knowledge of the militaries of intermediate rank and the power 
they exerted. In the new phase of the fight, trains were strategically and tactically 
important. Those who controlled and dominated the tracks and the trains had ex-
traordinary offensive and retractile capacities. The mechanical and railroad de-
struction/construction was commonly practiced. The revolutionary “guerrilleros” 
and their commandants had taken the power of the railroads. The above resulted in 
enormous difficulties for railroads workers, especially for the machinists and op-
erators. War divided the most skilled workers, who were the most valuable for the 
revolutionary bosses. As a consequence, the fidelity to “caudillos” and the cam-
paign successes substituted the requisites of salary scale, anciently, and knowledge 
for workers. In the workers jargon, this gave rise to the so-called “carabina rights”, 
as pointed out clearly in [1]. 
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Fig. 1  Military train (ca. 1910) 

 
Fig. 2  Military train (1913) 

  
Fig. 3  Military train (ca. 1914) 
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Once a new federal constitution (1917) was signed and the pacification of the 
country begun, there was a period of reconstruction and social renewal, especially 
in relation to industrial workers. Unions and the like organizations were founded 
and a new spirit of the working class settled in. The railroad workers participation 
was remarkable as they not only took part in the organization of the transportation 
companies but also in the equipment construction and technology improvements.  

With the triumph of the constitutionalist revolution, the railroad management 
went back to the hands of the State and the system had new challenges. On the one 
hand, the tracks, locomotives, and rolling equipment reconstruction, and on the 
other hand the workers organization.  

During Álvaro Obregón’s administration (1920–1924) the institutions raised 
from the revolutionary upholding started to consolidate, namely, the class alli-
ances, the strong presidential role and a capitalistic model with strong State’s par-
ticipation, who survived up to the decade of 1980. The revolutionary chiefs privi-
leged to their closest collaborators with public jobs, especially those from the 
railroad company: it was part of the politics and the same time a military tactic, a 
fashion for body guarding. The country pacification was not yet complete and the 
railroads continued being strategic for controlling the frequent military rebellions 
and to keep the communication with the North border.  

The railroad traffic was resettled and it was oriented to the activity of workers 
for repairing and track reconstruction, bridges, train stations, and workshops. 
Wagons and locomotives were purchased (it was acquired what the US wanted to 
sell). The equipment had to be readapted according to the needs of the country; lo-
comotives of wood for coal; from coal for oil, etc. Domes, mechanisms, valves, 
etc., were changed in order to function according to the geographical characteris-
tics of the divisions to which they were assigned. Nevertheless, the contracts 
signed with private companies for repairing and reconstruction of wagons and lo-
comotives do not have success because they were no exempt of speculation be-
tween concessionaries and state officers; corruption and bribing; and few person-
nel being hired. The above rose, among other things, the lack of significant 
investments in workshops of the national railroad company, thus these were un-
derused. Because of the above, the railroad dependence with the USA increased 
with important effects on the amortization of the debt and the management of en-
terprises. Anyway, parallel to equipment renovation and administrative reorgani-
zation of the company, the railroad activity increased and also the diversity of the 
job functions. In the workshops, the learning was given in the master-pupil rela-
tion, thus increasing the importance of the mechanical master. 

The period 1924–1929 of president Calles’ administration, the political stabil-
ity was broken several times (Huerta and Escobar rebellions, “Cristeros” war, 
Serrano’s plot, and the murder of Obregón). The crisis was stopped with the foun-
dation of the PNR (PRI antecessor) as a first step to build a system that would al-
low to pacifically find a remedy to the presidential succession. The PNR was cen-
tered in the conciliation and national unity and the execution of two of the most 
important articles of the 1917s constitution.    

On the economic viewpoint, the State participated actively in the industrial de-
velopment without stopping the growth of the national burgess. The railroad 
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company was given back to foreign private companies (1928) with the control of 
the 51% of assets belonging to the government, etc. Several agreements were 
signed with the railroad sector. The railroad debt was separated from the public 
debt. The company had a modern organization structure and the main preoccupa-
tion of the investors was the reorganization of railroads.  Adjustments on salaries, 
tariffs and expenses in order that the company could satisfy its financial obliga-
tions were made. The policy of the company was oriented neither to the purchase 
of new rolling material, nor to the locomotives repairs in private shops, but the 
foreign rent of locomotives and wagons continued. With the growing of the com-
pany, an internal complex organization of the working process was also devel-
oped. This was due to the multiplicity of professions and specialties demanded by 
the railroad growing. The mechanical workers were in intimate contact with the 
locomotives. They were highly trained, with a great experience, and a deep 
knowledge regarding to the functioning, reparation and reconstruction of machine 
tools and rolling materials. To move up in the ranking was regulated besides the 
corresponding boss, by a real knowledge of technical matters.  

The Lázaro Cárdenas administration (1934–1940) modified the orientation of 
the Post-revolution development already set by the previous regimes. Indeed, a na-
tionalist policy was set as the leading direction. The local “cacicazgo” was elimi-
nated and turned back to centralize the power at the presidential figure. It searched 
to achieve the two main revolution’s objectives, namely, the agrarian distribution 
and the workers’ rights. Workers and agricultural groups were motivate to organ-
ize and make use of the strike to defend their rights and make a front against na-
tional and foreign investment, giving rise to one of the politic-economic most im-
portant nation’s event: the oil expropriation. However, the pretension of the oil 
union to administrate this resource was unaccepted.   

It was not the same with the railroads. In 1937, the government nationalized 
them, with the corresponding indemnification to the companies, so to say, recog-
nizing its debt. The measure was apparently too radical, but the railroads being na-
tionalized were those broken and the State trying to liberate of them, left them on 
workers hands. The delivery of the company to the workers implied autonomy to 
reorganize it as a State’s decentralized dependency; workers would be the admin-
istrators, but not the owners. The Government thus tied the new administration’s 
hands leaving the whole debt during nationalization. Moreover, the State make no 
investments, nor loans; neither collaborated with the debt’s payment. Instead, in-
appropriate concessions were given to mining companies related to the prices of 
loading mining being transported: less than 50% of the actual transport load cost. 
Devaluation, and wagons and locomotive rentals increased the foreign debt. The 
economic difficulties forced the company to stop salaries increases causing grieve 
among workers. The economic situation of the company was a disaster be-
cause it could pay only half of the invoices with a serious deficit of equipment 
and locomotives.   

In the period 1940–1946 when Manuel Avila Camacho was in power, the sys-
tem of only a single political party was getting consolidated, all of the different 
ideological trends were discussed inside that party. The Government got farther of 
the proposed original plans, favouring more to the party’s right wing and allowing 



      159 

 

the conformation of a capitalistic economy, with State intervention, but with a di-
minished participation of the workers organizations and their socioeconomic 
demands.   

All of the above was given in the frame of the Second World War, in which 
Mexico was with the allies and declared war to the Berlin-Rome-Tokyo axis. This 

Even though the investments and widening capacities of the railroad network 
was limited during that period, an intensive use of the railroads was achieved, with 
an increase of the transported load. This was the result of an important stage of 
negotiations between workers and the company, which in 1941 was constituted as 
a decentralized State company. To this contributed the spirit of national unity that 
prevailed in that epoch, the collective effort of workers and the attitude of the ad-
ministration of railroads for listening the union demands, particularly those related 
with the need of  repairing and building new locomotives at the company’s work-
shops and not in the USA. 

The Workers’ Technological Creativity  

Railroads workers’ union besides having played an essential role in the fights for 
labor rights in Mexico, it also implied a technological development, given the 
workshop activities, transportation and commerce that this sector signified for the 
economy of the epoch.  For the year 1935 the only one railroad workers union had 
about 35,000 workers. They served as a technological structure, and therefore so-
cioeconomic, for the workers turmoil that there were in the reconstruction and de-
velopment of the country.  The experiment of the workers’ administration lasted 
two years and a half and the company could not get rid off of its heavy load debts. 
Very often the workers’ administration is minimized albeit their efforts for making 
it theirs and developing their labor creativity. During this period, there were big 
efforts to come back to the personnel training and modernization of workshops for 
eliminating contracts for performing repairs outside the company, and rolling ma-
terial rentals as well. The benign results rose and by the end of the year 1937 sev-
eral locomotives had been reconstructed and also the starting of the fabrication of 
the first passengers wagons. To the initiative to modernize facilities and work-
shops, followed a policy of support to labor creativity with several interesting 
technological results, going from novel designs and more economic mecha-
nisms for the operation locomotive’s boiler, up to safety devices for locomo-
tive combustion.    

The development of the capacities of railroad workers had its origin in the rail-
road expansion at the second half of the XIX century. This was so, because many 
railroad workshops masters came from the epoch’ artisans workshops. In these 
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situation encouraged an accelerated economy growth, with high demand of 
Mexican goods and an increase in industrial production. The State support was 
given basically to manufacturing and transformation industries, but not to 
transport, where investments were destined more to the widening and improve-
ment of roads and the purchase of automotive vehicles.  
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workshops, they had acquired the experience for working with iron, foundries, 
wood, etc., and some of them had the knowledge in mechanical work from the 
mining workshops and the textile industry. With the coming of railroads, they en-
countered new devices and tools that had to learn by developing their capacities 
and take advantage to the diversity of machines being in front of them. The trained 
personnel were in charge of teaching new workers within the traditional structure 
of the artisans’ workshops.  The same happened with the jobs for handling the lo-
comotives. Indeed most of the machinists were foreigners and there was a con-
tinuous fight that motivated workers since the first organizations demand the work 
training and the nationalization of the railroads. So, in 1907, the first training 
schools were open. This was a fundamental requisite in order to substitute the for-
eign personnel. Several books on diverse themes were written for helping to the 
workers’ training. For example, in [4] were presented several aspects from design 
and construction of boilers, pressure recipients, domes and fire tubes, with defini-
tions and parameters of geometry, tanks construction and reservoirs; physical 
principles of locomotives operation; several mechanisms used in the machines, 
types of fuels, and the like. Throughout these books the monopoly of knowledge 
ended and the traditional training fashion via master-pupil. The union’s organiza-
tion also contributed to the spreading of knowledge via its newspapers and gremial 
publications (Figs. 4, 5, and 6).  

Locomotive Construction in Acámbaro’s Workshops 

A history, very little known, was the goal from the union organization about the 
possibility to contribute to the technological development of the national railroads 
by manufacturing in the country steam locomotives to propel its growing. In the 
city of Acámbaro (Guanajuato), especial conditions were given that would had fa-
vored a development in this sense, as described in [5], because it was a joining 
place of the railroads between Mexico’s central plateau and the Pacific Basin, 
since 1883. Given the different tracks’ widths joining there, it was necessary the 
change of merchandises from one system to another. The railroad station had a 
large patio for maneuvers and a round workshop with capacity for width and nar-
row tracks locomotives. Thus, Acámbaro was converted in a very important rail-
road center given its geographical situation and its workshops with machine-tools 
and furnaces of adequate capacity.  

Even the closeness of Celaya and Leon, region where several battles took place, 
and in which Obregón fought against Villa, thus insuring the final triumph to the 
moderated wing of the revolutionaries, in Acámbaro there were neither rapping 
nor important battles, the railroad facilities were undamaged and the workshops 
kept machinery and tools from the pre-revolution times. In the following years 
there were not new locomotives, but none of the assigned to that division was lost. 
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Fig. 4  Locomotive valves mechanism (Source: Acámbaro’s Museum) 

 
Fig. 5  Locomotive drawing (Source: Acámbaro’s Museum) 

 
Fig. 6  Locomotive shop workers (Source: Acámbaro’s Museum) 
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Thus, Fidelita—nickname given to the locomotive by the railroad workers in 
remembrance of the dead girl of the company’s managers—and “her sister” were 
born. Two locomotives wholly built at Acámbaro’s workshops. Fidelita still exits 
and it is placed as a landmark at Acámbaro’s Railroad Museum; her sister was 
dismantled. The fact exemplifies how the workers organization was able to hit into 
the organization structure of a national enterprise to set the basis for a plausible 
technological development.   

The locomotive 295 was inaugurated in September of 1942 (Fig. 7). This was a 
product to a large process where the characteristics of Acámbaro’s workshops, 
their workers, and the national railroad company were mingled, but above all, a 
great collective willingness effort. The initiative for building the locomotive in 
Acámbaro was due to the master José Cardoso, who struggled for producing new 
locomotives with improved traction with respect to the rebuilt ones and because in 
those workshops there were a wide experience in reconstruction and repair many 
locomotives in the previous years.  

The construction was done under engineering procedures and the supervision of 
the workshops’ mechanics workers, with compromises for the participants work-
ers that can be resumed in the fulfillment of ordinary work with the same person-
nel and same time schedule with extra hours assigned to foundry’s personnel, me-
chanics workers, warehouse, and design of the Acámbaro’s workshops, only for 
two months. 

 
Fig. 7  Inauguration of 295 engine (September 1942) 

The construction of the locomotive 295 caused a great deal of enthusiasm 
among Acámbaro’s workshops workers, who immediately proposed that two more 
locomotives were built, with the possibility of producing them in series. Their 
main argument was that the fabrication time would be reduced from 150 days to 
only 20 days, thus avoiding to import new locomotives from the USA. The com-
pany accepted the construction of only one more locomotive: the 296, baptized as 
Fidelita (Fig. 8). The main technological changes were overheated steam, the use 
of a Stephenson mechanism for opening the valves, and the substitution of bush-
ings by roller bearings.  
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Fig. 8  “La Fidelita” in Acámbaro´s museum (today) 

Years 1942–1944 were little favorable to the workers union, especially in their 
requests related to productivity and construction of rolling equipment. This period 
coincides with the peak of the Second World War. Mexico’s compromises with al-
lies were, for the national railroads, among other things, to assure the load traffic 
towards the USA, and the creation of war cooperation commissions. These were 
integrated by members of the union and the company, organized in such a way for 
guaranteeing an increase in production and efficiency in the services, in a similar 
fashion as the commissions in US factories, through the War Production Board. 
The workers’ effort allowed the increase in productivity and the fulfillment of the 
abovementioned compromises. When the war ended, Mexico had become part of 
the modern capitalism, with an annual economic growth of 7% in the period 
1940–1945.    

By the end of 1946, Miguel Alemán became the new president. At the begin-
ning of this administration, the automotive industry was supported rather than the 
railroads. This automotive industry, with mostly foreign investment, started the 
production of trucks.  In turn, in the railroad sector, the company’s policy was ori-
ented towards the change of narrow tracks to wider ones and the acquisition of 
diesel locomotives, in a process that should have been slow for the adequate work-
shops technological adaptation and the technical personnel. Nevertheless, it was 
carried out in a quick way, thus discarding the technological experience of many 
workers and condemning prematurely to many steam locomotives to the trash.  

As pointed out by Yanes-Rizo [6], it makes no sense talking about history of the 
scientific or technological contributions in a society, if these are not linked with 
the social environment where they are developed.   

Conclusions 

The manufacture of locomotives in Mexico emerged as the result of a process in 
which several circumstantial aspects were mingled: the experience acquired in the 
continuing repairs of locomotives in national workshops during the period of the 
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social revolution; the organization of railroad workers and, in particular the insis-
tency of Acámbaro’s workers, who fought for technical training and the construc-
tion of rolling equipment in their workshops; the diverse agreements between the 
enterprise and the union in the period of the II World War, that made possible the 
organized development of the creativity and the enormous labour capacity of 
Mexican railroad workers. Having lived in difficult times, where violence and 
scarcity and the direct exposition to warlike actions and their effects, including the 
lack of materials supply and technological knowledge, evidently influenced in the 
generational surviving of the Mexican railroad workers. Thus, the history of sci-
ence and technology in a country as Mexico, is also an economic and political his-
tory, it is the history of its dependency and its inhabitants’ creativity, their needs 
and proposals, their advances and obstacles, of the working people and their peo-
ple in the government. The necessary link of the technological evolution with the 
country socio-political structure and the history of workers and their working 
fashion in a certain period, makes it possible a social history of the technology. 
It is indeed, a history of men related to machines. Machines lack of history, ex-
cept in their relationship to men, to the workers and the context where they were 
produced. 
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Abstract The purpose of this paper is to prove that the first steam machine used in 
sugar industry of Cuba was designed by Agustin de Betancourrt, the outstanding 
Spanish engineer, one of the founders of “Theory of Machines and Mechanisms” 
science.  
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Introduction 

He was born on February 1, 1758 on the island of Tenerife, in the city Puerto de 
la Cruz in a noble family. Later he received good education in Spain, France and 
Great Britain and at the end of the nineties of the XVIII century was considered 
one of the greatest and known engineers of Europe.  

Before going to Russia Agustin de Betancourt had a plan for working in Cuba 
but the wars and hidden intrigues prevented him from following Columbus` steps 
and he had never come to Cuba. But, nevertheless, the Spanish engineer played an 
important role in the development of innovative technical ideas in Cuba.  
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This year (2008) we have celebrated the 250 anniversary of Agustin de Betancourt’s 
birth. He was a great inventor and engineer, architect and constructor of cities and 
one of the founders of science “Theory of Machines and Mechanisms”.  
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Brief Biographical Notes 

Agustín José Pedro del Carmen Domingo Candelaria de Betancourt y Molina (his 
full name) (Fig. 1) was born on February 1, 1758 in Puerto de la Cruz (Tenerife, 
Canary Islands, Spain) in a noble and aristocratic family. From 1778 to 1784 he 
studied in Madrid in the “Reales Estudios de San Isidro” and in the “Real Acade-
mia de Bellas Artes de San Fernando” [1].  
 

  
  (a) (b) 

Fig. 1-2.  Agustin de Betancourt and his family coat of arms [2] 

In March 1784 as a capable student he was sent to Paris where he participated at 
the activity in the School of Bridges and Channels (École des Ponts et Chaussées). 
But very soon he went back to Madrid and after an interview with the Secretary of 
State D. Jose Monino, Count de Floridablanca, he was asked for the establishment 
in Spain of a new school, namely, the “Escuela de Caminos y Canales” (School of 
Roads and Channels). 

The agreements included to select students for the “École des Ponts et Chaus-
sées” in Paris in order to obtain the degree of Hydraulic Engineers; to form experts 
in mechanical (industrial) engineering; and to collect models of machines of gen-
eral utility in public works and industry. On September 10, 1785, Betancourt went 
again to Paris, where he was well accepted from the Director of the School Jean 
Rodolphe Perronet (1708–1794) and Professor Gaspard François de Prony 
(1755–1839).  

In April 1788 the Spanish ambassador, Count Fernan-Nunez (Conde de Fernán-
Núñez in Spanish), by chance visited the home-workshop of Betancourt was very 
impressed of the many scale models he collected and in a letter to the Secretary of 
State dated 23 April, he proposed the creation of a Cabinet of Machines in Madrid 
[3,4]. In 1791 since the situation in France, the king of Spain Carlos IV decided 
that Betancourt should return home, to Madrid, and he would have brought with 
him the collection of drawings and scale models. The whole collection (including 
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42 drawings) was received in Spain between July and September. In April 1792 
the Cabinet, located in the kings’ house “Palacio del Buen Retiro”, was opened to 
the public. The 14th October Betancourt was officially appointed Director of the 
Cabinet. The whole collection was composed of 271 models, 359 drawings and 99 
memories, library of rare books and manuscripts [5]. Thus, first-ever museum on 
Science and Techniques History was established. By the end of 1790th Betancourt 
was already considered as the greatest engineer of Spain. 

Activity in Russia 

In October 1808 because of the unstable political situation in Spain and family 
reasons, Agustin de Betancourt went to Russia to work under the auspices of the 
Czar and Emperor Alexander I (Fig. 2a). In Russia he spent great efforts to de-
velop successfully an engineering framework through several activities in design-
ing, teaching, and organizing in many fields of engineering until his death in 1824 
in Saint Petersburg. This activity was fully recognized to Betancourt and still to-
day there is great memory of him in Russian history of Mechanical Engineering.  
 

 
 (a) (b) 

Fig. 2  Emperor of Russia Alexander I and Moscow Riding-School (project) [2] 

It is impossible to enumerate in a short article everything that Betancourt could 
do in his new motherland. Being an engineer of talent and a great organizer, he 
tried, as his own words, to turn Russia in one of the most advanced countries of 

In 2003, according to the initiative of the higher schools of Saint Petersburg 
and with the aim of glorifying the name of the Spanish-Russian engineer appeared 
in the register of small planets of the solar system, the planet “Betancourt” under 
the number 11,446. At the end of the nineties of the XVIII century Agustin Betancourt 

that time. For example, in 1817, according to his project, the Riding-School of 
Parades (Manege) was built in Moscow (Fig. 2b). It is a very big building with 
dimensions of more than a hundred sixty six by forty fours meters without any 
supporter inside. Seemingly, there are no similar buildings in the world [2].  
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had a plan for working in Cuba before going to Russia but the wars and hidden in-
trigues prevented him from following Columbus` steps and he had never been to 
Cuba. But, nevertheless, the Spanish engineer played an important role in the de-
velopment of innovative technical ideas in Cuba. 

Cuba as a Part of Spain Empire at the End of the XVIII 
Century 

At the end of XVIII century Luis de las Casas, Spanish, the Governor, who had ruled 
since 1790 up to 1796, greatly contributed to the prosperity of Cuba. There appeared 
some institutions, which made important contributions into the development and in-
struction in the country. There was founded the Economic Society of Friends of the 
Country (SEAP) and the Royal Society of Agriculture, Industry and Trade. 
 

 
Fig. 3  Luis de las Casas, the Governor of Cuba (1790–1796) 

Luis de las Casas also received with goodwill the refugees from Haiti after the 
rebellion of slaves, which took place there in 1791 and gave them lands and cred-
its in the eastern part of the island Cuba. The new colonists had great experience 
in the production of coffee and sugar. In this way, more and more plantations and 
sugar-mills or “ingenios” appeared in Cuba. At the end of the XVIII century Cuba 
overcame Haiti as the most important producer and exporter of that time.  

King Charles III died in 1788 and the throne was occupied by Charles IV, the 
one who was weak and without real power. Spain was governed by Maria Luisa 
and her favorites; the main of them was Manuel Godoy (Fig. 5), officer of the 
guard. At the age of twenty-five, he was named prime minister. Under his tutelage 
the power in Cuba passed into the hands of the powerful Cuban bourgeoisie, 
sometimes known as “saccharocracia”, related to the sugar production. 
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Fig. 4  “Ingenio” or Sugar-mill in Cuba 

 

                          
Fig. 5  Manuel Godoy                           Fig. 6  Francisco de Arango y Parreño [6] 

On October 14, 1795 after having finished his trip, Francisco de Arango and 
Parreno spoke about the steam machine ordered in England by Count de Casa 
Montalvo in one session of Royal Society and he showed a little pattern and some 
designs of mechanisms of the machine. We have to point out that one of the pas-
sions of Betancourt was the construction of the machine patterns, practically exact 

One of their most prominent representatives was Francisco de Arango and 
Parreno (1765–1837) (Fig. 6) owner of vast lands and an intellectual. He was born 
in Havana on May 22, 1765 in a family of ancestry and with large economical 
resources. Francisco de Arango was at the head of Havana’s saccharocracia and 
became one of the most prominent fighters of reforms in Cuba [6]. 

We could suppose that Francisco de Arango and Parreno met Agustin de 
Betancourt in 1794. This conclusion is based on existing data and documents with 
regard to his long trip with Count de Casa Montalvo to Portugal, England and its 
colonies, Barbados and Jamaica, to become familiar with the new technical 
inventions. His visit to England coincides with Betancourt’s staying in London.  
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copies but to a much reduced scale. The existence of this pattern points indirectly 
to authorship of Betancourt in the creation of the mentioned machine because he 
had great experience in this occupation.  

 

 
Fig. 7  Count de Casa Montalvo and his family coat of arms 

In the funds of Don Perez Beato [7] of the National Library of Cuba in Havana 
(BNC), it’s preserved, under the number 968, the original letter (Fig. 8) written by 
Francisco de Arango y Parreno with the instructions on revision and transportation 
of the steam machine to Cuba under the name The instruction which was left by 
D. Fransisco Arango to Sr. D. Fransisco de Enquino to keep his correspondence 
about everything pendent and the rest that happens. Here are some fragments of it:  

It’s not necessary to say anything about the fire bomb (the steam machine) and the 
way to make its payment  because it has been said enough in the document which 
I’ve signed with Count de Casa Montalvo and I also signed an agreement with Don 
Agustin de Betancourt who has been  the supervisor of these works…. 

…I left everything to Don Agustin de Betancourt’s discretion who will receive 
200 pounds… 

…If Count de San Juan de Jaruco, with residence in Madrid, had to make some 
variation on these topics or to communicate some instructions for a better transporta-
tion of the fire bomb (the steam machine) or trapiche, his will should be followed in 
everything. 

…After having received the money from Havana for fulfilling our obligation, Don 
Betancourt will pay my bills with Reynolds. It will be also paid Don Equino’s debt 
and the receipts will be sent in two copies. One of them will be sent to Havana and 
the other to Count de Jaruco for handing to that that will make the payment in Spain. 

This letter is the unique document where we can see that Francisco de Arango 
y Parreno and Agustin de Betancourt subscribed an agreement, which was on the 
production of the new steam machine set for grinding of sugar cane.  
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Fig. 8  The original letter written by Francisco de Arango and Parreno [7]  

 

     
Fig. 9  The steam machines of Watt          Fig. 10  Using power of Negro-slaves  

There is also a letter which Betancourt wrote in French on December 10, 1794 
to his friend Breguet (Bregue) mentioning the received order. This letter, pre-
served in the archives of Breguet [8], serves as a proof. Among others, it says: 

This contract also responded to Betancourt’s plans to construct steam machines 
for different purposes. In those times, the steam machines of Watt (Fig. 9) were 
unknown in Cuba and the machines which used the power of animals or Negro-slaves 
(Fig. 10) were not profitable because of their low productivity. 
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This summer two friends from the Spanish America have been here and I pro-
posed them the project of installing the steam machines in their possessions to avoid 
the use of oxen and negroes for expelling juice from the sugar cane; I did some calcu-
lations and they asked me to produce two of these machines designed by me and they 
are being done now… Two of these machines will be finished soon and I hope their 
effectiveness could be seen on the islands and the owners would leave the ones they 
have now. 

It is seen from the text that the order was made by two travellers from “Spanish 
America” who probably were Cubans. It is obvious that the new machines were 
designed for grinding the sugar cane and they planned to use them on their lands. 
Francisco de Arango and Parreno and Count de Casa Montalvo were the owners 
of vast lands and were interested in the use of modern technology and new ma-
chines in their sugar mills. Betancourt’s plans for using the machine, constructed 
by him, show that it was Cuba where the production of sugar was the principal 
line of its economy and the country was turned into a “world wide sugar-bowl” 
while the saccharocracia keeping the economical power in their hands were think-
ing about  increasing the productivity of this industry. 

The Sugar-Mill in Cuba 

In the book “The Sugar-mill” written by Manuel Moreno Fraginals [9], an out-
standing investigator of the history of sugar industry, we can read the following:  

Finally, in 1796, the motive power of the large industry, the steam, arrived in 
Cuba. It was a machine bought in London with Count Jaruco`s money. Its installation 
became a singular event surrounded by an atmosphere of tense expectation. It was 
seen working for the first time on January 11, 1797 at Seybabo sugar-mill and it had 
been grinding for several weeks. The experiment wasn’t a success but the saccharo-
crates didn’t lose heart. They understood that the main problem wasn’t in the bomb 
itself but in the type of grinding machine (trapiche) that moved and in the absurdity 
of the system of the installed transmission.  

It’s significant the fact that the first steam machine was installed at Seybabo 
sugar-mill, which belonged to Count de Mopox and de Jaruco (Fig. 11), who led 
the scientific expedition in which Betancourt and his Spanish colleagues would 
have participated [10]. Count de Mopox and de Jaruco was also the son in law of 
Count de Casa Montalvo [11] who accompanied Francisco de Arango y Parreno in 
his trip to England. These coincidences make us think that Betancourt was the 
creator of the first steam machine used for grinding cane in Cuba. 
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Fig. 11  Count de Mopox and de Jaruco’s family coat of arms 

The before mentioned machine was broken because there were neither qualified 
operators nor competent engineers. Count de Mopox and de Jaruco made his ex-
pedition to Cuba, which lasted six yeas, and he could hardly attend the problems 
related to the new equipment. In those years, Agustin de Betancourt dedicated 
himself to the construction of optic telegraph and to the organization of the School 
of Roads and Canals in Madrid. The wide use of steam machines, in the produc-
tion of sugar in Cuba, began much later, after 1827. 

Conclusions 

The investigation proves convincingly that the author of the first steam machine 
made in England and used in the sugar industry in Cuba in 1796 was the Spanish 
engineer Agustin de Betancourt. His ideas made a great influence on the develop-
ment of modern technique in Cuba and indirectly on the use of steam machines in 
the sugar industry of the island in the XIX–XX centuries. Steam machines got 
popularity and later in 1837 Cuba became the first country in Latin America to 
have a railway from Havana to a region Guines [12].  
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Abstract This paper describes the history of clocks and karakuri (mechanisms) in 
Japan. In particular, it touches on the application of clock technology to karakuri 
ningyou (Japanese automata) and introduces the works of Hisashige Tanaka, a 
karakuri master in the Edo period (1603–1867) and also a clockmaker. It also dis-
cusses the contribution of Hisashige Tanaka to the modernization of Japan through 
his contributions to the development of karakuri and clock technology. 
 
Keywords History, Clock, Karakuri, Automata 

Introduction 

Karakuri means “mechanism” or “system” in Japanese. In the narrow sense, how-
ever, it refers to karakuri ningyou (automata) and the mechanical mechanisms of 
machines such as clocks and watches. On the other hand, clocks of the Edo period 
(1603–1867) have attracted little attention (except among some clock collectors 
interested in wadokei (Japanese clocks)). Karakuri ningyou and clocks, however, 
brought about a sea change in the Edo Period and subsequently, influencing each 
other and triggering the beginnings of the vigorous modernization and industriali-
zation of Japan following the Meiji Restoration (1868). In this report, therefore, 
we describe the history of karakuri and clocks in Japan and show their effects on 
the modernization of Japan by following the footsteps of Hisashige Tanaka, foun-
der of the predecessor of Toshiba Corporation. 
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History of Clocks and Karakuri in Japan (Prior to the  
Edo Period) 

The Nihon Shoki also contains the earliest record of karakuri. It states that the 
South Pointing Chariot was made in 658 [4]. The advent of the karakuri ningyou 
is recorded in Konjaku monogatari shu [5] – a collection of tales, ancient and 
modern – compiled in the late Heian period, which states that Prince Kaya made 
karakuri ningyou. Prince Kaya is thought to have lived in the 8th century although 
the historical record is unclear. These karakuri were greatly influenced by devel-
opments in China and there is a high possibility that they were composed of gears 
only. In subsequent literature, there are several descriptions about marionettes, 
suggesting that the technology was handed down. Karakuri underwent a revolu-
tion in the Edo period. 
 
 

      
Fig. 1  Rokoku (water clock) [6]          Fig. 2  A clockmaker in the Edo period [7] 

The first record of a clock in Japan is found in Nihon Shoki (The Chronicles of 
Japan) completed in around 720. It is recorded in it that Emperor Tenchi made a 
rokoku (water clocks or clepsydras) in 660 [1] and 671 [2] (Fig. 1). In the Heian 
period (A.D. 794–1185), officials measured the time using water clocks, and it 
seems they measured the time in more detail according to the speed of incense 
burning on the basis of the time signals. Another important development occurred 
in 1551 during the Sengoku period when the Spanish Society of Jesus missionary 
Francisco de Xavier introduced Western mechanical clocks to Japan [3]. 
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Introduction of Mechanical Clocks and Their Application 
to Karakuri 

As mentioned above, the first western mechanical clock introduced to Japan is re-
corded in 1551. It was presented to OUCHI Yoshitaka, one of Sengoku daimyo 
(regional lords), by the Spanish Society of Jesus missionary Francisco Xavier. 
Subsequently, there is documentary evidence that clocks were presented to ODA 
Nobunaga in 1569 [8] and TOYOTOMI Hideyoshi in 1591 [9] by envoys dis-
patched to have audiences with the Pope by the order of Sengoku daimyo 

As mentioned above, craftsmen skilled in karakuri techniques became the 
clockmakers, and in due course, the clockmaking techniques were applied to 
karakuri. The most influential techniques concerned springs and the crown-shaped 
escapement. A spring is, of course, a means of storing energy, which enabled 
karakuri to move unaided. The performance of fixed motion sequences was 
achieved by incorporating the escapement. One of the most famous examples of 
karakuri ningyou is the Chahakobi ningyou (tea-serving doll) (Fig. 3 and 4). 
Spring-driven and equipped with balance, the Chahakobi ningyou performs the 
following actions. 
1.  A cup is placed on a tray held by the doll’s hands. 

5.  When the empty cup is placed back on the tray, the doll turns and returns to the 
starting point.  

This Chahakobi ningyou is described in a book published in 1690 [13]. Al-
though it draws heavily on clockmaking techniques, the spring is made of whale 
baleen.  

OHTOMO Sourin, and to TOKUGAWA Ieyasu in 1606 by the missionary 
Rodrigues [10] and in 1611 by the Portuguese governor of Indian Goa [11].The 
oldest clock existing in Japan is one presented to Shogun Ieyasu in 1612 by the 
viceroy of New Spain (Mexico). It is a spring-driven clock made in Madrid in 
1581. It is said that already in 1598, TSUDA Sukezaemon made a mechanical 

2.  The doll moves toward a guest. 
3.  It stops in front of the guest. 
4.  The guest takes the cup and drinks.  

clock [12]. It is also said that while he repaired many Western clocks already 
imported, he came to understand the mechanism and made a clock on his own 
(Fig. 2). By the beginning of the 17th century, clockmaking technology had been 
disseminated in part because clockmaking was taught by missionaries living in 
Japan. In Japan, however, temporal hour system (Appendix) had been adopted, 
and clocks based on the fixed time method were not useful. Therefore, wadokei, 
clocks corresponding to the temporal hour system were devised, which are rare 
and of unusual design. By incorporating a new mechanism, practical clocks were 
made. This is not unrelated to the fact that many clockmakers at the time already 
possessed clockmaking technology. Indeed, in China where the temporal hour 
system was used, western clocks remained the toys or ornaments of emperors. 
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Fig. 3  Chahakobi ningyou (replica) [14] 

 
Fig. 4  Mechanism of a chahakobi ningyou [15] 

Progress of Wadokei and Karakuri 

The wadokei corresponding to the temporal hour system are of two types: those 
with a clock hand that moves at a fixed speed in the usual manner, but with a dial 
whose time interval is adjusted to the temporal hour system (Figs. 5 and 6), and 
those whose design is such that the time indication of the dial is at equal intervals, 
but the speed of the hand changes (Fig. 7). The temporal hour system poses a 
problem in that the time interval differs between day and night within a day and it 
changes continuously throughout the year. For the former type, there was a system 
of replaceable dials for the different seasons or the interval of the plates with 
figures indicating the time was adjusted. The disadvantage is that it is necessary to 
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A turning point in the development of karakuri occurred in 1662 when 
TAKEDA Ohmi started karakuri ningyou performances (marionette performances 
featuring karakuri). He was originally a clockmaker. Scenes of well-known stories 
were expressed by means of karakuri or various karakuri-like mechanical devices. 
These karakuri entertainments, which enjoyed widespread popularity, were per-
formed by many troupes and persisted into the Meiji period (1868–1912).  

A milestone in the development of both clocks and karakuri was the publica-
tion in 1796 of Karakuri-zui, a three-volume work on mechanical engineering by 
HOSOKAWA Hanzo. One volume is about clocks and the remaining 2 volumes 
explain the structure and fabrication methods of karakuri ningyou, including cha-
hakobi ningyou. They include illustrations that are in perspective and are rendered 
with accurate scale. Karakuri-zui can be used as a manual for making karakuri 
ningyou and wadokei. It is not known how many copies of this work were printed.  

 

     

Fig. 5  Wadokei (Syaku-dokei) [14]       Fig. 6  Wadokei (Makura-tokei) [14] 

 

prepare many dials. For the latter type, the frequency of the escapement is 
changed by changing the position of the weight (Fig.7). The disadvantage is that it 
is necessary to replace the weight in accordance with the day/night and season. Al-
though these wadokei corresponded to the temporal hour system, it seems that 
they were troublesome and unsatisfactory. Around 1780, therefore, an improved 
wadokei, Nicho-temp tokei was made [16]. Nicho-temp-tokei have two pieces of 
temp (balance) that automatically change the position of the weight for day and 
night are prepared and automatically changed (Fig. 8). Clocks of this type dis-
pensed with the troublesome task of changing the position of the weight each day. 
In the latter part of the Edo period, various types of clocks (for example, ring type 
watch and clock with a music box) were made.      
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Fig. 7  Mechanism of a wadokei [17]  Fig. 8  Mechanism of Nicho-temp tokei [18]  

However, the fact that karakuri ningyou of similar design have been found 
throughout Japan and that the work was issued many times by different publishers 
suggest it enjoyed wide circulation. Many of the karakuri ningyou makers who 
have been identified are thought to have referred to karakuri-zui. Actually, there is 
evidence confirming that some karakuri ningyou makers possessed the work. It 
seems increasing numbers of people tried to make karakuri ningyou. This view is 
supported by the strong desire for knowledge and eagerness to learn evident 
among ordinary people at that time. In the twilight of the Tokugawa shogunate, 
the literacy rate for men in the towns is thought to have reached almost 80%, and 
even in the countryside it was 20%–50%. Reflecting these high literacy rates, the 
total print runs of some books exceeded 10,000 copies. Moreover, book-lending 
shops were commonplace, suggesting that the readership may have greatly ex-
ceeded the number of copies printed. This was a society where ordinary people 
could acquire knowledge if they had the will to do so. In the countryside, wasan, a 
distinct form of mathematics developed in Japan, was a popular, essentially free, 
pastime among farmers during the slack season. 

The Man-nen dokei (Fig. 9) [19] is generally considered to be a masterpiece of 
the wadokei tradition. In 2005 the Man-nen dokei was exhibited at Aichi Expo, 
and in June 2006 it was designated an important cultural property of Japan. This 
clock is about 60 cm tall and weighs 38 kg. The clock is composed primarily of a 
hexagonal column accommodating six clock faces, a hemispheric glass container 
at the top to accommodate the celestial globe, and a pedestal housing in which spi-
ral springs that drive the mechanism. The clock has two sets of spiral springs (a to-
tal of four springs), one set for driving the indicators of the clock, and the other for 
striking the bell. The springs are made of brass. 
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Six clock faces of the Man-nen dokei are as follows: 
• First face:  Wadokei and the 24 astronomical seasons indicator (Fig. 10) 
• Second face:  Memo (writing the date of the 24 astronomical seasons) 
• Third face:     Seven days of the week  
• Fourth face:   Ten calendar signs and twelve signs of the Chinese zodiac (Jikkan 

and Jyuunishi) 
• Fifth face:      Lunar calendar and lunar age 
• Sixth face:     Western-style clock 
 

A feature of the design of the Man-nen dokei is that warigoma (split plates), 
each showing a designated time, are arranged on the circumference of a disc (a 
clock face) which completes one turning at constant speed in one day, and the 
time is shown by the warigoma indicated by a fixed clock hand on the fixed plate 
supporting the wadokei. Since the clock hand is fixed, changes of time in day and 
night and also in each season are expressed in the temporal hour system by ad-
justment of the clearance between the warigoma. Each warigoma is driven by a 
spiral spring and gears only and it is possible to display the time automatically 
throughout the year. The Man-nen dokei represented the pinnacle of the wadokei 
tradition. However, with the advent of the Meiji period, the temporal hour system 
was abolished and wadokei ceased to be made. 

 

          
Fig. 9  Man-nen dokei [19]          
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Fig. 10  First face of the Man-nen dokei [19] 

 

The Chahakobi ningyou is cited above as a famous example of karakuri. 
Another celebrated example, featuring a similar system, is the Sake-kai ningyo 
(sake-buying doll) made by IIDZUKA Igashichi, but unfortunately no examples 
have survived (Legend has it that the doll automatically walked to a sake shop to 
buy sake!). Also of great significance is the Yumi-iri-douji (bow-shooting doll) 
made by Hisashige TANAKA (Fig.11). This doll picks up an arrow from a table, 
fixes it to a bow and shoots at a mark, and repeats the steps. It is composed of a 
spring, a fusee, a cam/lever, a speed governing mechanism, and the doll itself. The 
limbs of the doll are moved by strings attached to the lever moved by the cam. 
The Yumi-iri-douji is admired not only for its smooth action, but also for two 
other features. One is that the doll’s face is like a Noh mask. The eyes and mouth 
don’t move, whereas those of western automata typically do move. Only the 
direction of its face can express its feeling. The other feature is that it fails. One 
arrow is deliberately designed so that it does not hit the mark, presumably to 
maintain the interest of the audience. According to Kazuyoshi SUZUKI of the 
National Science Museum senior curator, “In the West, they would have adopted a 
mechanism centering on gears to prevent failure. I think Hisashige TANAKA used 
the strings instead of the gears, despite the fact that he had sufficient expertise in 
gear technology as is evident from the Man-nen dokei, because he wanted to 
realize the delicate movement and facilitate the adjustment” [20]. Another notable 
example of Hisashige Tanaka’s work is the Moji-kaki ningyou (writing doll). (Fig. 
12), which was recently discovered and has been restored (by Susumu 
HIGASHINO). This is similar to the automata called The Writer made by Jaquet-
Droz, which is on display at the Museum of Art and History located in Neuchatel, 
Switzerland.  
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Fig. 11 Yumi-iri-douji (replica) [14] 

         
Fig. 12  Moji-kaki ningyou [21] 

In the case of The Writer, however, the elbow and lower parts move when it 
writes a character, giving it an appearance reminiscent of that of a plotter, whereas, 
in the case of the Moji-kaki ningyou, the movement of the shoulder and lower 
parts is akin to that of a person who is actually writing a character. In addition, the 
Moji-kaki ningyou uses a writing brush and executes large changes in terms of the 
brush pressure and speed. It realizes motion similar to that of a human being in 
combination with the delicate movement of the face that matches the movement of 
the arm. 
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Karakuri Master TANAKA Hisashige 

As mentioned above, Hisashige TANAKA was a distinguished clockmaker and 
karakuri master. Indeed, the biography of Hisashige TANAKA coincided, in im-
portant respects, with the development of mechanical engineering in Japan. He 

In his thirties, he opened a shop in Osaka. The purpose was to sell his inven-
tions utilizing his expertise in mechanical engineering, and the name of the shop 
was Kikou-dou (Karakuri shop). He produced two hit products there. One was 
kaichu-syokudai (portable pocket candle-stand) (Fig. 13), which is said to have 
gained popularity among merchants and doctors who made house calls at night, 
The other was mujin-to (automatically fueled lamp) (Fig. 14), which assured long 
lighting and improved brightness by continuously supplying oil from a tank by 
means of an air-pressure pump. The design is thought to be influenced by the 
structure of air guns from Europe. This was also very popular among merchants 
who wanted to work at night. The shop subsequently relocated to Kyoto, where it 
seems he became interested in clocks. While making various clocks, he also de-
voted himself to the study of astronomy and physics from the West. In 1851, he 
completed the Man-nen dokei, fusing the clock technology of the West with 
wadokei, and astronomy with the Japanese calendar. 

 

Fig. 13  Kaichu-syokudai [14]                         Fig. 14  Mujin-to [14] 
                  

was born in 1799, the eldest son of a tortoiseshell craftsman, at Kurume in 
Kyushu, far from Edo (Tokyo), Osaka, and Kyoto, the major cities of Japan in the 
Edo period. However, it seems itinerant karakuri entertainers performed during 
the annual shrine festival and gained popularity among the local people and that 
he also watched the performances in his childhood. It is not known whether he 
was influenced by them, but he made various inventions utilizing karakuri from his 
childhood. In his early twenties, he traveled as an itinerant karakuri entertainer 
throughout Japan. The Yumi-iri douji is thought to have been made during this period. 



A Historical Overview of Japanese Clocks and Karakuri      185 

 

Fig. 15  Steam engine [14] 

 

 

Versed in the latest knowledge from the West, he gained a reputation as an ac-
complished engineer and designer of machines, including karakuri. He was in-
vited to the Saga domain in Kyushu, which had long been eager to adopt Western 
technology, where he took the lead in developing working models of a steam lo-
comotive, a screw-driven steamship and a paddle steamer, as well as a full-scale 
steamship,  telegraph equipment, etc (Fig. 15). In addition, he established produc-
tion of Armstrong’s rifled breech loader in the Kurume domain. 

As modernization progressed after the Meiji Restoration, the Meiji government 
called him to Tokyo in order to utilize his expertise. He set up a factory in Tokyo 
in 1872 to produce Henry telegraph equipment. In 1875, he opened a shop-cum-
factory in the Ginza district of Tokyo (Fig. 16). This year was made the founda-
tion year of present Toshiba. Thus, Hisashige TANAKA is the founder of Toshiba. 

Fig. 16  Predecessor of Toshiba Corporation (approximately 1880) [14] 
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As described above, Hisashige TANAKA was a superlative craftsman, a kara-
kuri master who became a master clockmaking, and moreover, contributed to the 
rapid modernization of Japan by applying his engineering expertise. 

Conclusions 
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Appendix  
Temporal Hour System Formerly Used in Japan 
In the temporal hour system formerly used in Japan, the day and night were each 
divided into six hours of equal duration. The daytime was counted from dawn to 
dusk, not from sunrise to sunset. Therefore, the unit hour of daytime was not equal 
to that of night-time during a day. Furthermore, the length varied with the seasons. 
In the temporal hour system, counting of the hours of a day began at midnight 
(Table 1) [19]. 

Table 1 Numerical designation of temporal hour 

Numerical designation of 
the temporal hour

9(Kokonotsu) Midnight Noon
8(Yatsu) Approx.  2:00 14:00
7(Nanatsu) Approx.  4:00 16:00
6(Mutsu) Dawn Dusk
5(Itsutsu) Approx.  8:00 20:00
4(Yotsu) Approx.  10:00 22:00

Time of the present hour system

I have described the history of clocks and karakuri in Japan, focusing on their 
development during the Edo period, and, in particular, on the contributions of 
Hisashige TANAKA not only to the development of clock and karakuri 
technologies, but also to the modernization of Japan. 
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Introduction 

Miao is one of the largest amongst the 25 minority ethnic groups in Yunnan 
province. They mainly live in Wenshan Zhuang and Miao People Autonomous 
Prefecture, Honghe Hani and Yi People Autonomous Prefecture in the southeast 
of Yunnan province and in Zhaotong city in the northeast of Yunnan Province. 
Miao people still use traditional spinning and weaving devices and tools to make 
their own traditional clothes, usually made of ramie and hemp. 

During the period from Sept. 2006 to Aug. 2007, the author visited Long-
zuishi village in Yunnan province five times to study their traditional spinning 
and weaving devices and tools. There were 93 families in this village, and 
each family with a middle-aged woman almost always had spinning and weav-
ing devices and tools, most of which were still in use. The author met several 
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Abstract Based on information collected from field surveys carried out from Sept. 
2006 to Aug. 2007 in Longzuishi, a village of Miao ethnic group in Yunnan 
province, this paper described sets of spinning and weaving devices and tools used 
by Miao women to spin hemp, reel hemp thread, wind weft thread on a spool and 
weave hemp thread into cloth. 

Keywords Miao people, Hemp, Spinning and weaving devices and tools 
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middle-aged women, including LONG Meifang, an expert in spinning and 
weaving, her sister-in law, her aunt and another woman.  The author surveyed 
the traditional devices and tools they were using, watched how they used them 
and tried operating some of them.  

Spinning Devices and Tools 

Spinning Wheel 

A foot-operated spinning wheel, called “Jiao Ta Fangche” in Mandarin, was in-
vented in the Donghan Dynasty (25–220 A.D.). In Yunnan province, Foot-
operated spinning wheel with more than one spindle was only used by Miao peo-
ple [1]. In Miao language, they called this type of spinning wheel “Darchan”. In 
this village, women used four-spindle-foot-operated spinning wheel, which, ex-
cept for the additional spindle, was similar to the traditional Chinese three-spindle-
foot-operated spinning wheel depicted in the ancient book Nong Shu, literally A 
Book on Agriculture, written by WANG Zhen in 1313. 

Based on an eccentric, a foot-operated spinning wheel could convert up–and–
down movement into circular movement to run the spindles inserted into it when 
its treadle was operated. The wooden spinning wheel the author saw was 145 cm 
long and 108 cm high. It was mainly joined with tenons, mortises, wedges and 
dowels except for some parts bound with iron wires. It consisted of a base, two 
vertical posts, a treadle, a wheel and a head as shown in Fig. 1.  

 
 

Fig. 1 A four-spindle-foot operated spinning wheel (Jan. 2007) 
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The shape of the base was the same as the Chinese character—“丁” (ding) 
(some base was shaped like “工” (gong)), and it was made of two pieces of wood. 
One was 120 cm long, 6 cm wide and 6 cm thick; the other 58 cm long, 5.5 cm 
wide and 4.2 cm thick. A 108 cm-high-6 cm-long-and-5 cm-wide vertical post was 
placed 14 cm away from its wide end, on which the wheel was fixed. 10.5 cm 
away from the narrow end was a 27 cm high vertical rod with a tapered head. The 
treadle was a 118 cm-long wood. One end of it was big and flat, and had a small 
hole in it; the other end was small and pointed, and was inserted into a small hole 
in the middle of one of the spokes of the wheel. Inserted into the hole in the 
treadle, the shorter vertical rod supported this pedal lever (see Fig. 1). 

The wheel was built with two canes and two flat pieces of wood.  Its width was 
13 cm. It had an inside and outside diameters of 62 cm and 67 cm. The canes were 
shaped into the two rims of the wheel while the two flat pieces of wood were used 
as the spokes. One wood was thinner than the other. The thin wood traversed a 
rectangular hollow in the centre of the thick one and formed a cross, which was 
the spokes of the wheel. Outside the spokes, four small flat pieces of wood were 
joined to the rims and spokes together by iron wires. Between these flat pieces of 
wood, there was another small flat piece of wood respectively which joined the 
rims with iron wire to make the wheel firm. One end of a thick wood was carved 
into the hub of this wheel while the other end was carved into a rectangular tenon 
that was inserted into the mortise in the vertical post to form the bracket of this 
wheel.  

The head of the spinning wheel sat above the wheel and was comprised of two 
long, flat pieces of wood whose shape was similar to a bow (see Fig. 1). They 
were rabbeted together by means of three small pieces of flat wood and some 
dowels. The flat wood in the middle was also the bracket of the head which was 
joined to the vertical post with a tenon, a mortise and a wedge. In the outer wood 
of the head, there were four pairs of u-cuts. Correspondingly, there were four pairs 
of holes in the inside wood. Four driven shafts with spindles were inserted into 
them when spinning. Some thin reinforcing steel rods with a small round wood on 
one end and a spindle on the other end were used as the driven shafts.  During 
weaving process, only four u-cuts and holes were required. They would be re-
placed by the other four when they became too hot from friction heat. With the 
help of a leather transmission belt and the driven shafts, the spindles were turned 
by the wheel.  

Reel 

A hemp thread was rich in glue. The glue had to be dissolved before it was 
weaved into cloth. Therefore a reel was required. A reel was a revolving frame, 
called “Dargelee” by Miao people or “Guangzi” in Mandarin. By means of a reel, 
a hemp thread was wound into a reel, making it easier to boil and wash off the 
glue on the hemp thread. The reel was made up of two parts (see Fig. 2a). One 
part was a stump with several branches around one end and an axle at the  
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top of the other end, which was used as a base; the other was a wooden cross 
wheel with a small rod inserted into each end and a hole at the center. It was typi-
cally 40 cm high and of 120 cm diameter. When winding a hemp thread, a woman 
sat next to it, turned the cross wheel with one hand and held a spindle with the 
hemp thread in her other hand. A reel was also used to reel off the washed hemp 
thread, which was later put into a small round bamboo basket (see Fig. 2b).  

Woof Reel  

A woof reel, also called “Darchan” in Miao language but called “Weiche” or 
“Luoche” in Mandarin, was a device for winding the washed hemp thread on a 
spool from the small bamboo basket. The spool would be set into a shuttle and the 
hemp thread on it would be used as weft. The structure of a woof reel was the 
same as that of a common wooden one-spindle-hand-operated cotton spinning 
wheel, but with a smaller driver as shown in Fig. 3. A woof reel was composed of 
a base, a driver with a small shaft, a driven roller and a transmission belt. The base 

Fig. 2 (a) A reel (Jan. 2007) (left); (b) A woman reeling off a hemp thread with a reel
(Photo taken by PU Luping in Sept. 2006) (right) 

Fig. 3 (a) A woof reel (Jan. 2007) (left); (b) A woman winding a hemp thread on a
spool with a woof reel (Jan. 2007) (right) 
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was of the form of the Chinese character—“工” (gong). Some used just a piece of 
thick rectangular wood as its base. Whatever the shape, its main function was to 
hold the frame steady. The base was typically 50 cm long with a vertical post at 
each end. The vertical post, on which the driver was fixed with tenon, mortice and 
wedge, was about 35 cm high while the other vertical post was twice as wide but a 
little shorter. The axle of the driven roller was fixed onto the shorter post with a 
cane or was inserted into it directly. A hemp string was used as a transmission 
belt. The driver was made of one piece of flat wood and its diameter was from 20 
to 25 cm. Along its rim was a v- or u-groove for the transmission belt. There was a 
small wooden handle on the outside face of the wheel near the rim. There was 
more than one shallow groove around the driven roller for the transmission belt, 
which could be used in turns in order to prolong the service life of the driven 
roller. When using a woof reel, a woman put a spool on the axle of the driven 
wheel, then stepped on the base with one foot, turned the driver with her right 
hand and lifted the hemp thread from the basket with her left hand. The hemp 
thread was thus rolled on the spool which would be set into a shuttle (see Fig. 3).  

Loom 

According to Mr. YAN Enquan’s study, it was a foreign missionary and his wife 
who taught Miao people to make a platform loom in the 1930s [2,3]. And the peo-
ple in this village also said that some foreign missionaries had brought them a 
platform loom.  

Nowadays, Miao people used two kinds of loom: a loom connected to the waist 
of a weaver, called “DoDolyesar” in Miao language and “Yaoji” in Mandarin; the 
other was a platform loom named “Darjarjar” in Miao language and “Taishi Zhi-
buji” in Mandarin. The purposes of these two kinds of loom were different. A 
waist loom was used to weave colored belts or satchels while a platform loom was 
used to weave hemp cloth for making clothes or skirts. Generally, the colored 
woven cloth was only 7.5 cm wide but the hemp cloth was typically 43–45 cm 
wide.  

Waist loom 

A waist loom was the most ancient loom in the world and was also the origin of a 
platform loom. Although platform loom was popular in this village due to its effi-
ciency, waist looms were so convenient for carrying around that Miao women 
seemed to always take them when they were out or grazing herds on hills. In their 
spare time, the women would continuously weave with the waist looms. There 
were only a few differences between Miao people’s waist loom and that of 
other ethnic groups. A waist loom consisted of a woof tightener, a shuttle, a 
heddle, a wood to separate and guide warp threads and a warp reel (see Fig. 4). 
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It did not have a cloth reel or a waistband, making it more convenient to carry. 
The woven colored cloth was tied to the waistband of a woman’s skirt directly as 
shown in Fig. 4.  

 
The heddle was made of some hemp threads, and only lifted and guided the 

lower (even) warp threads while the wood to separate and guide warp threads con-
trolled upper (odd) warp threads. Every odd warp thread would be wound around 
this wood once in order to fix it. Thus the wood could lift and guide all odd warp 
threads. The woof tightener of a waist loom was a piece of wood. It was about 
25 cm long, 10 cm wide, and was shaped like a boat but its bottom heaved a little 
and its top was a little sharp like a knife. The heaving bottom widened the path for 
a shuttle to run through while the sharp edge helped to tighten the weft. The shut-
tle of a waist loom was not like a boat but a slip of wood with a u-cut at each end 
in which the woof thread was wound. Some weavers did not use a shuttle but a 
ball of woof thread when weaving. The warp reel was typically a wood rod, one 

Fig. 4 A Miao woman weaving a belt with a waist loom (Photo taken by PU Luping 
in Sept. 2006)  

A woof tightener  

A wood to separate and guide warp 
threads 

A heddle  

A warp reel 

Fig. 5 Figures on the Treasure Container excavated from the site of Shizhaishan, Jinning
County, Yunnan province [1] 
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end of which was flat and the other pointed. It was easy to stick the pointed end 
into the ground when arranging warp threads. In fact, warp threads were not 
wound onto this warp reel but were only knotted and tied to it. When weaving, the 
warp threads were tightened as the weaver stepped on them as shown in Fig. 4.  

When weaving with a waist loom, Miao women looked like the figures on the 
Treasure Container excavated in the site of Shizhaishan, Jinning County, Yunnan 
province as shown in Fig. 5. This Treasure Container was made approximately in 
the second century.  

Platform loom 

All the platform looms in the village were made of wood and were quite similar. 
The platform loom the author surveyed was 148 cm high, 130 cm wide and 

Fig. 6 A woman weaving with a platform loom (Jan. 2007) 
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Fig. 7 A tetragonal-axle warp reel  

A shallow groove  

166 cm long. It had a base, a warp reel, a support rod of warp threads, two pieces 
of heddle, two pedals, a reed, a trough for a shuttle to run through, a support rod of 
cloth, a cloth reel and a moveable seat board (see Fig. 6).  

The base was a cuboid framework of 130 cm long, 67 cm wide and 60 cm high. 
However, the height of the vertical posts at its two ends was different: one was 
67 cm high while the other 97 cm high. The shorter posts were the bearing of the 
moveable seat board; the taller ones shored up the support rod of warp threads. 
The warp reel was set outside the taller posts. There was another frame measuring 
88 cm-high-and-65 cm-wide vertically rabbeted onto the base, which was located 
35 cm away from the taller posts. The roller of the two pieces of heddle and the 
pulley of the shuttle were near or at the top of this framework. The reed, the 
trough for a shuttle to run through, and their support were integrated into another 
vertical frame which was under the vertical form with the roller and the pulley on 
and toward the cloth reel. The cloth reel, its bearing and the support rod of cloth 
were positioned between the trough and the moveable seat board. The warp reel 
was set almost at the same level as the seat board to balance the whole loom.  

There were two kinds of wrap reel in the village. One was a hexagonal axle 
with 6 wood bars rabbeted at each end (see Fig. 6); the other was a tetragonal axle 
with two pieces of cross wood joined to the two ends by means of tenons, mortices 
and dowels (see Fig. 71).   

 
The hexagonal-axle warp reel was 40 cm wide inside and its diameter was 

60 cm. The twelve slips of wood rabbeted at the two ends of the axle were to assist 
in fixing the wood rod or bamboo rod to which warp threads were tied, to prevent 
them from slipping, and to prevent the warp reel from turning during the weaving 
process. A tetragonal-axle warp reel was different in shape. Two pieces of wood, 
40 cm long and 18 cm wide, were interlocked as a cross before they were joined to 
any end of the tetragonal axle with a tenon, a mortice and a dowel. Each piece of 
wood had two protuberances on its edge for the convenience of controlling the 
turning of the warp reel with a long rod, which was put on the base closely in front 

                                                      
1 Figures 7, 12, 13 and 14 were drawn by Yan Junhua who works in Yunnan 

City and Town Planning Institute. 
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of the warp reel during the weaving process. On the surface of the tetragonal axle 
was a shallow-40 cm-long-and-1.5 cm-wide groove in which the wooden rod or 
bamboo rod with warp threads could be positioned. In the inside wall of the cross 
wood at the two ends of the axle were two corresponding shallow grooves for the 
wooden or bamboo rod to be pushed in (see Fig. 7). 

The rod supporting the warp threads was located at the top of the taller vertical 
posts, to which the wood to separate and guide warp threads was tied. It could lift 
the level of the warp threads a little higher than the reed making it easier for the 
operator to weave and to look out for any broken thread. 

There were two pieces of heddle on a platform loom. They could lift the odd 
and even warp threads in turn to make a path for a shuttle to run through when 
the two pedals linked to them were pressed down in turns. One piece of heddle 
comprised of two bamboo rods, two wooden bars and some hemp threads, which 
formed a 54 cm-long-and-23 cm-wide frame (see Fig. 8). The upper hemp 
threads always hooked the lower hemp threads to form loops in the middle of 
the hemp threads. Through the loops of one of the heddles there were only odd 
warp threads while the other only held even warp threads (see Fig. 8) 

To make a piece of heddle, a special tool called the heddle-making wood, or 
“Darharzaimarbitsau” by Miao people, was required. It was a piece of wood for 
winding hemp threads measuring 55 cm-long-and-1.5 cm-thick with one end 
wider than the other. The wider end was 8 or 9 cm wide and the other 5.5 cm wide. 
It had typically two styles (see Fig. 9). The sloping edge was to help take off the 
hemp threads after winding them on a bamboo rod. Figures 10 and 11 showed 
how hemp threads were rolled with this tool. One piece of heddle was made by 
winding all hemp threads twice. Each time only one half of the heddle was wound 
and each time the hemp thread only hooked one odd or an even warp thread. After 
finishing one half, the heddle-making wood was slipped off, and the wooded bar 
was used to press the hemp thread firmly onto the bamboo rod. The wooden bar 
and the bamboo rod were then bound together with some hemp strings. Then, the 
warp reel was turned upside down to roll the other half of the piece of the heddle. 

Fig. 8 A piece of heddle 

An even hemp thread 

An odd hemp thread 

The loop of heddle 
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The next steps were the same as before. Another hemp thread was guided through 
all the hemp thread loops to hook all the odd or even warp threads one by one. A 
piece of heddle was thus completed (see Fig. 8). 

 

Fig. 10 Making a piece of heddle 

A heddle-making wood  

A hemp thread

An odd warp thread 

An even warp thread 

A bamboo rod 

Fig. 9 Two types of heddle-making wood 

Fig. 11 A woman making a piece of heddle with the help of a piece of heddle-making
wood (Sept. 2006) 
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The two heddles were connected by a hemp string tied to each upper corner. 
Therefore, two strings hung these two pieces of heddle on the roller near the top of 
the tall vertical frame. There were three styles of roller as shown in Fig. 12. The 
lower corners of the two heddles were connected to the two pedals with two 
strings separately. The pedals were 54 cm long, 10 cm wide and 3 cm thick. When 
one pedal was depressed, the heddle connected to it would move down while the 
other moved up, creating a wide path for the shuttle to run through smoothly. 
When the two pedals were pressed down constantly in turns, the two heddles 
would keep moving up and down correspondingly. The back of the two pedals 
was set between four small iron circles on a thick wood that was rabbeted to the 
base. One thin bamboo rod or iron wire was inserted into these four iron circles to 
fix the pedals so that they could not move sideways but could be lifted with the 
entire device when moved. 

The reed and the trough for a shuttle to run through were integrated into a frame 
measuring 130 cm long and 89 cm high. The reed was used to comb warp threads 
and tighten woof threads. It was 46 cm long and 7.3 cm high, made up of two 
pieces of long and flat bamboo bars, two short pieces of bamboo, many bamboo 
flakes and some hemp strings. The hemp strings were rolled on the flat bamboo 
bars between which the bamboo flakes were inserted into the hemp strings. The 
two short pieces of bamboo were put at the two sides and bound to the two flat 
bamboo bars with hemp strings. The reed was inserted into the middle of the top 
of the trough for a shuttle to run through and fixed with two wood dowels. 

The support of the trough could move back and forth and had two styles: one 
had four legs linked to the inside of the two pieces of lower wood of the base 
framework with four iron nails; the other only two legs with a n-cut at the feet that 
rode on two pegs. The pegs were on the outside of the two pieces of lower wood 
of the base framework.  

 
 

The pulley of the shuttle 

Fig. 12 The three styles of vertical wooden frame for fixing the roller with the heddles
and the pulley of a shuttle 

The roller of the heddle 
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There were two slideways in the inside wall of the trough at each end for a cir-
cle to slide and hit the shuttle into operation. The circle was made of leather and 
was fixed onto a small square piece of wood with two sloping edges, which fitted 
into the slideways perfectly so that it could move smoothly when the string tied to 
it was pulled down. A string was tied to the two circles and another string with a 
handle was connected to this string through a pulley at the top of the tall vertical 
frame. When weaving, the operator pulled and drew the reed in turns with her left 
hand, drew down the handle with her right hand while her feet pressed down the 
pedals in turns simultaneously. These actions caused the circles to constantly hit 
the shuttle so that it came and went smoothly along the trough.  

The shuttle was 35 cm long, 4 cm wide and 4 cm high. There were two wood 
rollers set in the bottom to ensure the shuttle move more quickly and smoothly. 
Furthermore, how a weft went in the shuttle could keep it moving quickly and 
sending the woof smoothly (see Fig. 13). 

The cloth reel was a 77.5 cm-long wood rod with a diameter of 5 cm. One of its 
ends was hollowed out in the shape of a cross. It was set between the trough and 
the moveable seat board. Its bearing was two holes in the base of the support rod 
of cloth. Outside of the base on the right side was a small trough with more than 
ten iron bars inside. A slip of wood that ran through the hollow cross in the cloth 
reel was inserted in between the iron bars to control the turning of the cloth reel so 
that the warp threads and cloth could be tightened (see Fig. 14).  

The support rod of cloth was located above the cloth reel. Just as the support 
rod of wrap threads lifted the level of all warp threads, the cloth support rod lifted 
the level of cloth. Generally, there was no support rod of cloth in a traditional 
loom. The support rod of cloth in Miao people’s loom was related to the control 
device of the cloth reel (see Fig. 14). Furthermore, it could relieve the weaver 
from having to lower her head and bending forward. 

The seat board was usually 56 cm long, 16 cm wide and 3 or 4 cm thick. It was 
very unique in that it was moveable with the aid of rollers at its two ends. During 
the weaving process, it moved with the weaver back and forth, thereby reducing 
fatigue.  

Typically, the Miao women commenced spinning and weaving when there was 
not much work in the fields in summer and winter. When not in use, the looms 

Fig. 13 The bottom of a shuttle 

The wood rollers  The weft thread

were taken apart to free up some space in the house. Therefore, their looms 
couldn’t be seen in other seasons in their houses.  



An Introduction to the Spinning and Weaving Devises and Tools      201 

Conclusion 

Although nowadays girls in this village were not required to learn how to spin and 
weave as their mothers did when they were young, spinning and weaving devices 
and tools were still popular in Miao people’s daily life. In fact, almost all middle-
aged women could spin and weave. It was some historical reasons of Miao people 
and their preference for traditional clothes that kept these spinning and weaving 
devices and tools working.  
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Abstract Early records of wind-driven water-lifting devices were first discovered 
in a book written in the twelfth century in China. In the Ming Dynasty of China 
(1368–1644), windmills became popular in the Southeastern area of the country. 
Windmills back then could be classified into two types, the vertical-axle windmill, 
also know as the vertical-sail windmill, and the horizontal-axle windmill. They 
had vanes like the cloth sail on a Chinese sailboat and were mainly used to drive 
water-lifting devices. The most ingenious part of the vertical-axle windmill was 
the self-adjustment of the sail direction in response to wind as the windmill ro-
tated. In 1992 and in 2006, an ancient vertical-axle windmill was rebuilt by the 
CAS Institute for the History of Natural Science. 
 
Keywords Vertical-axle windmill, Horizontal-axle windmill, Reconstruction 

Introduction 

One of mankind’s important inventions from thousands of years ago is wind 
driven boats or machines. Historic recordings of sailing boats and windmills can 
be found in many countries around the world. One of these about sailing boats is a 
Chinese article written in the Eastern Han Dynasty (A.D. 25–220) [1]. 

A story written in the 9th century revealed that vertical-axle windmills were 
built by Persian craftsmen in the 7th century [2]. Yeluchucai 耶律楚材 (1190～
1244), a Khitan official from Mongolian-ruled China, composed a poem [3] about 
windmills that he saw in Samarqand. Joseph Needham [4] wrote that Persian 
windmill technology was transmitted into China during the Western Liao State 
(Qarã-Khitãi, 1124–1211). 
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lifting device driven by a windmill was mentioned in Chapter 3 of a book entitled 
Shaoxi Ji (苕溪集), which was written in the twelfth century by Yizhi Liu (劉一止) 
(1078–1161) in the South Song Dynasty of China [5]. In the 17th century, wind-
mills were recorded in important technical books such as the Nongzheng Quanshu 
農政全書 (Book on Agriculture, 1639) by Guangqi Xu’s (徐光啟) and Tiangong 
Kaiwu (天工開物), 1637, translated as Natural Skills Exploiting Things,  by 
Yingxing Song’s (宋應星). 

Generally, a windmill is a device consisting of vanes, a shaft, a gear wheel and 
other parts that when subjected to straight-line motion of air current (wind) rotates 
its vanes. There are two types of windmills in China, especially in coastal areas. 
One is a vertical-axle windmill, also known as a vertical-sail windmill, and the 
other, a horizontal-axle windmill. Both are mainly used to drive water-lifting de-
vices. The vanes of these two sorts of windmills are like the cloth sail on a sail-
boat.  The following two sections describe the windmills in more details. 

The Vertical-Axle Windmill 

A vertical-axle windmill is also known as a standing-sail windmill, or so-called 
‘walking-horse lantern’ or the great windmill. ‘Walking-horse lantern’ is the Chi-
nese-styled hot-air zoetrope with a running chimney driven by the heat of a candle 
in it [6]. It is somewhat similar with the vertical-axle windmill in form. 

Generally, records on windmills in ancient China were too brief with little men-
tion of any details of the structural construction, such as the number of vanes or 
sails. In the Ming Dynasty, there was a description of the action of a water-lifting 
device, driven by wind-wheel with a diameter of about 3 zhang (~ 10 m), used in 
Lingling in the essay Shuiche Xing (水車行),translated as Watemillts Run, writ-
ten by Ji Tong (童冀) [7]. In a publication by Tsing Hua University [8], it was 
noted that in the middle of the Qing Dynasty (1644–1911), Qingyun Zhou (周慶
雲) recorded in Chapter 36 of his book entitled Yanfa Tongzhi (鹽法通志), trans-
lated as General Records on How to Produce Salt, the structure and principle of a 
windmill. In his book, he said that a windmill with the aid of wind-power, ran to 
be used [8]. The diameter of this kind of windmill was more than 8 m and its 
height more than 6.7 m. The shear size of the device, suggests to the author that it 
must be a vertical-axle windmill, similar to the those shown in a painting of the lit-
toral of China by a Dutch painter in 1656 (Fig. 1) [9]. 

During the late Qing Dynasty, Changyi Lin 林昌彝 introduced the arrangement 
and use of a vertical-axle windmill in Chapter 13 of the book Yan Gui Xu Lu (硯

However, Needham’s viewpoint is debatable. Before the 13th century, a water-

) (Fig. 2) [10]. 耒圭
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If a windmill is constructed on level ground, [it] is able to replace manpower 
used by a water-lifting swape.  It is not necessary to change its position as the sails 
on a ship do at any moment. The sails of the windmill is made of cloth or thin 
bamboo strips, [they] may be supported on level ground where wind comes from 
any direction….In addition, two pieces of covering are added over and under the 
windmill. The covering inclines to the inside and is installed to enable wind to en-
ter the windmill more efficiently. 

 
Fig. 1  The Chinese vertical-axle windmills by a Dutch painter in 1659 [9] 

 
Fig. 2  Ancient schematic of the arrangement of the vertical-axle windmill [10] 
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There were 600 vertical-axle windmills only in the Saishang District and 
Tangda District of Hangu along the shore of the Bohai Sea in the early 1950s [11]. 
The structures of gearwheel and vanes (sails) can be seen in pictures taken by Li 

 

 
Fig. 3  The basic structure of a great windmill (drew in the 1950s) 

 

Chen (陳立) and shown here in Figs. 3,4 and 5. The supporting frame of these 
windmills appeared to be of an octagonal prism shape. Inserted at the upper end of 
the vertical axle are eight spokes. There was a driving wheel on the shaft to drive a 
water-lifting device. 

The structure of the vanes of a windmill had the same shape as the sail on a 
Chinese sailboat. Each vane was linked onto its mast with a vine circle, and was 
tied to a pulley on each spoke with a ‘running rope’ on its upper end. The side of a 
sail near the vertical axle was tied to the bottom of a mast close by with a thick 
rope. The height and area of the sail, which was exposed to the wind could be ad-
justed by drawing in or letting out the running rope. Wind pressure was related to 
the size and height of the sails and the fixing angle. When wind blew on the sails, 
the mast was pushed to rotate the vertical axle and a big horizontal gear, the latter 
of which drove the water-lifting device connected to it. When the wind was 
strong, one big horizontal gear could drive two or three water-lifting devices. 
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Fig. 4  Big gear wheel of a great windmill (photograph taken in the 1950s) 

 

 
Fig. 5  The sail of a great windmill (photograph taken in the 1950s) 

To start the windmill, a rope fasten to its frame was used to mesh the gear teeth 
of the horizontal and vertical gears. Depending on the strength of the wind, the 
sails were then lifted to an appropriate height with the help of a running rope.  The 
running rope was tied onto a small wood nail on its mast, and the rope tied to the 
frame was loosened to allow the windmill to commence driving a water-lifting de-
vice. To stop the windmill, a pole was set not far away from the outside of the 
frame, which would knock off the rope-hanging woods from the wood nails in 
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turn. This would cause all the sails to lower and the windmill would then stop 
running. 

Before starting a windmill, the rotating speed was adjusted by hoisting the wind 
sails to an appropriate height or by shortening the length of the rope, which 
changed the included angle between the sails and the thick ropes. Generally, the 
rotating speed was about eight turns per minute. If the wind was too strong, the 
windmill was stopped to prevent the structure from being destroyed if the rotating 
speed exceeded the allowable limit of the water-lifting device and its rotating sys-
tem. 

The most ingenious part of the vertical-axle windmill was the self-adjustment 
of the sail direction in response to the wind as the windmill rotated. With one side 
of a sail tied to the bottom of a close by mast with a thick rope, each time the sails 
moved to the wind-facing side, they would automatically meet the wind at right 
angle, catching the strongest wind power. As the sails turned to the opposite side, 
they would automatically become parallel to the wind and be subjected to the least 
resistance. This principle ensured the windmill rotated in the same direction, cap-
turing the maximum wind force and not affected by the wind direction. 

Those windmills were also big in size and became extinct in the middle of the 
1980s when they were completely replaced by electric pumps or internal-
combustion engine-driven pumps. Jingyan Lu (陸敬嚴) and Yingqi Yi (易穎琦) 
published an article from their field investigation on the vertical-axle windmill and 
constructed a model of the windmill at Tongji University in the early 1990s [12]. 

The Horizontal-Axle Windmill 

The book, Wuli Xiaoshi (物理小識), written by Yizhi Fang (方以智) a scholar 
living in the period from the end of the Ming Dynasty to the beginning of the Qing 
Dynasty, described six wind vanes (six-wind-sail windmills) used to lift water to 
irrigate farmlands [13].   The windmills were also present in fields near rivers at 
Huai and Yang. In Chapter 7 of a book entitled Yinyi Biantong (音譯辯同), 
Tingmei Zeng (曾廷枚) written in the Qing Dynasty described water-lifting de-
vices and swapes set near reservoirs of water, with five or six vanes made of bam-
boo strips in the shape of wind sails.  The windmills were connected to each other 
and assisted [people] with water lifting by virtue of the wind [14]. 

Comparing historical records, it was likely that the abovementioned device was 
a horizontal-axle windmill with three to six wind sails. It could also be called an 
inclined pole windmill because its axle was an inclined wooden pole.  The wooden 
pole has since been replaced by steel tubes in modern time. This type of windmills 
was mainly used in the Southeast littoral of China. In the film, Yi Jiang Chunshui 
Xiangdong Liu (一江春水向東流), translated as A River Running to the East in 
Spring, made in 1947, the windmills were shown in action. 

In the 1950s and 1960s, many vertical windmills also existed in Yancheng, 
Jiangsu province, as captured in the film, The Story of Liubao (柳堡的故事). 
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Fig. 6  A horizontal-axle windmill driving a water-lifting device [15] 
 

 
Fig. 7  A water-lifting device and the gear wheels [15] 

Ganyu (贛榆) county, there were more than ten horizontal windmills driving wa-
ter-lifting devices to carry salt water.  These were soon to be replaced by modern 
propeller wind-driven machines. Photographs of a horizontal-axle windmill with a 
water-lifting device, situated by a beach much further away from the village were 
taken (Figs. 6, 7, 8 and 9) [15]. Figure 7 shows the operation of the water-lifting 
device and the gear wheels; Fig. 8 shows the operator adjusting the engagement of 
the gear teeth. A few components of the windmills and water-lifting devices were 
piled on the side of the salt field and they included wooden gears, the driving 
chain wheels of a man-driven water-lifting device and its rock handle (Fig. 9). 

In May of 1993, the author and Lisheng Feng (馮立昇) went to Northern 
Jiangsu province to study traditional windmills. In the salt field in Xilinzi village, 
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Fig. 8  Adjusting the engagement of the gear teeth [15] 

 

 
Fig. 9  Unused gear wheels and driving chain wheels [15] 

The dimensions of the windmill shown in Fig. 6 were taken to produce a me-
chanical drawing. The windmill had a driving gear, whose horizontal axle was 
connected to the vertical axle of the driven gear through a so-called ‘lying pillow’. 
All the gears had the same diameter and the same number of teeth. Except for a 
few iron parts, the whole windmill in its original form was made of fir wood. In 
order to prolong its life, the wooden parts were puttied first, and then painted with 
Chinese wood oil.  

The horizontal axle of the windmill was now replaced with a steel tube, the di-
ameter of which was 75 mm. From an abandoned original wooden horizontal axle, 
the diameter of its bigger end (the gear was set on this end) was about 180 mm 
and the other end, 100 mm. 
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The wind sails of a horizontal-axle windmill were also similar to the sails of a 
traditional Chinese sailboat. A thick adjusting rope (the rope to hoist a sail) and 
the circum-gyration plane of the wind wheel met to form an included angle of 
about 10º. The principle of torque generation was the same as that of a tower 
windmill in Holland in that the blowing of the air current against a wind sail 
makes a force component that is right-angled to the main axle. According to the 
users of the windmills, when the wind intensity reached the third or fourth order, 
the rotating speed of a wind wheel was over 20 turns per minute; when the wind 
intensity ranged from the fourth to the sixth order, the operation of a windmill was 
optimum, with the rotating speed ranging from 40 to 50 turns per minute. When 
the wind intensity reached the eighth order, the rotating speed would be 80 turns 
per minute, an unsuitably high speed to drive a water-lifting device. In accordance 
with the direction of the wind, operators would move the horizontal axle around 
the lying pillow within 300º on ground plane with a shaft strut to make sure that 
the wind wheel was arranged against the direction of the wind. The method of set-
ting the sails was similar to that used on a vertical windmill. 

Except for the inability to automatically adjust the sail in response to the 
change of wind direction, a horizontal-axle windmill had several advantages: its 
structure was simple; it was convenient to operate and it occupied a smaller space. 
In 1959, there were more than 200,000 vertical-axle and horizontal-axle windmills 
in Jiangsu province. There were 3,735 windmills in the salt fields of Northern 
Huai in 1958, which lifted four hundred million cubic meters of water each year 
[16]. Since the late 1960s, heat and electric power gradually took over the place of 
windmills. A few traditional windmills are still in use in counties such as 
Yancheng, Jianhu, Dafeng, Funing, Xiangshui, Sheyang and Ganyu. In 1984, with 
four traditional windmills and seven workers, the salt field ran by Bodong Salt 
Field Middle School in Xiangshui county produced more than 700 tons of salt and 
conserved 10,241 kwh each year [17]. Until 1993, apart from a very small number 
of horizontal-axle windmills used in Northern Jiangsu province, there were at least 
200 horizontal-axle windmills in Putian Salt Field, Fujian province. The required 
wind speed of this sort of windmills ranged from 3.5 to 10.7 ms-1; the utilization 
coefficient of wind power was between 0.15 and 0.20 and the output power ranged 
from 0.3 to 5 hp. The diameter of its wind wheel was 6 m and it had six wind sails, 
the number of which could be increased or decreased in order to adjust the speed 
of the wheel. The lift of the water-lifting devices driven by this kind of windmills 
was from 0.4 to 2.1 m and the capacity to carry water was from 5.5 to 120 m3h-1. 

Conclusions 

Early historical records showed that Chinese windmills were invented later than 
those in Persia. If Persian windmills had possible influence on the invention of 
Chinese windmills, it is thought that the transmission of the idea about windmills 
from western or middle Asia to China was of the stimulus diffusion type. There 
are no historical records on the construction details of the Persian-styled windmills. 
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Traditional Chinese windmills possessed their unique technical tradition. The 
Chinese combined the sail-making technology and sail-controlling skills with 
power devices to invent the unique vertical-axle windmill. Rotating devices such 
as water-wheels probably influenced the design of these windmills. Based on the 
technology of vertical-axle windmill, early craftsmen constructed the horizontal-
axle windmills. 

The most important creation of Chinese windmill-makers was the self-adjusting 
mechanism of the sail of a vertical-axle windmill in response to the wind direc-
tion. This mechanism was significantly different to the sail-adjusting device of the 
Persian or European windmills. Traditional Chinese windmills were used to drive 
square-pallet chain-pumps, whilst those in Persia and Europe were to drive mill-
stones to grind grains or pigments in. 
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∗ This paper presents the author’s interpretation of the text of shui lun fu (Rhap-

sody on Waterwheel) given at the reading group during an invite to PD Dr. 
Schaefer’s Research Group at the Max Planck Institute for the History of Science 
from September 2007 to February 2008. The author would like to express his 
sincere appreciation to all members of the reading group their great patience with 
the readings, suggestions of many illuminating ideas, and constructive criticisms 
and advice to improve the author’s comprehension of the text. The author would 
also like to emphasise that he is responsible for any errors found in this paper. 
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Introduction 

Who was the author of Shui Lun Fu? Shui lun fu was mentioned in a few com-
piled writings such as wen yuan ying hua 《文苑英華》 (The Best Selected Texts 
before the Northern Song Dynasty) and quan tang wen 《全唐文》 (The Com-
pleted Texts of the Tang Dynasty). The author of shui lun fu was noted as Chen 
Zhang in the former but recorded as Chen Tingzhang in the latter. 

Wen yuan ying hua was compiled by Li Fang (李昉) between 982 AD and 987 
AD in the Northern Song Dynasty (960–1127 AD). It consisted of one thousand 
volumes, with almost twenty thousand pieces of writings contributed by approxi-
mated two thousand and two hundred authors. Nine-tenths of the writings in wen 
yuan ying hua were from the Tang Dynasty. The version cited in this article was a 
photocopied edition published by zhong hua shu ju (中華書局) in January, 1966. 
It collected a hundred volumes of the block-printed edition of the Northern Song 
Dynasty and eight hundred and sixty volumes of the Ming Dynasty’s edition. The 
Ming’s edition was based on the hand-copied edition of the Northern Song Dy-
nasty which was littered with errors. The edition of wen yuan ying hua referred by 
quan tang wen was the edition of the Ming Dynasty’s block-printed edition pub-
lished in Fujian Province. 

Quan tang wen was compiled from March, 1808 to 1814, and collected works 
from tang wen 《唐文》 (The Texts of Tang Dynasty), which was a hand-copied 
edition reserved in the Palace, consisting in total of one hundred and sixty books. 
It also included some versions of si ku quan shu 《四庫全書》, tang wen cui 
《唐文粹》, wen yuan ying hua, chorography and many other materials and 
sources. 

Shui lun (水輪) in this paper refers to a water wheel with buckets attached to its 
rim, with the function of raising water from a stream or pool for transfer to an irri-
gation channel. It is unclear to date when was shui lun invented and when was it 
first applied in China. According to descriptions in ancient literature such as ji ji ji 
《機汲記》 (The Note for Drawing Water by Machine) and shui lun fu 《水輪賦》 
(Rhapsody on Waterwheel), Shui lun might have first been employed in China no 
later than the Tang Dynasty (618–907 AD). The former text was written by Liu 
Yuxi (劉禹錫 , 772–842 AD) while the author of the latter was either Chen 
Tingzhang (陳廷章) or Chen Zhang (陳章). However, the text in both scripts had 
not been carefully studied. This paper presented a preliminary interpretation of 
shui lun fu with an attempt to understand the technical details of the waterwheel 
described in the text, which may clarify the origin of the Chinese waterwheel. 

There were six rhapsodies in Volume 948 in quan tang wen, namely, shui lun fu, 
dou niu jian you zi qi fu 《斗牛間有紫氣賦》,  fu cao wei ying fu 《腐草為螢賦》, 
ai ren fu 《艾人賦》, feng bu ming tiao fu 《風不鳴條賦》 and bing quan fu 
《冰泉賦》 in the name of Chen Tingzhang. These six rhapsodies could all be 
found in different volumes of wen yuan ying hua. For example, shui lun fu was in 
Volume 33, dou niu jian you zi qi fu was in Volume 102, fu cao wei ying fu in 
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It was uncertain whether Chen Tingzhang and Chen Zhang was the same per-
son, nor were there any details about his birth date, his life and his death. Further-
more, it is still a mystery as to where the shui lun described in the rhapsody ex-
isted. There was a famous poet named Sikong Tu (司空圖) who was born in 837 
AD and died at the end of the Tang Dynasty in 908 AD. In one of his writings 
zhong tiao wang guan gu xu 《中條王官谷序》 (The Preface of zhong tiao wang 
guan gu), he mentioned a rhapsody of waterwheel written by his grandmother’s 
brother whose family name was Chen.  If this Chen mentioned by Sikong Tu were 
Chen Tingzhang or Chen Zhang, perhaps it would shed some light to the period as 
to he lived. According to zhong tiao wang guan gu xu, Sikong Tu’s mother had a 
brother called Liu Quan, who could recite shui lun fu* written by his uncle, Chen, 
at an age of four, and who had written the book liu shi dong shi 《劉氏洞史》 
(The History of Liu Family) when he was sixteen years old. Liu shi dong shi was 
recorded as twenty volumes in Volume 58 of xin tang shu 《新唐書》 (The New 
Book on the History of the Tang Dynasty). 

If Chen was indeed the brother of Sikong Tu’s grandmother, he would be two 
generations above Sikong Tu, which is to say, he might be about fifty to sixty 
years older than Sikong Tu. That puts his birth time around 770–780 AD, almost 
the same period as Liu Yuxi. Regardless if Chen was the author of shui lun fu as 
Cheng Tingzhang or Chen Zhang and shui lun fu* was the same as shui lun fu, 
what is clear is that Chen did indeed wrote a rhapsody on waterwheel. Liu Yuxi 
may have named the machine for drawing water he saw as ji ji (汲機), the author 
of shui lun fu or shui lun fu* had named the machine as shui lun. It reflected the 
different background and experience between Liu Yuxi and Cheng Tingzhang, 
maybe Chen Zhang or Chen. 

The Content of Shui Lun Fu 

In this section, an explanation of shui lun fu based on the edition of quan tang wen 
and referred to in the edition of wen yuan ying hua to aid in understanding the 
text. The title of the text is shui lun fu, translated as the rhapsody on waterwheel. 
It was written in the rhyme of ji yin zhi dao, cheng yu yun lun ([汲引之道，成於

運輪]), which literally translates to ‘the ways for drawing up water and conduct-
ing it from one place to another, could be put into practice by applying the water-
wheel’. 

The whole text consists of three hundred and three Chinese characters, and the 
text, arranged into thirty five sentences herein, is explained sentence by sentence: 
1. 水能利物，輪乃曲成。 

Water can benefit things, [water] wheel is made into the shape of roundness. 

Volume 141, ai ren fu in Volume 149, feng bu ming tiao fu in Volume 13 and bing 
quan fu in Volume 38. The author of these rhapsodies was listed as Chen Zhang in 
the content list, but the author of bing quan fu was written in the text itself as Chen 
Tingzhang. 
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2. 升降滿農夫之用，低徊隨匠氏之程。 
Its rise and fall satisfies the needs of peasants, it circles round and round fol-
lowing the rules of artisans. 

3. 始崩騰以電散，俄宛轉以風生。 
It sounds like thunder when it begins to move, then before long it rotates engen-

dering breeze. 
4. 雖破浪於川湄，善行無迹； 

While breaking through waves, it moves swiftly without any traces.  
5. 既斡流於波面，終夜有聲。 

As it generates current at the water surface, the sound persists through the 
night. 

6. 觀夫斲木而為，憑河而引，箭馳可得而滴瀝，輻湊必循乎規准。 
As you can see, waterwheel is made of wood and is set up alongside a river. It 
could draw up water in a very short time, and its spokes converging at a hub 
following regulations of the craft. 

7. 何先何後，互興而自契心期； 
No matter which bucket comes first, they rise mutually to satisfy people’s ex-
pectation naturally. 

8. 不疾不徐，迭用而寧因手敏。 
Not too fast and not too slow, they work one by one due to the skillful design. 

9. 信勞機於出沒，惟與日而推移。 
Let the arduous waterwheel work at the riverside with its buckets wheeling in 
and out of the stream, working continuously moving along with time. 

10. 殊轆轤以致功，就其深矣； 

from deep depth like the windlass could. 
11. 鄙桔槔之煩力，使自趨之。 

Scorning Jiegao (桔槔, a labor-saving lever device with unequal arms) a la-
bour intensive device, waterwheel could rotate by itself. 

12. 轉轂諒由乎順動，盈科每悅於柔隨。 
Waterwheel rotates on its hub driven by the moving stream, gutter and pits will 
be fully and smoothly filled with water. 

13. 遠望蹄涔，詎有朱殷之色； 
From afar, splashes of water near the waterwheel appearing to gleam in bright 
blackish red. 

14. 挹兹鱗起，終無塗附之期。 
When the scalelike water is lifted up, there is no worry of the wheel being cov-
ered with mud. 

15. 作霖或自於斯干，流濕更彰乎就燥； 
Persistent rain perhaps comes from ghyll, and the moving wetness appears 

16. 回環潤乎嘉轂，洊至踰於行潦。 
The fine hub of the waterwheel is lubricated by its rotation, as water is cease-
lessly drawn up and travels through a long journey over the gutter. 

Differing from lu lu (轆轤, windlass) in work, waterwheel could bring water 

more obviously to come close to dry. 
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17. 鉤深致遠，沿洄而可使在山；  
Water is drawn and transferred far away, transported to mountain fields 
through winding roads. 

18. 積少之多，灌輸而各由其道。 
Many a little makes a mickle, water is transferred to their respective paths of 
irrigation. 

19. 爾其揚清激濁，吐故納新，輾桃花之活活，搖杏葉之鱗鱗。 
By bringing in fresh water drained of mud, getting rid of the stale and taking in 
the fresh, it turns the flowers of peaches vivacious and shakes the leaves of ap-
ricots scaly shining. 

20. 一勺每勞於濡軌，三材必賴於工人。 
A scoop of water should always be transferred through wet path, three kinds of 
materials should depend on the craftsmen. 

21. 浴海上之朝光，升如日御； 
Bathing in the morning sunlight at the side of the river, [a rotating waterwheel] 
appears like the rising sun. 

22. 泛江中之夜影，重似月輪。 
Its shadow reflects on the river in the night, appearing as a down moon. 

23. 常虛受以載沈，表能圓於獨運。 
Waterwheel often keeps its buckets empty to load more weight; its round sur-
face makes it self-revolving. 

24. 低徊而涯岸非阻，委曲而農桑是訓。 
Waterwheel lingers away and not interrupted by high riverbanks, bends to ro-
tate as crops and mulberries benefit. 

25. 惠可周於地利，空霑負郭之田； 
Waterwheel spreads its benefit all over rich lands, but barely irrigates the fer-
tile field in the suburbs. 

26. 材足任於天津，多寄臨川之郡。 
They are made of materials worthy of tasks in the Milky Way; mostly they are 
placed on countryside by rivers. 

27. 池陂無漉，畎澮既瀦； 
[By using waterwheel,] the ponds will not run dry; the field ditches storing the 
water. 

28. 用能務實，勢欲淩虛。 
It is practical, and always ready to fire up to heaven. 

29. 磬折而下隨毖彼，持盈而上善依於。 
Bowing down, buckets from the waterwheel follow the water flow. Drawing 
full of water to rise up, they are efficiently interdependent. 

30. 當浸稻之時，寧非沃壤； 
When paddy fields are irrigated, wouldn’t they become fertile soil? 

31. 映生蒲之處，相類安車。 
At places where reed grows, a waterwheel should be based. 

32. 異矣哉！ 
What a miracle! 
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33. 俯此溝塍，潤於原隰。 
Overlooking the irrigation canals, ditches and small dikes, waterwheels are ir-
rigating farmlands all over the plain and lowland. 

34. 成形必仰乎膏雨，屈已且安於卑濕。 
To accomplish such an achievement waterwheel should rely on timely rainfall; 
it should descend itself to stand willingly in low and wet places. 

35. 苟量遠大之功，庶無慙於甕汲。 
If considering its great contribution, waterwheel perhaps would not feel 
ashamed of drawing and transferring water as compared to a weng (甕, earthen 
pot). 

The Technical Knowledge in Shui Lun Fu 

The material, structure, appearance, shape, working characteristic, sound, setting 
location, work efficiency, function and influence of waterwheel were described in 
the text at different levels. For example, shui lun was made of wood; it comprised 
of a hub and spokes; and it was set up at the bank of a stream; shui lun was driven 
to rotate engendering wind by water which was different from the operation of lu 
lu (辘轳) and jie gao (桔槔). The text suffices in providing an outline of the basic 
structure of the waterwheel but the information is not enough for a detailed recon-
struction of the structure. 

To further understand the waterwheel described in the text, the history of the 
application of waterwheels in China since the Northern Song Dynasty was studied. 
Substantial available materials and literature were available that described and 
mentioned waterwheels.  They included those by famous poets, high-ranking offi-
cials and distinguished scholars such as Li Chuquan (李處權), Mei Yaochen (梅
堯臣), Fan Zhongyan (范仲淹) and Su Shunqin (蘇舜欽) of the Northern Song 
Dynasty, Zhang Xiaoxiang (張孝祥) of the Southern Song Dynasty (1127–1279 
AD), Wang Zhen (王禎) of the Yuan Dynasty (1206–1368 AD), Lu Rong (陸容), 
Wang Linheng (王臨亨), Song Yingxing (宋應星) and Xu Guangqi (徐光啟) of 
the Ming Dynasty (1368–1644 AD), Gu Yanwu (顧炎武), Qu Dajun (屈大均) and 
Zha Shenxing (查慎行) of the Qing Dynasty (1616–1911 AD) [1].  These works 
brought forth a meaningful phenomenon of the widely applied waterwheel in the 
history of China from the Northern Song Dynasty to the Qing Dynasty. During the 
Ming and Qing Dynasties, the application of waterwheel was very popular in 
many provinces such as Jiang Xi, Zhe Jiang, Guang Dong, Guang Xi, Yun Nan, 
Gan Su and Ning Xia. Waterwheels were still broadly used in China during the 
1950s–1960s. When electric power became widely available in China, traditional 
irrigational methods, such as waterwheels, were soon replaced by electric pumps. 
Waterwheels gradually disappeared, leaving only a few still in operation at 
present. 

Some technical knowledge about waterwheel was included in the text of shui lun fu. 
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Waterwheels can be divided into four categories based on the structure and the 
driving method according to the record of nong shu 《農書》 (The Book on Agri-
culture) written by Wang Zhen in the Yuan Dynasty [2]: 

(a) liu shui tong lun (流水筒輪)–a single wheel driven by water flow, transfer-
ring water from streams to fields near banks, Fig. 1 [3]; 

had an addition pair of joggled gears including a horizontal and vertical gear; The 
animal circled the vertical axle under the horizontal gear to drive the vertical gear, 
which transmitted power to the waterwheel to draw up water, Fig. 2 [4]; 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Liu shui tong lun                       

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2   Lǘ zhuan tong che 

(c) gao zhuan tong che (高轉筒車)–a waterwheel used on fields by streams 
with very high banks; two wheels were fixed at the spot, one next to the stream 
and the other on the high bank; cables connected these two wheels and buckets 

(b) lǘzhuan tong che (驢轉筒車)–a waterwheel driven by a donkey or ox and 
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were attached to the cables. When the upper wheel was driven by an operator or 
by an animal, the buckets dropped down to draw up water one by one, Fig. 3 [5]; 

(d) shui zhuan gao che (水轉高車)–This waterwheel was similar to the gao 
zhuan tong che; two wheels were fixed at the high side of a flowing stream; the 
lower wheel was driven by water flow to raise water to the high side, Fig. 4 [6]. 

Types (a) and (d) suited for areas with running water, whilst types (b) and (c) 
were for drawing water from a static pool and lake. The structure of (a) and (b), 
(c) and (d) were similar, but their driving methods and power were different be-
cause of the difference in water sources. 

 

              
Fig. 3  Gao zhuan tong che                                           

 
Fig. 4  Shui zhuan gao che 
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Shui lun portrayed in shui lun fu might be similar to type (a) stated above and ji 
ji depicted in ji ji ji was clearly of type (c). The two texts were perhaps the earliest 
descriptions of waterwheel as far as the author was aware, and they successfully 
demonstrated that different types of waterwheels were adapted to suit different 
surroundings and resources in China from as early as the Tang Dynasty. 

Conclusions 

The descriptions in shui lun fu of waterwheels included important technical infor-
mation, although there were insufficient details on the structure design. From this 
prospective, it well deserved careful scrutiny by technology historians. Through 
vast historic literature on the technical application of waterwheels from the North-
ern Song Dynasty, it could be surmised that waterwheels had evolved from prede-
cessors as early as the Tang Dynasty, the era of advancement of traditional crafts 
that inherited and adapted the surroundings, materials, and other influencing fac-
tors. The waterwheel described by the author of shui lun fu or shui lun fu* was 
certainly a well-adapted Chinese traditional craft. 
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Abstract The curve-beam plough, widely used in the region of the lower reaches 
of Yangtze River towards the end of the Tang Dynasty (about the 9th century 
A.D.) occupies an important position in the development of agricultural machinery 
in China. The curve-beam plough was recorded in the book “Lei Si Jing”（耒耜

经）, composed by Lu Guimeng, a scholar from the Tang Dynasty. Based on the 
records in “Lei Si Jing” and a review of available literature, the author studied the 
shape, structure, size of the curve-beam plough, and identified the following is-
sues: (1) The curve-beam plough was in fact measured with the short ruler of the 
Tang Dynasty; (2) The length of the curve-beam plough should be reasonable; (3) 
The curve of the curve-beam plough should be reasonable. Based on these view-
points, the author carried out a full-size reconstruction of plough in 1998.  

For the purpose of comparison, the pictures of the plough by Watabe (渡部武) 
and the one by Bray are also shown in the paper. 

 
Keywords Lei Si Jing（耒耜经）, The curve-beam plough, Tang dynasty of 

China, Reconstruction 

Brief Introduction on Lei Si Jing 

China is an area in the world, where ploughs and animal-ploughing originated the 
earliest. Historically, Chinese ploughs were the most advanced in the world. Ac-
cording to archaeological finds, in the second century B.C., Chinese already used 
various types of iron mould-board on their plough [1]. Historians found that 
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ploughs back then had a straight beam pulled by two oxen and operated by two or 
three persons [2].  The art of ploughing was not yet proficient. Gradually, the tools 
improved and up to the 9th century A.D. (the end of the Tang Dynasty), a new 
type of curve-beam plough was widely employed in most areas south of the Yang-
tze River in China. This type of plough was advanced both in structure and in 
function. It could be pulled by one ox and operated by one person. This type of 
curve-beam plough can be seen in ancient wall-pictures. The earliest complete re-
cord is in the book titled “Lei Si Jing”. 

“Lei Si Jing” was composed by Lu Guimeng, a scholar from the Tang Dynasty. 
The book was short, containing only 630 words, and recorded nothing else but 
farming tools. The book is somewhat hard to understand, but it has strict structure 
and clear management. It detailed and accurately recorded the names, shape, struc-
ture, size and the material of the parts of the curve-beam plough used then. As it 
contained the earliest complete record of ploughs of China, “Lei Si Jing” is of an 
important value in the history of farming tools both in China and in the world. 

birth date was unknown and he died probably in the first year of Zhonghe 
(881 A.D.), when Emperor Xizong was in throne. Lu was a proud man, who dis-
liked touring the country without an entourage of officials.  Lu took part in some 
farm work and became familiar with local agricultural production. He then started 
composing “Lei Si Jing” to introduce farming tools to more people. At that time, 
intellectuals looked down upon people involved in agricultural production and 
farming. Lu, despite his privileged background, recognized the importance of ag-
riculture and took up farming tools as a research subject. On his final days, he 
lived in seclusion in Puli, Songjiang (now southeast of Wuxian, Jiangsu province) 
with 100 µu of farmland.  

At the start of “Lei Si Jing”, Lu expressed his aim of composing the book, i.e. to 
make more people know and master farming tools. He made it clear that no one, 
whatever the status of the person, could do without farming tools.  Lu explained 

it plough (『耒耜，农书之言也。民之习，通谓之犁。』).  The literal transla-

tion of “Lei Si Jing” was “On Ploughs”. 
The main content of “Lei Si Jing” is as follows: 

The share lies flat below and the mould-board slops back above; the share is sharp 
on top and the mould-board curved at the base [to fit tightly against the share]. The 
part which carries the share is called the slade (di 底): the very front of the slade fits 
into the share, and carpenters call this part the “turtle flesh” (bie rou 鳖肉). The part 
adjoining the slade is called the “share press” (ya chan 压镵). [The mouldboard] has 
two lugs on its back joined to either side of the share-press. The part adjoining the 
share is called the ce e (策额)，and it protects the mould-board. All these parts are 
connected. 

that “Lei Si” was a scholarly term used in agricultural treatises, but farmers called 

Lu Guimeng took on an alias Lu Wang. He was from Wujun (now Suzhou, 
Jiangsu province of China) and was a famous poet in the late Tang Dynasty. Lu’s 
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The part which comes down from the ce e to the slade, into which it is morticed at 
right anles, is called the strut or “arrow” (jian 箭). The part at the front of the plough 
which is curved like a carriage-shaft is called the beam (yuan 辕), and the part at the 
back rising up like a handle is called the stilt or “rudder” (shao 梢). Above the beam 
projects an extension of the strut which can be tightened or loosened; along the top of 
the beam there is a groove corresponding to [a slit in] the strut, [into which fits] a 
piece that is cut into steps high in front and lower behind, which can be pulled back 
or forward [as necessary]; this piece is called the wedge or “adjustor” (ping 评). 
When it is pushed forward the strut is loosened and so the plough bites deeper into 
the soil; when it is pulled back the strut is raised and the depth of ploughing is shal-
lower. The strut is called “arrow” because its height is adjusted like [an arrow in a 
cross-] bow; the wedge is called “adjustor” because it is adjusted to exactly the right 
position. The piece that transfixes the top of the wedge is called the bolt (jian 建); it 
holds beam and wedge together and without it the two pieces would spring apart and 
the strut would not stay in place. 

The piece across the end of the beam is called the whipple-tree (pan 槃); it can 
pivot, and it is attached on either side by traces (qian 摼) to the yoke (e 轭). The very 
back of the beam is called the “mid-stilt” (shao zhong 梢中), which is where the 
plough is actually held [3]. 

『镵引而居下，壁偃而居上。镵表上利，壁形下圆。负镵者曰底，底初实

于镵中，工谓之鳖肉。底之次曰压镵，背有二孔，系于压镵之两旁。镵之次

曰策额，言其可以扦其壁也，皆貤然相戴。 
『自策额达于犁底，纵而贯之曰箭。前如桯而樛者曰辕，后如柄而乔者曰

梢。辕有越，加箭可驰张焉。辕之上又有如槽形，亦如箭焉。刻为级，前高

而后庳，所以进退曰评。进之则箭下，入土也浅，以其上下类激射，故曰

箭。以其浅深类可否，故曰评。评之上曲而衡之者曰建。建，揵也，所以柅

其辕与评。无是，则二物跃而出，箭不能止。 
『横于辕之前末曰槃，言可转也。左右系以摼乎轭也。辕之后末曰梢，中

在手所以执耕者也。』[4] 
On the basis of “Lei Si Jing”, the curve-beam plough, when compared with the 

straight-beam plough used before, had the following clear advantages: 
1. The beam was short and curved, which made it easy to handle and therefore 

conserved energy. 
2. The whipple-tree was added to the plough, with two ropes tied to both ends of 

it. It could turn towards both sides, making it more easily operated by the 
farmer in the fields and by the field side. 

3. The depth of the ploughing could be changed by means of an adjuster. 
4. The plough-share was narrower and the mould wider. The mould-board was 

fixed straight upon the plough-share instead of forming a constant curve sur-
face. It was therefore easier to break clods and form ridges while ploughing. 
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It is fair to say that the curve-beam plough was a good representation of the ad-
vanced production tools at the end of the Tang Dynasty. Being well-adapted for 
rice fields south of the Changjiang River, where the clay was sticky and the plots 
small, it became widely use and promoted the development of the agriculture pro-
duction in the south of China [5]. 

On the Reconstruction of the Curve-Beam Plough  
of Lei Si Jing 

Based on the writings in “Lei Si Jing”, many modern researchers were able to con-
strue their own version of the curve-beam plough in drawings.  The drawings 
were, however, very different, which led to arguments and discontentment. 

The curve-beam plough recorded in “Lei Si Jing” was made up of 11 parts. The 
names and functions are described as follows: 

Two pieces of metal part: 
Plough-share—to cut through the earth 
Mould-board—to replace the clay clods raised by the plough 
Nine pieces of wooden part: 
Sole or slade—as the base of whole structure of the plough, its fore-part hold-
ing the share 
Press-share—to fix the mould-board 
Mould-board brace—to fix the press-share 
Plough-beam—the main part for receiving and carrying the force  
Strut—for linking the sole and the mould-board brace, and then fixing them to 
the beam, the strut is used to tighten the adjuster. 
Adjustor—fixed to the joint part and could be adjusted step by step 
Bolt—goes through the upper end of the strut to control the adjuster and the 
beam, and to prevent them from moving away from the strut. 
(The strut, adjustor and bolt together form a system adjusting the depth of 
ploughing.) 
Stilt—for the plough operator to hold on to 
Whipple-tree—for tying on ropes and transmitting the force of the ox to the 
beam 
The written record is clear, but what was the plough really like? There were no 

archaeological specimens.  This inspired the zeal of researchers to  imagine and 
reconstruct the plough. At the end of the 1950s, Yan Wenru (阎文儒) from China 
first reconstructed the curve-beam plough with the ratio of 1–2.  This created great 
excitement with interested academics. Twenty years on, however, Yan realized in-
accuracies in his model and went on to remake a new model in the 1970s [6]. 
Song Zhaolin (宋兆麟) [7] and Yang Ronggai (杨荣垓) [8], both from China, Wa-
tabe (渡部武) [9] from Japan and Bray [3] from Britain also studied “Lei Si Jing” 
and they each drew a picture of the curve-beam plough, according to their own 
understanding. It was because of the differences in the interpretations that led to 
the author’s decision to reconstruct a full-scale curve beam plough in this paper.  
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As far as the author was aware, this would be the first reconstruction of the origi-

lowing issues were encountered. 

The Curve-Beam Plough Was In Fact Measured  
with the Short Ruler of the Tang Dynasty 

Former researchers of “Lei Si Jing” thought that ploughs were measured with a 
long ruler, according to “The History of Laws and Rules” [10]. However, this 
would make the plough humongous. A few scholars doubted the use of a long 
ruler, but they failed to explain the reasons. After much research, the author real-
ised that the curve-beam plough was in fact measured with a short ruler, in which, 
one chi was 24.6 cm. The bases for this argument are: 
(1) Think of the size of the rudder, if a long ruler was used. The rudder would be 

too long for the operator to work. In another word, the plough would not be in 
coherence with the principle of ergonomics (the design and construction must 
be good for the human’s operation) 

(2) Think of the reasonable usage of animal force, if measured with a long ruler, 
the plough would be gigantic and too heavy for one ox to pull. It would be dif-
ficult to plough deep. All those mentioned above are contradictory with the re-
cord in “Lei Si Jing” that one ox was used. From historic records, the areas 
south of the Changjiang River had the tradition of using a short ruler [11]. 
When making ploughs, they must have used the short ruler for convenience as 
there was no need for them to use the long ruler. 

The Length of the Curve-Beam Plough  

How should one understand the length of curve-beam plough? This used to be a 
problem troubling many researchers. “Lei Si Jing” wrote: “The plough is one 
zhang (丈) and two chi（尺） long from head to end”（”犁之终始丈有二”）

[12]. The words seemed to have expressed it clearly. However, careful computing 
revealed problems: if the beam was 9 chi long, considering the curve, the distance 
from the front of the beam to the joint between the beam and stilt would have been 
become 7 chi long. Adding the horizontal distance formed by the leaning stilt, the 
whole length would have been no more than 9 chi, much less than “one zhang and 
two chi”. Even if it reached “one zhang and two chi”, the curve-beam plough 
would be 355 cm long based on the measurement of a long ruler, a gigantic mat-
ter; it would be 299 cm long based on the short ruler, which is unbelievably large 
too. What was wrong then? 

In the author’s opinion, “one zhang and two chi long from head to end” did not 
refer to the length of the plough (i.e. the distance from the handle to the whipple-
tree), but referred to the distance from the handle to yoke. That is, about 7 chi 
from the handle to the whipple-tree and about 5 chi from the whipple-tree to the 
yoke. If the ox was 8 chi long, and the length from its shoulder to its tail was 2/3 

nal size. While carrying out the reconstruction and consulting references, the fol-
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of the ox’s length, the actual distance from the yoke to the whipple tree was about 
6 chi (think also of the gulp between the ox’s tail and the whipple-tree). Adding 
this length to the length of the plough, it should be nearly “one zhang and two chi”

（”丈有二”）. 

The Curve of the “Curve-Beam Plough”, Should Be Reasonable 

According to the record in “Lei Si Jing”, the hind part of the beam was curved. 
What was the curve like? Earlier researchers did not mention the size of the curve. 
The author thought that a reasonably curved wood would not easily come by natu-
rally. It would not explain the fact that the curve beam plough was widely used in 
the history, suggesting that the material was easily available. If the curve was too 
shallow, it would not look like the curve beam plough. How should one decide on 
the curve? By reading into the saying in “Lei Si Jing”: “Between the beam and the 
rudder-center, yan four chi” (“辕至梢中间掩四尺”), the author interpreted that 
“rudder-center” (梢中) referred to the joint between the beam and the rudder. 
From the rudder-center, a line segment can be drawn parallel to the slade reaching 
the beam. The line segment corresponded to a bow, which was called “yan”（掩） 
and was “four chi” long. According to this understanding, the curve on the curve-
beam plough could be decided. From that, a reasonable position for the hole to 
carry the strut on the beam and the strut length could also be estimated. However, 
in terms of actual reconstruction, this statement did not make sense. 

Based on these viewpoints, a reconstruction was created (Fig. 3). For the pur-
pose of comparison, the pictures of the reconstruction by Watabe (Fig. 1) and the 
one by Bray (Fig. 2) are also shown. 

Additional Remarks 

The author reckoned that the curve-beam plough in the Tang Dynasty was a long 
curve-beam plough. In the Song and the Yuan Dynasties, there was great im-
provement in the plough design shown from ancient drawings due to the rapid de-
velopment of agricultural production. The beam was shorter, the overall size 
smaller and the structure simpler. The ce e (策额), ya chan (压镵), ping (评) and 
jian (建) were removed, making it lighter and more handy.  

In the book “Agricultural Treatises” by Wang Zhen in the Yuan Dynasty, there 
was a picture of the curve-beam plough and the words extracted from “Lei Si 
Jing”. But reading carefully, it was found that the words did not correspond to the 
picture. The picture was clearly the plough from the Song and the Yuan Dynasties. 
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Fig. 1 Reconstruction drawing by Watabe (渡部武) based on his interpretation 

of the structure of the curve-beam plough in “Lei Si Jing” 

1. shao 梢——stilt                                 8. bi 壁——mouldboard 
2. shao chung 梢中——mid-stilt           9. chan 镵——share 
3. di 底——sole or slade                       10. ping 评——’adjustor’ or wedge 
4. jian 箭——’arrow ‘or strut               11. jian 建——bolt 
5. ya chhan 压镵——’press-share’       12. yuan 辕——beam 
6. ce e 策额——mouldboard brace       13. pan 槃——whipple-tree 
7. bie rou 鳖肉——’turtle flesh’ 
 

 
Fig. 2   Reconstruction drawing by Bray [3] 
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Fig. 3  Reconstruction drawing of the curve-beam plough by the author 

 
Fig. 4  The reconstructed curve-beam plough in exhibition 
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Fig. 5  Ploughs in the Song and the Yuan dynasties 
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Abstract Crank-connecting rod is the most fundamental and typical mechanism, 
classifying as one of the most important inventions in ancient China and in the his-
tory of mechanical technology. This paper firstly describes the three applications 
of this mechanism in ancient China, i.e. agriculture, textile, and blowing-engines. 
This paper then discusses the origin of the mechanism through reviewing ancient 
Chinese literature and unearthed cultural relics. 
 
Keywords Crank-connecting rod, Agricultural machinery, Textile machinery 

Introduction 

Generally, a connecting-rod, which connects to the frame indirectly, is the middle 
link that connects driving parts and driven parts. In mechanical principles, a link-
age mechanism formed by links connected by a connecting-rod is called a con-
necting-rod mechanism. Linkage mechanism is the most fundamental and typical 
transmission-mechanism in mechanics. The invention of the crank-connecting rod 
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is an important achievement in the history of mechanical technology. Doctor Joseph 
Needham pointed out: “Of all mechanical discoveries that of the crank (chhü huai 
曲拐) is perhaps highest in importance, since it permits the simplest intercon-
version of rotary and reciprocating (rectilinear) motion”. He further explained 
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the importance of crank and the difficulties of its application, citing Lynn White, 
historian of technology: “Continuous rotary motion is typical of inorganic matter, 
while reciprocating motion is the sole form of movement found in living things. 
The crank connects these two kinds of motion; therefore we who are organic find 
that crank motion does not come easily to us…. To use a crank, our muscles and 
tendons must relate themselves to the motion of galaxies and electrons. From this 
inhuman adventure our race long recoiled”[1]. According to Karl Marx, the rotary 
motion of quern is unnatural, as it forms circles—regular mechanical patterns. In 
light of the views of the Western historians, it is perhaps the reason why the appli-
cation of crank in Europe is relatively late. However, rotary motion did not pre-
vent ancient Chinese people from adopting crank mechanisms. Specific typical 
machines in which crank mechanisms were adopted in ancient China are described 
in the following sections. The origin of crank-connecting rod mechanism and the 
differences between its application in the East and the West are then discussed at 
the last section of this paper. 

The Application of Crank-Connecting Rod Mechanism 
in Agricultural Machinery  

Manually Operated Quern and Long 

Quern is a processing instrument for squashing grain. Long (砻), also called long 
mo (砻磨), which looks like a quern, is an instrument used for decortications of 
cereal grains. Long was at first made of stone—as was quern—but was later re-
placed by wood, soil or other materials. Tu long (土砻), which is made of soil, is 
usually surrounded by a weaving bamboo circle. Quern and long consist of two 
parts, the lower part fixed and the upper part moving during operation. Quern first 
appeared in the period of the Warring States of China (475–221 BC), and long ap-
peared in the Western Han Dynasty. Manually operated ancient long and quern 
were recorded in the stone relief (画像石) in the Western Han Dynasty, unearthed 
in Chonggang (重岗) and Sihong (泗洪), in the Jiangsu province. According to a 
facsimile (Fig. 1), it is clear that an ancient long had an eccentric lug and a push-
ing rod, similar to the long and quern used in contemporary rural areas (Fig. 2). An 
ancient pottery quern with a pushing rod was unearthed in a tomb of the Eastern 
Wu (东吴) Dynasty, at Echeng (鄂城), in the Hubei province (Figs. 3 and 4) [2]. The 
same type of quern was also introduced in J. Rawson’s works (Fig. 5) [3].  

Records and images of manually operated long can be found in the following 
ancient books; Nong Shu (《农书》), translated as the Treatise on Agriculture, by 
Wang Zhen (王祯) in the Yuan Dynasty; Nong Zheng Quan Shu (《农政全书》), 
translated as The Complete Treatise on Agriculture, by Xu Guangqi (徐光启); and 
the book Tian Gong Kai Wu (《天工开物》), translated as The Exploitation of the 
Works of Nature, by Song Yingxing (宋应星) in the Ming Dynasty. Figure 6 shows 
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Figure 7 shows a manually operated quern used by a farmer in the Bama (巴马) 
county of the Guangxi Autonomous Region. The transmission mode and working 
principle are the same as manually operated long. In the book Tian Gong Kai Wu, 
a stone quern used for making candles was also introduced, as were a mu long (木
砻), a long made of wood and a tu long (土砻), a long made of soil. The principle 
of this kind of mechanism is the same as an eccentric wheel system. The eccentric 
lug is actually a crank, also a kind of crank-connecting rod mechanism. So far as 
we know, the eccentric lug system of manually operated quern and long in the Han 
Dynasty was the earliest crank mechanism in China; it was also the earliest appli-
cation of the crank and connecting rod in the world, making it a significant 
achievement in the history of mechanical technology. 

 

       
Fig. 1  A manually operated long in a stone relief of Han Dynasty (facsimile) (left) 
Fig. 2  Operation of a long mo in Sihong, Jiangsu Province, China (right) 

         
Fig. 3  A pottery quern with a pushing rod from the Eastern Wu Dynasty (left) 
Fig. 4  A pottery quern from the Eastern Wu Dynasty (top view) (right) 

the image of a manually operated long from the book Nong Shu. Both sides of the 
cross bar were tied to a rope hanging from a beam, and the horizontal pushing rod 
tied to the cross bar was connected to the crank on the long. When pushing the 
cross bar reciprocally with a little sway, the crank-connecting rod forced the upper 
part of the long to rotate. 
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Fig. 5  Model of a quern with a pushing rod from the Eastern Han Dynasty (left) 
Fig. 6  A manually operated long mo (right) 

 
Fig. 7 A manually pushed quern in Wenqian (文钱) village, Dongshan (东山), 

Bama county, Guangxi, China (credited by Zhang Baichun) 

Jiao Da Luo, or Foot-Treadle Flour-Sifter (Man Power) 

For sifting powder, the treadle-operated flour-sifters (jiao da luo, 脚打罗) with 
rocking motions have long been in use in China. Foot-treadle flour-sifter makes 
use of part of the body’s gravity. Figure 8 is the illustration of a foot-treadle flour-
sifter in the book Tian Gong Kai Wu. The flour-sifter hung upon a big flour-box 
(大面箱). On both sides of the flour-sifter there was a rod, and a cross rod that 
connected the two rods was linked to a rocker. The rocker was installed on a lat-
eral axis with a treadle rod. When tapping both sides of the treadle rod alterna-
tively, the rocker swayed from left to right and in the mean time created the recip-
rocating motion of the flour-sifter. There were two short cross-bars between the 
two rods, and the distance between them was in the range of the reciprocating mo-
tion. In the middle, a strike post was installed. The strike post was hit each time 
when the rocker swayed back and forth in order to strengthen the effect of the 
sifter. The transmission-mechanism of the foot-treadle flour-sifter is also a con-
necting-rod mechanism. Figure 9 shows a photograph of a foot-treadle flour-sifter 
used in rural areas of Zhejiang province in the 1920s taken by Rudolf Hommel. 
The structure is exactly the same as that recorded in Tian Gong Kai Wu.  
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Fig. 8 A foot-treadle flour-sifter illustrated in Tian Gong Kai Wu (left) 
Fig. 9   A foot-treadle flour sifter used in rural areas in Zhejiang province, China 

in the 1920s (right) 

Shui Ji Mian Luo 

The same mechanism was adopted in another traditional machine called the shui ji 
mian luo (水击面罗), a flour-sifter driven by a piston-rod, a connecting-rod and 
an eccentric lug of a horizontal water-wheel. A drawing of a shui ji mian luo ap-

                          

Fig. 10  A shui ji mian luo in Zhakou Panche Tujuan (left) 
Fig. 11  Assumed structure of shui ji mian luo (right) 

peared in a brushwork of Weixian’s (卫贤) Zhakou Panche Tujuan (《闸口盘车

图卷》), a traditional Chinese painting shown in Fig. 10, and kept in the Shanghai 
Museum of the Five Dynasties. Zheng Wei (郑为) did a construction drawing of 
the shui ji mian luo according to the picture in Fig. 10 [4] and shown in Fig. 11. 
An illustration of shui ji mian luo was also included in Nong Shu, and it is clear 
that its transmission-mechanism was the same as that applied in horizontal water-
power blowing-engines (水排) as shown on Fig. 12.   



240      F. Lisheng and T. Qingjun 

 

 
Fig. 12  Shui ji mian luo, from Nong Shu 

The Application of Crank-Connecting Rod  
in Textile Machinery  

Treadle Spinning-Wheel 

The Chinese treadle spinning-wheel appeared as early as the Han Dynasty. The 
earliest image showing the spinning-wheel was on a stone relief of the Eastern 
Han Dynasty unearthed in Caozhuang (曹庄) at Sihong county, Jiangsu province 
in 1974 (Fig. 13). The treadle spinning-wheel composed of a treadle mechanism 
and a spinning mechanism. The treadle mechanism, which has the equivalent ef-
fect of a crank-connecting rod, had a crank and a treadle rod, and spinning was 
provided by a rope transmission.   

 
Fig. 13  Part of a stone relief of the Eastern Han Dynasty unearthed in Caozhuang 
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Fig. 14  Treadle spinning-wheel, from the book Xin Bian Gu Lie Nü Zhuan (left) 
Fig. 15  Treadle spinning-wheel, from Nong Shu written by Wang Zhen (right) 

 
According to records and images, a few of which were faded and therefore un-

clear, the treadle mechanism consisted of a treadle rod, a projecting nail and a 
crank. The iron projecting nail was installed in the connecting part of the treadle 
rod and the nail base, forming a sliding mechanism, similar to the structure in-

Images of a treadle spinning-wheel were recorded in many ancient scripts. For 
instance, Gu Kaizhi (顾恺之), a painter of the Eastern Jin dynasty, did a treadle 

years that followed. An illustration in a Song Dynasty block-printed book Xin 
Bian Gu Lie Nü Zhuan (《新编古列女传》), translated as the New Compiled Bi-
ographies of Ancient Famous Ladies, demonstrated the operation of a spinning-
wheel (Fig. 14). Three types of treadle spinning-wheel recorded by Wang Zhen’s 
Nong Shu had accompanying images, one of which is shown in Fig. 15.  

stalled on a boat to make the yuloh sway from left to right. In the middle of the 
treadle rod there was a carving of a small concave slot to fit the projecting nail. 
One end of the crank was installed at the wheel axle, and the other end connected 
to the treadle rod. When the treadle rod was tapped on both sides (the projecting 
nail was used as fulcrum), the crank would then drive the wheel to operate the 
spinning machinery. Besides the sliding movement described above, there was a 
treadle mechanism with a long history called the aperture-style structure. It ap-
peared in an Eastern Han’s stone relief unearthed in Caozhuang.  

spinning-wheel illustration for Liu Xiang’s (刘向) book written in the Han 
Dynasty, titled Lie Nü Zhuan (《列女传》), translated as Biographies of Famous 
Ladies. Although the original version was lost, there were several replicas in the 
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Treadle Silk-Reeling Machine (Sao Che)   

, 

  

 
Fig. 16  South sao che 

The treadle silk-reeling machine was developed on the basis of manually oper-
ated silk-reeling machine. Between the Tang and Song Dynasties, the treadle 
mechanism was commonly used in silk-reeling machines.  

Pedals and treadle rods were different. In Nong Shu, South silk-reeling machine 
had a long treadle rod lying on the ground, while North silk-reeling machines 

The individual fibres of silk are drawn from the cocoons in the heated bath, pass-
ing through guiding eyes and over rollers before being laid down on the main reel. 
There they form broad bands, the fibres oscillating from side to side because they 
pass under hook on the simplest form of flyer, the ramping-arm. All the motion of the 
machine originate from a single treadle action of the operator; this rotates the main 
reel by means of a crank but at the same time also a small pulley (at the other end of 
the frame) which is fitted with an eccentric lug, thus effecting the regular excursion 
of the ramping-arm. The power is transmitted by a driving-belt [5].  

The transmission system of a treadle silk-reeling machine was the typical two dimen-
sional crank-connecting rod mechanisms. Qin Guan (秦观) of the Northern Song 
Dynasty made detailed descriptions about silk-reeling machines in the book Can Shu 
(《蚕书》), translated as the Book of Sericulture, but no illustration or explanation 
about the treadle mechanism was given. In the book Nong Sang Ji Yao (《农桑辑

要》), translated as the Fundamental of Agriculture and Sericulture, compiled by Si 
Nong si (司农司, a government department in charge of agriculture) in the early Yuan 
Dynasty, there was a short description of the structure and working principle of a 
treadle silk-reeling machine. In the book Nong Shu, there was description and dia-
grams of North and South sao che. Figure 16 shows the South sao che

adopted pedals. Figure 17 is an illustration from Can Sang He Bian (《蚕桑合编》) 
written in the Qing Dynasty by Sha Shi’an (沙石安), which clearly shows the pedals 
and treadle mechanisms. 

Doctor Joseph Needham discussed the structure and operating procedure of the 
silk-reeling machine described in the book Can Sang He Bian. His explication is 
extracted as follows:  
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Fig. 17  Illustration of a sao che, from Can Sang He Bian

Figure 18 shows a sao che in the Chinese Silk Museum. Its structure corre-
sponds with evidence from ancient Chinese literature.  

 

 
Fig. 18  A sao che in the Chinese Silk Museum 
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The Application of Crank-Connecting Rod Mechanism in 
Water Powered and Animal-Powered Blowing-Engines 

Shui pai, a water-powered reciprocator, generally shown with hinged fan-bellows, 
was driven by a piston-rod, a connecting-rod and an eccentric lug of a horizontal 

Records on shui pai first appeared in the ancient texts like Dong Guan Han Ji 
(《东观汉记》) and Hou Han Shu (《后汉书》), translated as History of the 
Later Han Dynasty. Du Shi Zhuan (《杜诗传》), the Biography of Du Shi (杜诗) 
in Hou Han Shu recorded that in the seventh year of the Jian-wu (建武) reign-
period (+31), Du Shi was promoted as the Prefect of Nanyang (南阳). He devised 
or at least sponsored the construction of water-powered blowing engines in the 
form of hydraulic reciprocators or shui pai for blast furnaces and the forging of 
ironworks for making agricultural implements [6]. During the era of the Three 
Kingdoms, shui pai was further promoted. In the book San Guo Zhi (《三国志》), 
translated as History of the Three Kingdoms, it was recorded that horse power was 

used, but that was exceedingly strenuous. So Han Ji (韩暨) adapted the furnace 
bellows to use abundantly available flowing water, and achieved three times 
greater efficiency than before. It was suggested in the book that Han Ji also used 
water power as the power of blast apparatus and that ma pai was very popular in 
the Central Plains. At that time, a hundred horses were needed in mineral melting, 
which suggested that iron smelting mills had reached a considerable scale. During 
his seven year of office, iron implements became very sufficient [7]. 

Early shui pai was built according to the structure of ma pai, the wheels of 
which were both horizontal. In Nong Shu, there was a description of the structure 
of shui pai with horizontal water-wheels. It was written that previously leather bag 
bellows (韦囊) were used, which were replaced by wooden fans (木扇). “A place 
beside a rushing torrent is selected, and a vertical shaft (立轴) is set up in a 
framework with two horizontal wheels (卧轮)”. “The lower one is rotated by the 
force of the water. The upper one is connected by a driving-belt (絃索) to a 
smaller wheel (旋鼓) in front of it, which bears an eccentric lug (lit. oscillating rod, 
掉枝)”. “Following the turning of the driving-wheel, the connecting-rod (行桄) at-
tached to the eccentric lug pushes the rocking roller (卧轴), the levers (攀耳) to 
left and right of which assure the transmission of the motion to the piston-rod (直
木). Thus this is pushed back and forth, operating the furnace bellows far more 
quickly than what would be possible with man-power” [8]. 

water-wheel. It is a type of water powered blowing machine. By using the crank-
connecting rod mechanism, rotary motion was converted into reciprocating motion. 
The structure and transmission mechanism of ma pai (马排) are the same as shui 
pai but was instead driven by a horse. 

used to drive blowing-engines, and each picul (a weight equal to 100 catties) of re-
fined wrought iron required the work of a hundred horses. Man-power was also 

As there was peculiarity in the illustration in the Ming dynasty’s version of 
Nong Shu (Fig. 19a), Liu Xiangzhou (刘仙洲) produced an improved picture 
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It is not difficult to infer the basic structure and transmission principles of ma 
pai, according to the structure of shui pai. One or two cross rods were installed on 
the vertical shaft for a horse to drive the cross rod into a circular motion. The big 
wheel (大绳轮) was installed on the vertical shaft, and the small wheel (小绳轮) 
was driven by a belt (绳套). A crank was installed on the wheel, and a connecting 
rod and another crank transmitted the power to the horizontal shaft, which moved 
back and forth. The crank on the horizontal shaft and another connecting rod 
pushed the leather bag to and fro. Figure 19 is the assumed structure of the trans-
mission-mechanism of ma pai.   

 

      
                          a)                                                             b) 

Fig. 19 Shui pai, with a horizontal wheel 

 
Fig. 20 Schematic diagram of the transmission mechanism of ma pai 

The Origin and Popularization of the Crank-Connecting 
Mechanism 

Texts and archaeological data showed that it was not until 4 or 5 AD that manually 
operated quern with a vertical handle appeared in Europe. However, the appearance 

based on the original texts (Fig. 19b). The early shui pai with horizontal water-
wheels was working to almost perfection when Nong Shu was finished, with the 
connecting rod mechanism always the main transmission-mechanism converting 
rotary motion into reciprocating motion.  
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of a crank was much later according to conclusive evidence; it was not until 9 AD 
that it was recorded in literature. As the predecessor of crank, the handle was first 
used in querns in Europe. It was in the 15th century that crank and connecting-rod 
were used together.  

While concluding the development of European mechanical technology in his 
book, mechanical historian Usher noticed that basic types of mechanical transmis-
sion system and components existed before the Mediaeval period, but the only 
missing part was the crank. He said that there were no evidences that indicated the 
existence of any form of crank before the Medieval period in Europe [9]. The ear-
liest evidence in Europe was found in the Bible of Utrecht written in 830 AD, in 
which it wrote that a handle was installed in a rotating quern. In the first half of 
the century, Theophilus Presbyter described hand handles being used for cutting 
casting cores. Till the 15th century, crank became common [10]. Figure 20 is a 
type of manually operated quern which used crank and connecting-rod in the 15th 
century in Europe. Figure 21 is an illustration of the manually operated quern used 
in Europe in the 15th century (from Jacob de Strada, Kunstliche Abriss, 1617–
1618). Similar to the Chinese manually operated long and quern, European quern 
adopted the crank connecting-rod mechanism, but the crank was a crankshaft, 
demonstrating a different style.  

               
Fig. 21  Manually operated quern in Europe from the15th century (left) 
Fig. 22  Manually operated quern in Europe from the 17th century (right) 

According to the dates in historic records, the appearance of the crank connect-
ing-rod in China was much earlier than in Europe. But regarding the time of its 
first appearance in China, there were different opinions.  

For a long time, Chinese scholars generally accepted Liu Xianzhou’s view that 
the crank connecting-rod was first used in shui pai invented by Du Shi in the Eastern 
Han dynasty. However, the illustrations of shui pai and shui ji mian luo in Nong 
Shu in the Yuan dynasty indicated that crank connecting-rod was adopted in 
31 AD. Few Western scholars agreed; Lynn White regarded shui pai in 31 AD as a 
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reliable example of crank motion. But Joseph Needham thought otherwise. He 
said: “In the present state of our knowledge we cannot assume that the Han system 
was the same as that of the Sung and Yuan; it may well have been much simpler, 
the bellows being operated simply by lugs on a horizontal water-driven shaft. Just 
when the more complex machinery came in we do not yet know, but by the begin-
ning of the Thang period might be a good guess” [11]. Chinese scholars consid-
ered the shui pai of the Eastern Han and Yuan Dynasties to be similar, so Joseph 
Needham’s query seems reasonable at that time. In fact, Wang Zhen clearly indi-
cated in Nong Shu about their major differences that blowing-engines used leather 
bag bellows (韦囊) in ancient times, but in the Yuan dynasty they used wooden 
fans (木扇). The manually operated long shown in the stone relief of the Han Dy-
nasty dated the time of invention of the crank-connecting rod back to an earlier pe-
riod—the Western Han. Therefore, it is meaningless to argue whether the crank 
appeared in the Eastern Han period or not.  

Crank mechanism evolved from the rotary handle, which is accepted amongst 
technical historians. Joseph Needham and Lynn White both noticed the use of the 
crank handle in the pottery winnowing-fan (陶风车) of the Han dynasty. In Atkin 
Museum of Kansas city, where a pottery model of a farmhouse was housed, there 
were models of a treadle rice-huller (脚踏碓), a rotary-quern (转磨) and a win-
nowing-machine  (风扇车). Needham and White thought the crank handle of the 
rotary-fan and winnowing-machine were the oldest in record. Needham claimed: 
“The crank-handle for working the rotary-fan of the winnowing-machine is the 
oldest representation of true crank-handle from any civilisation” [12]. Since the 
1970s, models of pottery winnowing-machines have been unearthed continually in 
Jiyuan and Luoyang, at the Henan province and in Ruicheng, at the Shanxi prov-
ince. Among them, a winnowing-machine model unearthed in Sijiangou, Jiyuan 
could be traced back to the period of the Western Han (Fig. 23) [13]. Figure 24 is 
the photo of a pottery winnowing-machine model unearthed in an Eastern Han 
Tomb in Luoyang [14]. In the Han dynasty, another important application of crank 
handle was in crank spinning-wheels, which was very popular at that time.  

 

    
Fig. 23  A pottery winnowing-machine model in the Western Han Dynasty (left) 
Fig. 24  A pottery winnowing-machine model in the Eastern Han Dynasty (right) 



248      F. Lisheng and T. Qingjun 

 

The emergence of quern with a crank handle could be traced back to the Period 
of the Warring States, and the use of hand-crank rotary quern (手摇转磨) or hand-
pushing rotary quern (手推转磨) was very common in the Han dynasty. Therefore, 
it can be concluded that hand-crank (旋转手柄) was invented and widely used in 
the Han dynasty.  

Joseph Needham did not differentiate between hand-crank and crank. In actual 
fact, the combined installation of the crank and connecting-rod could create the 
crank motion. More precisely, it was the combination of the crank and connecting-
rod that permitted the simple conversion of the rotary motion and reciprocating 
(rectilinear) motion. It was the application of the composite crank and connecting-
rod in long and quern that converted a person’s reciprocating motion into the ro-
tary motion of the quern and long. When a hand-crank and a push-and-pull con-
necting rod (推拉连杆) were connected by a hinge, the handle became a crank.  

The composite mechanism of connecting-rod and crank was first used in the 
hand-pushing rotary quern and long, but was much overlooked by technical histo-
rians. The main reason was that they failed to estimate the exact time of its ap-
pearance. Joseph Needham noticed that long mo and traditional hand-pushing ro-
tary quern were widely used in China, and was recorded in Nong Shu. However, 
due to limited available history records, he failed to trace the time of its appear-
ance. He inferred that connecting rods of various lengths were installed in hand-
pushing querns long ago in China, not later than the Song dynasty. Chinese schol-
ars also placed the appearance of this kind of hand-pushing quern as after shui pai. 
Dai Nianzu (戴念祖) indicated that quern was further developed in the Eastern 
and Western Han periods, when shui pai was invented [15]. This assumed that 
they were found later than it was in Needham’s argument. But there were insuffi-
cient evidence to show that it was inspired by the crank and connecting-rod in shui 
pai. Shui pai was more complicated and more advanced than manually operated 
quern in terms of working principles, structure and the transmission system. On 
the contrary, the argument that the emergence of shui pai was inspired by the 
crank and connecting-rod used in manually operated quern was more reasonable. 
Apparently, shui pai synthesized several simple techniques in that period, includ-
ing the crank and connecting-rod mechanism used in manually operated quern 
and the rope transmission system adopted in a crank spinning-wheel. Joseph 
Needham later realized the importance of tracking back the appearance of crank in 
manually operated quern. In his book Science and Civilisation in China, he added 
the discussion concerning manually operated quern in the appendix: “The quern 
connecting-rod is obviously an important ancestor of the full assembly of crank, 
connecting-rod and piston-rod as seen in the standard method of interconversion 
of rotary and longitudinal motion. It seemed likely to be old, but we could not date 
it from book illustrations earlier than +1210. The Chiangsu Historical Museum at 
Nanking, however, possesses an excellent model of the quern connecting-rod and 
handle taken recently from a tomb of the Nan Chhao period (between +420 and 
+589) at Têng-fu Shan very near Nanking. A photograph of the model (ca. 9 in. 
long) is available. This strengthens our view that the standard method was a Chi-
nese development with a long historical background” [16]. Now, according to new 
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Introduction 

Lever is the simplest yet the most basic mechanical device. It was used in many 
ancient cultures around the world, each of which developed their machine-making 
technology and mechanical knowledge based on its own culture and tradition. The 
design of a lever thus provided important information of the means technological 
knowledge was acquired and produced. In Greece, in Aristotelian tradition, “the 
Law of Lever” was the main theoretical principle used to explain the relation be-
tween force and the effect of almost every mechanical device. Lever was also one 
of the basic machines in the classifications of the Hero of Alexandria (fl. 2 C.E.), 
and was used as elements for analysing any complex machinery [1,2]. There were 
various devices with lever as their main component as shown and recorded in an-
cient Chinese materials.  Were Chinese aware of the similarity of the basic struc-
tures of such devices?  Were levers intentionally applied in the design of more 
complicate instruments? Another question was did the Chinese discovered the 
Law of Lever? In this paper, answers to these questions were explored.  

Jiegao: Lever as Used by Traditional Practitioners 
in China 

Jiegao as a Water-Lifting Device 

In ancient Chinese literature, jiegao was commonly defined as a water-lifting de-
vice (swape), and was cited as one of the most important implements by Chinese 
philosophers, the main supporter being Master Zhuang (庄子) (Zhang Zhou, 
396 BC–286 BC). Jiegao was described by Master Zhuang in two sets of text: 

Carve a piece of wood to make a mechanism (ji 機) which is heavy in the back and 
light in the front. It can raise water by drawing it up with such great speed as water 
boiling over. Its name is a gao (橰, a counter-balanced bailing lever) [3] 

Have you never seen a Jiegao? Pull it, then down it comes; let go then up it 
swings [4] 

In summary, this Jiegao was made of wood and was divided into two sections 
by a fulcrum. A force by an operator acted on the lighter section. When the force 
was withdrawn, the deadweight of the heavier section made it descend. This de-
scription exactly fitted with a lever used for raising water. Similar descriptions 
could be found in different scripts. For example, in a chapter in Fanzhi of 
Shuoyuan (反質說苑), Liu Xiang (77 BC–6 BC) mentioned:  

To make a mechanism, make its back [section] heavy and its front [section] light. 
It is called qiao (beam). It can tirelessly irrigate a hundred qu of chives [field] the 
whole day long [5]. 
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 Fig. 1 An illustration of Jiegao in Wuliangci painting dated as the western Han 
Dynasty (206 BC–24 AD) [6]     

The above painting (Fig. 1) clearly illustrates a water-lifting device, which had 
an identical structure with the one described by Master Zhuang and in Shuoyuan. 
This device had a beam supported by a column and divided into two non-
equiponderant parts. A weight was fixed at the end of shorter part of the beam and 
a rope was fixed at the end of the longer one. A vessel was attached to the other 
end of the rope. A man pulled at the rope. The function of the device was clear. 
The appended weight helped reduced the force required for lifting the vessel.1 It is 

                                                 
1 A weight is fixed to one end of the beam of the swape while a vessel is hung by a 

rope at the other end of the beam. Supposing the beam is of uniform quality and 

size, the distance between the weight and the fulcrum is 1l , the distance between 

the vessel and the fulcrum is 2l , the difference in weight between the two sec-

tions of the beam is 1w , the weight of the empty vessel is 2w , the counter-

weight weighs w . As long as w  > 
22

)2( 1

1

221 w
l

lww −+

, the operator may 
make use of the weight to conserve his force. In extent sources related to the 
swape, there is no discussion about the relation between the counterweight and 
the applied force. However, this does not necessarily mean that Chinese people 
never acquired such  knowledge. 



254      T. Miao and Z. Baichun 

 

reasonable to assume that this illustration reflects the basic structure of a jiegao, 
the water-lifting swape. It is worth noting that the man pulled at the same side of 
the weight he intended to lift, whilst the counterweight was fixed at the opposite 
end at the longer part. At first sight, the function of jiegao was different to a stan-
dard lever2. A closer look revealed that it had the same working principle as a 
lever, and furthermore, the design of Jiegao was practical and convenient. A long 
horizontal distance between the well-mouth and the fulcrum was necessary for 
water-lifting from a deep well. A certain length of the part of the beam between 
the point the vessel was tied and the column permitted the end of the beam to draw 
a long and straight arc as the beam swung. If the operator wanted to make use of 
the difference in lengths between the arms of the force and the weight, he had to 
lengthen the beam to a certain extent, which could make the jiegao quite large. By 
adding a weight to the end of the beam opposite to the one the vessel was at-
tached, the design of Jiegao could overcome such a problem. Considering another 
factor of lifting-water, this solution is advantageous in practice than using a stan-
dard lever. For water-lifting, a person was required to empty the vessel as well as 
adjust the position of the vessel. That meant that there should constantly be a man 
stood around the well-mouth. In the illustration, a person stands near the well-
mouth and pulls the vessel up instead of a person standing at the other end of the 
beam and pulling the beam down. According to this design, with the help of the 
weight, the operator can conserve force when pulling up the vessel as well as 
when lowering the vessel by pulling down the beam and the weight as that mo-
ment arm on his side is longer than the one on the other side. In this operation, the 
Jiegao acts exactly as an ordinary lever. No sources revealed how the Jiegao was 
invented but it is reasonable to assume that the inventor had extensive technical 
knowledge of the lever.3 

In fact, jiegao (swape) was mainly used as a low-lifting tool in history. Wind-
lass or pulley was a more popular water-lifting device for deep wells. However, 
jiegao was very popular and continued to exist until the modern time for water-
lifting from low wells or pools to irrigate in agriculture. It was mentioned in vari-
ous books and poems, such as Wang Zhen’s Book on Agriculture （1313）[7].4 

                                                 
2 The function of a standard lever could be expressed as the following: applied 

force and the weight were attached to different ends of the beam. If one hopes to 
conserve his force, the moment arm of the applied force should be longer than 
the resistant arm of force.  

3 It is admitted that both Master Zhang and Shuoyuan stressed that the weight 
lifted should be fixed at the lighter part of a Jiegao. The effect of the beam 
length of a jiegao was not mentioned. It may therefore be assumed that their au-
thors did not have the knowledge the effect of longer arm length of the applied 
force on conserving energy. 

4 It is possible that Wang Zheng compiled the majority of the section on Nongqi 
tupu of Nongshu (the Book on Agriculture) from the book Nongqi pu written by 
Zeng Zhijin in the Southern Song Dynasty [8]. 
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According to a description of spring by Zhang Guowei (張國維) (1595–1646), the 
land in Zhejiang province was almost covered by a great number of jiegao [9].  

The Jiegao for Other Purposes 

Jiegao was generally defined as a water-lifting tool, but some ancient sources 
showed that other lever-styled devices were also named as jiegao. In the commen-
taries on Shiji (史記) by Wen Ying (文穎 ) of the 3rd century AD, a device for 
enkindling signal fire in the Han Dynasty（202BC–220AD）was described as: 

Construct a high wooden watchtower, at which a jiegao is constructed. At the 
head of the jiegao is a bag, into which hay is put, it is called feng (signal fire). At 
ordinary times make it low. If invaders come, then enkindle and raise it [10]. 

In this text, jiegao was a device for lifting signal fire instead of lifting water.  
Zhang Yan (張晏) of the 3rd century AD mentioned that such devices of lifting 

signal fire was also named as quanhuo (權火), and had a shape similar to jiegao 
used for lifting water from a well [11]. Quan could be interpreted as the tendency 
of motion, and the counterweights of balance and steelyards were also named 
quan.5  

In the book Liushu Gu of the 13th century, zeng (罾), a kind of fish catcher, was 
described as a device for lifting fishnet with Jiegao [12]. A picture dated from the 
Song Dynasty (960–1279) illustrates such a device, Fig. 2 [13]. 

 

Fig. 2 Illustration of a fish catching device of the Song Dynasty, as preserved in 
the Palace Museum, Taipei [13] 

In fact, non-water-lifting lever was a very ancient invention in China. In a site 
dated as the late Western Zhou Dynasty (11 century BC–771 BC), a few remnant 
parts of a lever were excavated [14]. Amongst them, a wooden pole of 2.6 m 
length was named by the archaeologist as jiegao 88:1. There was an arc-shaped 

                                                 
5 The meaning of quan is further discussed at the conclusion of this paper.  
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notch located at 1.66 m from the thin end of the pole. A remnant column that had 
a diameter of 14 cm stood beside the pole. All the facts presented such as the loca-
tion of the column, the pole and bamboo baskets full of ore sand suggested that the 
pole must have been the beam of a lever. It was used to lift scrap ore sand in the 
mineral separation field. The notch of the beam working as a fulcrum must have 
been tied to the column. A bamboo basket must have been hung at the end of the 
short section of the beam. Similar columns and beams as well as wooden shovels 
were uncovered in ancient mines next to the Tongling mines. The above archaeo-
logical discovery revealed that levers were used to lift ore or stones in low mine-
driving locations before 771 BC at the latest.  

 
 
 
 
 
 
 
 
 
 

 
 Fig. 3 Reconstruction of the lever excavated in 1988 at Tongling, Jiangxi prov-

ince [14] 

Trebuchet: Military Jiegao 

The beam of a swape will swing at a certain speed when the difference in weight 
between the two parts of the beam is large enough or when a strong force acts at 
one end of the beam. Moreover, if the beam swings in a certain speed, it can make 
an object attached to it fly off. No theoretical description of this phenomenon had 
been found in ancient Chinese writings, but Chinese long before had acquired 
such experiential knowledge. Based on that knowledge, they invented the military 
jiegao. Modern historians believe that jiche (藉車) described in section 52 of Bei 
chengmen (備城門) written by Mozi must be a type of trebuchet. In his commen-
tary on the biography of Gan Yanshou’s (甘延壽) in the book Hanshu (汉书) 
translated as Book on the Han Dynasty, Zhang Yan (張晏) of the 3rd century AD 
introduced a device in the lost book Fanli Bingfa, literally the Military art of Fan 
li, he wrote “Launched by a mechanism, a stone weighs two jin may flys two hun-
dred bu away” [15,16]. 
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For the paoche (trebuchet mounted on carriage) on the wall of city, [they] use 
large blocks of wood to make a framework, four wheels are arranged below the 
framework. [They] build two posts on [the framework]. Between them [there are] 
horizontal bars, through which a pole stands alone. The top of [the device] is like a 
jiegao (swape). The height, length and size of the pole depend on the city as a yard-
stick. At the top of [another] pole a sling [lit. nest,] is used to hold a stone or stones, 
size and number [of the stone] are restricted in force (the strength) of the pole. Men 
[suddenly] pull [ropes attached to the other] end, and so shoot it forth [19,20]. 

There were no mention of the sizes of each part and the stone weights as balls. 
The length of the pole depended on the structure of the city wall; the philosophy 
of the design was identical with the Chinese technological tradition of “adjusting 
measures to suit local conditions”. The ancient Chinese knew that an overweight 
stone would break the pole, therefore they emphasized that the relation between 
the weight of the stone and the strength of the pole should be equivalent. They 
must have gained the experiential knowledge from the use of a trebuchet in war. 
The author of Wujing Zongyao written in the 11th century described and drew a 
paoche, the structure of which was identical with the description in Taibai Yinjing. 

Besides trebuchet mounted on carriages, the authors of Wujing Zongyao drew 
and explained the structure and usage of two series of trebuchets and several spe-
cial trebuchets. For example, one series of trebuchets was respectively named 
danshaopao (單梢砲), literally one-branch trebuchet, shuangshaopao (雙梢砲), 
literally twin-branch trebuchet, wushaopao ( 五梢砲 ), five-branch rectangular 
trebuchet and qishaopao (七梢砲), seven-branch trebuchet. The number attached 
with the shao was “applied to the number of component wooden [or even bam-
boo] poles which formed the arm”.6  

 
 
 
 
 
 

                                                 
6 The author of Science and Civilisation in China pointed out that the wooden 

poles could be bound with metal bands [21]. This may be true for the pao men-
tioned in other sources. In Wujing Zongyao, it was clearly recorded that bands 
were made of hemp [22]. 

Jinshu (晋書) translated as the Book on the Jin Dynasty, 646 AD, mentioned 
the application of jiegao in wars. From 311 to 315 AD, Du Tao (杜弢), an 
insurrectionist, often used jiegao as a weapon. In 315 AD, Du constructed a jiegao 
for attacking military warships [17,18]. This jiegao should be a kind of trebuchet. 
In the 7th century, this kind of device was systematically named pao (砲). In the 
Tang Dynasty, Li Quan of the 8th century depicted the structure of pao in his book 
Taibai Yinjing: 
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Fig. 4  Danshao Pao, from Wujing Zongyao 

Danshaopao had only one pole as arm (Fig. 4). The author of the book drew 
and explained the detailed structure of its frame. The entire arm was one zhang  
(丈) long in total and its stone ball weighed two jin (斤), but there were no men-
tions on the distance between any ends of the arm to the fulcrum. The author ex-
plained that there were nine truss ropes along the arm. According to his drawing, it 
is known that the fulcrum was located at the seventh truss rope; therefore the pro-
portion between the two sections of the arm is 1:3. According to the description, 
there should be forty people pulling the 45 ropes, which were tied at the other end 
of the arm. When all these forty people pulled the ropes at the same time, a huge 
momentum was imparted to the stone. The author of Wujing Zongyao described 
that the stone can be flung 50 bu (步) away, and such a trebuchet was intended to 
be located in the city for attacking enemies outside the city [22]. 

It is clear that the more wood was used for the arm, the more was the power of 
the arm, enabling heavier stones to be shot by the pao.7 For the seven-branch 
trebuchet, the weight of the stone increased to 90 or 100 jin, which would then re-
quire about 250 people to pull the ropes [22,23].  

For each pao introduced in the Wujing Zongyao, the range of its shot was ex-
plicitly given. This showed that as early as the middle of the 11th century, Chinese 
military engineers had already noticed that the firing range depended on the struc-
ture of a pao, including the weight of the ball, the length of the arm and the force 
applied to shoot the ball. The results must have been attained through field tests, 
and were recorded in the Wujing Zongyao as guidelines, and consequently, were 
handed down to later generations. 

                                                 
7 This is in accordance with the principle of choosing a stone given by the guide-

lines by Li Quan. This meant that this experiential knowledge was handed down 
and was accepted by the author of Wujing Zong Yao. 
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Up to the Yuan Dynasty (1206–1368), Chinese often named this type of pao 
(trebuchet) jiegao. In the book Liushu Gu (六書故), pao was explained as follows: 

Raise a stone to throw. Now in army, jiegao is used to turn a stone to beat [en-
emy], [and] it is named pao [24].  

 
Fig. 5 Dayu Zhishui Tu, presently housed in Taipei Imperial Palace. Photo by 

Tian Miao and Zhang Baichun [26] 

Besides trebuchets, ancient Chinese named other lever-shaped military devices 
as jiegao. For example, in Wujing Zongyao, the feiju (飛炬), a flying torch, which 
held down a burning object by means of an iron chain to obstruct enemy, was 
named jiegao too [25]. 

The above materials showed that ancient Chinese consciously named lever-
shaped devices that were used to raise or to throw or to hang an object as jiegao, 
or any related devices. This suggested that ancient Chinese had in fact noticed that 
these devices had a common mode of function. Although no written theoretical 
knowledge, such as a formula for jiegao for hoisting heavy objects, nor 
quantitative systematic analyses of the force or strength of a trebuchet existed, 
they demonstrated extensive experiential knowledge about levers through real-life 
practice and engineering. 

There was a story about the famous man, Great Yu, trying to control rivers four 
or five thousand years ago. The story was drawn out by Dayu Zhishui Tu (no later 
than the 12th century) which is currently housed in Taipei Palace Museum [26]. 
The devices for stone-cutting reflected the technology and mechanical experience 
relating to the use of levers (Fig. 5). The painter carefully drew simple crowbars, 
lever and wedges and complicated leverage. The lever in Fig. 6 is supported by a 
wheel and consists of two levers and ropes. 
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Fig. 6  Dayu Zhishui Tu [26] 

From facts, the lever had become a part of complicated machines for a long 
time. One typical example in ancient China application was the water-powered 
armillary sphere and celestial globe tower built by Su Song (蘇頌) and his col-
laborators in the 11th century [27]. The tianheng (the celestial balance) as an es-
capement mechanism of clockwork controlled the turning of a waterwheel, and 
made the waterwheel rotated equably intermittently [28]. 

 

 
Fig. 7 Illustration of the celestial balance of the water-powered armillary sphere 

and celestial globe tower [28] 
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Mathematical Approach of the Law of Lever: Balance  
and Steelyard 

In the preceding section, the historic existence of levers was discussed. This in-
cluded to a certain extent the thoughts put into the designing, making and using of 
levers of ancient craftsmen. There were also discussions on trebuchet, which con-
tained detailed quantitative information. Nevertheless, the available information 
did not provide solid proof as to whether the designer or the user of various kinds 
of lever acquired the basic theory of lever, namely the Law of Lever. In this sec-
tion, the invention and structure of the Balance and steelyard are analysed to pro-
vide insight into the technology thinking of the Chinese and their use of the Law 
of Lever. 

The Invention of Lever and Steelyard in China 

If a fulcrum divides an object into two weight-unequal parts, the heavier part will 
descend. If a fulcrum divides an object into two parts that are equal in weight, the 
object will be in balance. These are the two states of a lever-shaped object. The 
former state is easier to determine, and it is clear that the invention of Jiegao was 
based on this knowledge. The latter can be deduced from the former. Based on the 
above experiential knowledge, the arm-equal balance was invented. With this de-
vice, man was able to compare the weight between two objects and even to weigh 
objects. As early as the Warring States Period (403 BC–221), Chinese knew how 
to construct and use an arm-equal balance, called heng (衡), to weigh an object.8 
Two special bronze beams of balance discovered in a tomb of the Chu State in 
Anhui province (about the 5th century BC) revealed important information. The 
beams contained well-proportional scales. One beam was 23.1 cm long9 and the 
other slightly longer at 23.5 cm long.  Both beams were divided into ten equal sec-
tions with each section further divided into two equal parts by a line [31].10 Histo-
rians believed that these beams reflected a transitional form between an arm-equal 
balance and a steelyard [32]. Using such beams, one may either move the object to 
be weighed or the hung weight to a position so that the beam is in level. Then, one 
could calculate the weight of an object based on the proportional relation between 
the weight, the hung weight, and the length of the arms. The precise scale on the 

                                                 
8 It was recorded in the book Guanzi ,that “Counterweights and balances are used 

to measure weight” [29]. In 1975 archaeologists discovered ring-shaped bronze 
counterweights in the Yutai tomb at Jiangling of Hubei province. The tomb was 
dated as the Warring States Period. Apart from this one, quite a few counter-
weights and balances were excavated from different sites [30]. 

9 23.1 cm is exactly the length of a standard one chi 尺 in China during the War-
ring States Period, when the beam was believed to be constructed.  

10 Both beams were preserved in the Museum of Chinese History. 
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beams revealed that the inventor had acquired knowledge equivalent to the Law of 
Lever. 

The invention of arm-unequal balance, namely steelyard is of great significant 
in the evolution of mechanical knowledge. It necessary means that the inventor 
fully mastered the knowledge that the weight of object, the hung weight, and the 
distances from the points the object and hung weight tied to the fulcrum are in 
proportion.11 That is a special case of the Law of Lever.  

There were no evidence demonstrating the earliest existence of steelyard but the 
fact remained that it existed very earlier on. The majority of unearthed counter-
weights before the 25 AD were stamped with their weights, while those from dur-
ing or after the Eastern Han Dynasty were mostly not stamped and their weights 
were also not of a regular ratio relation. This situation indicated that each inde-
pendent counterweight was only applicable to the scale on a special beam. Some 
counterweights became moving weights of unequal-armed balances, namely the 
steelyard [30]. There were further evidence demonstrating the existence of steel-
yard during the Eastern Han Dynasty. For example, a hook and rotten wood bar 
unearthed from a tomb of the Eastern Han Dynasty were probably a steelyard 
hook and the beam of a steelyard. An illustration of a steelyard during the Eastern 
Han Dynasty was reprinted in a Japanese book (Fig. 8) [31]. The archaeological 
relics and writings evidenced that the steelyard became popular before 220 AD.12 

 

 
Fig. 8  Illustration of a steelyard of the eastern Han Dynasty [35] 

                                                 

12 In the Eastern Han Dynasty, Zheng Xuan (郑玄) of AD 127–200 annotated the 
book Li Ji (禮記), translated as The Book of Rites, and used the technical term 
cheng (稱), the steelyard. He mentioned “the upper part of the steelyard is named 
heng” and “chengchui (chui of steelyard) is named quan” (稱錘曰權). Cheng-
chui was supposed to be the moving weight [36–38]. 

11 The making of a steelyard presented another problem, the position of the zero 
point of the scale. The Chinese must have solved this problem based on experien  
tial knowledge. Anthropological investigations revealed more information about 
the Chinese steelyard [33,34]. 



The Development of Knowledge on Levers      263 

 

There were evidence demonstrating the Chinese applying the mechanical 
knowledge of steelyards in other devices, for example, in a water clock. The de-
sign of this water clock was based on two theories, the change in amount of water 
that flowed into or out a vessel that reflected the elapse of time and the other the 
weighing of water. This technology existed as early as the Southern and Northern 
Dynasties. During the Northern Wei period (386 AD–534), Taoist Li Lan (李蘭) 
described a steelyard-styled clepsydra in his book Louke Fa (漏刻法), translated 
as The Method of Clepsydra, that was cited by Xu Jian (徐堅) in his book 
Chuxue Ji (初學記) written in the Tang Dynasty: 

Store water in a vessel; make a siphon of copper, which has the shape as a hook. Use 
it to draw water from the vessel. [The water] was spitted from the mouth of a silver 
dragon into a vessel for weighing. When the volume of water is up to one sheng, and 
the weight is weighed as one jin, that means time elapses one ke [39]13 (Fig. 9). 

 
Fig. 9  Steelyard styled clepsydras, cited from [40] 

Steelyard-styled clepsydras were also constructed during later dynasties. For 
example, in the early 7th century, the then emperor ordered the construction of a 
steelyard-styled clepsydra according to Li Lan’s method [41]. Besides using steel-
yards in clepsydras, Chinese also used them in measuring the strength of bows and 
crossbows.  

 
 

                                                 
13 Sheng was a unit of volume, Jin was a unit of weight, and ke was a unit of time.  
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Theoretical Study on Levers in China – As the Conclusion 

In the above section, the presented evidences were mainly descriptive or material 
ones. Did Chinese make any effort in terms of theoretical approach on the knowl-
edge of lever, and if they did, was this approach different from the one developed 
in the West? Several paragraphs in Mozi (the 5th century BC–the 4th century BC) 
provided important information on this issue. One of them is presented here to 
demonstrate the Chinese philosophy of the levers.  

The Moist, one of the most influential philosophical schools, paid great atten-
tion to practical technology and the daily lives of common people. The function of 
levers attracted the attention of the Moist.  They provided the following theoretical 
interpretation for the operation of the canon: 

[Canon] To pull (Qie 挈) and to let go (shou 收) are opposites which can be ex-
plained through quan 權 (positional advantage).  

[Explanation] Pulling (qie 挈) requires force (li 力)； letting go (yin 引) does not 
require force. When not balanced, [a lever] that will be pulled up rests at an incline. 
Using a rope to pull is like using an awl to pierce. Pulling (qie): [From an initial con-
dition when] the long or heavy side [of a lever] is below and the short or light side is 
above [as one pulls up the long and heavy side to balance the lever] the upper side 
gains tendency (quan) while the lower side loses tendency (quan). [When] the rope is 
perpendicular [to the lever], the amount of tendency (quan) [on both sides] is equal; 
then [the lever] is balanced. Letting go: the upper side [falls and] loses tendency 
(quan) while the lower side gains (quan). Once the upper side has exhausted its ten-
dency of weight (quanzhong 權重) [the process] is finished [and the lever returns to 
its initial condition at an incline] [42]. 

The interpretation focussed on the tendency of motion of each part of a lever, 
and the way the force acted on it. It did not explicitly mention using a lever one 
can conserve force, nor the reason for the lever motion and its relation to force. 
Nevertheless, one may conclude that if one acts a force in accordance with the 
tendency of the motion of the lever, one may conserve force from the discussion 
about quan, the tendency.14  

                                                 
14 From a study on the concept of force in China, see [43].  

This theoretical approach is obviously different from the one in the Mechanical 
problem of Aristotelian tradition. In Aristotelian tradition, using devices such as a 
lever can conserve force, meaning one can suspend the relation between force and 
effect. This was regraded as unnatural and violented the Aristotelian orthodox 
theory of motion. Thus, this phenomenon had to be interpreted in theories in 
accordance with Aristotelian philosophy. However, in China, as well as Moist 
philosophy, there was not an orthodox theory about motion, the reason of motion 
or even nature. What happened in nature was commonly accepted as natural. As a 
result, Chinese did not find anything abnormal in the fact that by using a device 
one can conserve force, which was in fact the aim of Chinese practitioners from 
the very beginning.  
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From the above discussion, it may be concluded that Chinese practitioners ac-
quired basic knowledge concerning levers. They knew that by using levers, man 
may conserve force, and they used such knowledge to construct different kinds of 
devices. They had also accrued knowledge equivalent the Law of Lever. Noting 
the fact that the Chinese used the term Jiegao to name and interpret devices with 
lever as its main component, it is believed that they regarded lever as a basic de-
vice. This revealed the similar characteristic of using and making levers in Chi-
nese and Western traditions. However, in relation to the theoretical approach to 
lever, Chinese and Greek philosophers obviously followed different paths.  
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Abstract In November 2006 Tony Freeth et al. published a new reconstruction of 
the gear system of the Antikythera mechanism in the journal Nature. Important 
earlier reconstructions had been published by Derek de Solla Price in 1974 and 
Michael Wright in 2005. In this paper I will discuss the three reconstructions. 
Price did important work, but his reconstruction turned out to be seriously flawed, 
as Wright has shown in considerable detail. Wright’s work was a great advance on 
De Solla Price’s and resulted in a largely correct reconstruction of the topography 
of the wheelwork. He had identified a pin and slot mechanism that could model 
the anomaly of the Moon and he had discovered that the back dials consisted of 
spirals. Wright had got hold of most of the pieces of the puzzle, but some of the 
pieces didn’t fall into place. Freeth et al. gave the final solution. In the National 
Archeological Museum in Athens they discovered the so-called Fragment F of the 
mechanism. It yielded data that led to the discovery of the way in which the 
central wheelwork of the mechanism had functioned. I will argue that, while 
Wright was close to the solution, the 2006 paper in Nature represents a great step 
forward that was not taken easily. The creation of a team of 17 experts, engaging 
support from high-tech companies, can be considered an important change in 
research methodology. Wright worked alone; in Freeth’s team different kinds of 
expertise are represented by different individuals. The new approach has been 
very fertile: in July 2008 a second paper by Freeth and three others appeared in 
Nature.    
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Introduction 

Shortly before Easter of 1900 a party of Greek sponge fishers from the island of 
Syme near Rhodes returned from their normal fishing grounds near Tunisia. In the 
channels between the islands of Kythera and Crete they were driven off course by 
a gale and found shelter close to Kythera, near the barren island of Antikythera. 
After the storms had subsided the divers explored the shallow rock shelves below 
them on which they had dropped their anchor. At a depth of 42 meters they found 
a 50 m long ship wreck containing a plainly visible pile of bronze and marble 
statues.  

In November 1900 a difficult salvage operation started that lasted until the end 
of September 1901. Eight months after the end of the salvage operation, Spyridon 
Staïs, a prominent Greek archaeologist, discovered an inscription on one of the 
pieces of corroded bronze from the wreck in the National Museum in Athens. 
Traces of gear-wheels were clearly visible as well. The pieces turned out to be 
parts of a complicated mechanism. It is remarkable that this wasn’t discovered 
earlier. Some uninteresting looking lumps may have only revealed their signi-
ficance in the museum after they had cracked.  

This was the beginning of an exciting story. The mechanism had obviously 
been a complicated astronomical instrument, a kind of astrolabe or a planetarium. 
However, what was it exactly?  It took a long time before the first satisfactory 
answers could be given. With the completion of the reconstruction by Freeth et al. 
published in 2006 in Nature, research on the mechanism has entered a new phase 
[7]. As a result we now basically know how the mechanism works. It is highly 
improbable that future research will lead to more than minor modifications in the 
reconstruction of the gearing system. On the other hand, further investigation of 
the inscriptions may still yield surprising results, as the publication of [8] in 2008 
proves. 

The publication in Nature in 2006 was the climax in an exciting development 
that I will describe below. Three phases can be distinguished. Phase 1 culminated 
in Price’s reconstruction in 1974 [12]. Phase 2 culminated in the publication of 
Wright’s reconstruction in the years 2003 through 2005 [18–22]. Phase 3 
culminated in the publication by Freeth et al. in 2006 [7].  

Price’s Reconstruction 

Although scholarly interest was immediately considerable, it was only in the 
1950s, with the involvement of Derek de Solla Price (Yale), that the Antikythera 
mechanism began to draw public attention. In particular the article published by 
Price in June 1959 in Scientific American under the title “An Ancient Greek 
Computer” had a considerable impact. Yet Price’s Scientific American article 
raised more questions than it provided answers. 

In 1971 there was a breakthrough. Price engaged the help of the Greek Atomic 
Energy Commission. The radiographer Charalambos Karakalos undertook the 
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cumbersome work of preparing gamma-radiographs and fine x-radiographs. The 
radiographs were inspected visually. Karakalos and his wife Emily made counts of 
gear teeth. In 1974 Price published a definitive account of the results that had been 
achieved [12].    

The fragments fitted together in such a way that Price assumed that the original 
mechanism had been in a rectangular box with a dial on the front of the 
mechanism in the middle of the rectangular front surface and two dials on the back 
of the mechanism. The two back dials each had a subsidiary dial. There were 
plates over the dials and Price conjectured that they were joined as doors (See 
Fig. 1).  

 
Fig. 1 Rough sketch of the case of 
the Antikythera mechanism with 
front and back doors open. The two 
back dials each had a subsidiary dial 

 
Fig. 2 A gnomon 

 
The mechanism was driven by means of a drive axle. Price gave a recons-

truction of the gearing system. He identified the mechanism as a calendrical Sun 
and Moon computing system ca. 80 BCE. The date and the position of the Sun and 
the Moon in the Zodiac could be read off the front dial plate. A remarkable part of 
Price’s reconstruction is a differential gear system with a large differential 
turntable in the centre. This was an amazing result because differential gears are 
conceptually sophisticated and their occurrence in antiquity was a complete 
surprise. Below we will look at the details. First, however, we must turn our 
attention to Greek astronomy. 

Greek Astronomy 1: Counting Days, Months and Years, 
the Metonic and Calippic Calendars 

The behaviour of the celestial bodies is in many ways cyclical: the same 
phenomena repeat themselves with a certain period. Counting days is easy. 
Measuring the number of days in a month, for example a synodic month (also 
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called a lunation: from Full Moon to Full Moon or from New Moon to New 
Moon) is less easy. Measuring the number of days in a year is difficult as well, 
although a simple instrument can help.  According to Herodotus the Babylonians 
taught the Greeks the use of the gnomon (see Fig. 2). The gnomon is merely a pole 
erected vertically on a horizontal plane. Its use is simple: on a sunny day one 
registers the behavior of the shadow of the pole.  

By means of a gnomon the North-South direction can be found easily. One 
determines the direction of the shadow in the morning and in the afternoon at 
moments when the two shadows are equally long: The bisector of the two 
directions gives the direction of the meridian. The moment at which the shadow 
coincides with the meridian corresponds with the highest position of the Sun on 
that particular day. However, much more can be done with this simple instrument 
if we register the shadow corresponding to the highest position of the Sun in the 
course of the year (see Fig. 3). This provides a way to measure the tropical year. 
 

 
Fig. 3 PE is the bisector of the angle 
WPS 

  
Fig. 4 Sun and Moon in opposition 
(left). One sidereal month later (right): 
the moon has completed a revolution 
about the earth. However, in the mean 
time the Sun has moved on: opposition 
is only reached after two more days, 
after a synodic month 

 
By means of the gnomon it is possible to establish the dates of the summer 

solstice (the longest day), the winter solstice (the shortest day) and the two 
equinoxes (day and night are equally long). Ancient astronomers were looking for 
ways to relate the length of a year and the length of a month. However, a synodic 
month is not equal to an integral number of days. And a tropical year is not equal 
either to an integral number of days, nor to an integral number of synodic months. 
The precise relation between these periods of time was a problem.  

When one considers the motion of the Sun and the Moon not with respect to the 
earth but against the backdrop of the stars yet again other periodicities show up.  
Clearly the Sun participates in the rotation from east to west of the fixed stars: one 
full rotation takes exactly one day. However, the Sun also moves from west to east 
with respect to the fixed stars; this seems to be a circular motion whereby the Sun 
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moves through twelve constellations of stars. The lengths of the seasons deter-
mined by the Greek astronomers, however, make it clear that this latter motion is 
only approximately a uniform circular motion. The Greeks called the belt of 
twelve constellations of stars through which the Sun moves the Zodiac. For the 
Greeks, who introduced geometrical modeling in astronomy, the Zodiac 
corresponded to a big circle on the sphere of the fixed stars.   

There are other heavenly bodies moving against the background of the fixed 
stars: the Moon and the planets; they all seem to be moving from west to east. The 
actual period of the Moon’s orbit as measured with respect to the Zodiac, is 
known as a sidereal month. Figure 4 illustrates that a sidereal month differs from a 
synodic month. It takes the Moon extra time after completing a sidereal month to 
catch up and return to the same position with respect to the Sun and complete a 
synodic month.  

Hipparchus discovered that the length of the year determined by the four 
seasons, the tropical year, differs slightly from the sidereal year, determined by the 
position of the Sun against the backdrop of the stars. This is his famous discovery 
of the precession of the equinoxes. It is so called because over of the years the 
position of the equinoxes changes very slowly relative to the stars. Hipparchus 
introduced an important change in the description of the heavens: he separated the 
Zodiac from the stars, coupled the Zodiac to the tropical year and as a result of 
this he had to accept the fact that the Zodiac slowly moves with respect to the 
stars.  This implies that we must, strictly speaking, distinguish the tropical year 
from the sidereal year and the tropical month from the sidereal month. Below we 
will not do this because the precession of the equinoxes is extremely slow (one 
rotation in about 25,770 years).   

In the 5th century BCE the famous Athenian astronomer Meton defined the 
cycle that was afterwards called the Metonic cycle in which 19 tropical years are 
made to correspond with 235 synodic months (or 254 sidereal months). In the 
cycle the 235 synodic months (or 254 sidereal months) represent 6940 days. The 
basic idea is that 19 is the smallest number of tropical years that is close to an 
integral number of both synodic and sidereal months. The cycle implicitly gives 
the Metonic length of the year: 6940 divided by 19 is 365 5/19 days. To keep a 12-
month lunar year in pace with the tropical year, a 13th month must be added seven 
times during the nineteen-year period.  

Yet the 6,940 days of the Metonic cycle of 19 years happen to exceed 235 
lunations by almost a third of a day. A century later Callippus, an associate of 
Aristotle, multiplied the 19-year cycle by 4 and then dropped 1 day from the last 
19-year cycle. Thus he constructed a cycle of 76 years that contains 940 lunations 
and 27,759 days. It has been called the Callippic cycle after him. It leads to a year 
of exactly 365 ¼ days, which is as we know more accurate than the Metonic 
length of the year. The Calippic calendar was used for astronomical dating by 
many of the Hellenistic astronomers. Hipparchus used it and so did Ptolemy.  
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Mechanical Modeling of Astronomical Phenomena 

In 1983 the Science Museum in London acquired four fragments of a Byzantine 
portable sundial with a geared calendar dating from between the fourth and the 
seventh century CE. This was a spectacular find because it showed that between 
the Antikythera mechanism and al-Biruni’s Book on the Full Comprehensiveness 
of the Possible Methods for Constructing the Astrolabe from about 1000 CE 
geared planetaria or calendars had been built. The mechanism is discussed in 
detail in [4]. The gearing of the Byzantine sundial calendar resembled that of a 
calendrical device described by al-Biruni in his book. Gearing similar to that 
described by al-Biruni is found in a Persian astrolabe dating from 1221/2 that is 
now in the Museum of Science in Oxford (Inventory number CCA 5). The earliest 
Latin example of gearing that served the same purpose occurs in an astrolabe from 
about 1300 CE, now in the Science Museum in London (Inventory number 1880-
32). It seems probable that the Antikythera mechanism is part of a tradition of 
making representations of the motions of the heavenly bodies by means of gear 
trains. This tradition started in antiquity and continued in the Byzantine Empire 
and in Islamic culture.  

The existence of this tradition in Antiquity is confirmed by a few other sources. 
I will give one example. Cicero spent two years on Rhodes from 79 to 77 BCE 
with the stoic philosopher Posidonios of Apamea. In Cicero’s De natura deorum 
II, he discusses the views of thinkers who doubt that the universe is guided by 
reason. The text says (Rackham’s translation quoted by Price [12] p. 57):  
 

Suppose a traveler to carry into Scythia or Britain the orrery recently constructed by 
our friend Posidonius, which at each revolution reproduces the same motions of the 
Sun, the Moon and the five planets that take place in the heavens every day and 
night, would any single native doubt that this orrery was the work of a rational being? 
These thinkers however raise doubts about the world itself from which all things 
arise and have their being, and debate whether it is the product of chance or necessity 
of some sort, or of divine reason or intelligence; they think more highly of the 
achievement of Archimedes in making a model of the revolutions of the firmament, 
than of that of nature in creating them, although the perfection of the original shows a 
craftsmanship many times as great as does the counterfeit. (De natura deorum II,88) 

 
This quotation shows that in Antiquity planetaria existed. As an illustration I 

will describe the gear trains of an instrument described by al-Biruni which 
displays the Age of the Moon and the positions of the Moon and the Sun in the 
Zodiac in three separate displays (see Fig. 5). An axle driven by hand is rotated 
once a week. It carries two pinions, A1 with 7 and A2 with 10 teeth.  The wheel 
with 10 teeth drives a wheel B1 with 40 teeth giving the position of the Moon in 
the Zodiac. The wheel A1 with 7 teeth drives a wheel C1 with 59 teeth. On the 
axle of C1 there is C2 which drives a wheel D1 with 24 teeth. On the axle of D1 
there is D2 with 24 teeth which drives E1 with 48 teeth representing the position 
of the sun in the Zodiac. 

  T. Koetsier 
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Clearly, one rotation of the input axle represents a week of 7 days. 4 weeks 
correspond to one rotation of the B-axle representing a month of 28 days. The 
wheel with 59 teeth on the C-axle turns once in 59 days. It represents the Age of 
the Moon, which is important in the Islamic calendar. The Islamic calendar is 
based on a lunar year of 12 months in which months with a length of 30 and 29 
days alternate. The Age of the Moon, measured from the time of the New Moon, 
tells us where we are in this cyclical process which has a two-month period of 59 
days. 

The wheel with 48 teeth on the E-axle turns once in (48/24).(59/19).(59/7) = 
52.35 weeks = 366.42 days. As a matter of interest, al-Biruni elsewhere, in his 
Astrology, gives 365.24 days for the length of the year (Cf. [4]).  
 

 
Fig. 5 Gear system of al-Biruni’s calendrical device (based on [4], Fig. 12) 
 

As we shall see, this idea of modeling cyclical astronomical phenomena by 
means of gear-wheels goes back to antiquity. The gear system of the Antikythera 
mechanism is similar but much more sophisticated. 

Price’s Reconstruction: General Remarks 

Before turning to the gear system of the Antikythera mechanism I will summarize 
aspects of Price’s reconstruction. The front dial plate contains two annuli. The 
inner annulus is immovably fixed in position. It undoubtedly carried in 30º 
intervals the Greek names of the signs of the zodiac proceeding clockwise.  The 
word ΧHΛΑΙ (chelai, the claws of the scorpion), the name of the sign nowadays 
called Libra, is clearly visible in one of the intervals. The movable outer annulus 
must have carried the 12 names of the 12 months in the Graeco-Egyptian year. 
The name of the 9th month ΠΑΧΩΝ = pachon is still visible. This year consisted 
of 12 periods of 30 days followed by a period of 5 days without adjustment for 
leap years. Because the tropical year is slightly longer, it is understandable that the 
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outer annulus was made movable. The modern calendar corrects the asynchro-
nicity of the 365 calendars years and the 365 ¼ tropical years by means of a leap 
year every four years. In the Antikythera mechanism the outer annulus had to be 
moved once every four years over 1/365 of a turn in an anti-clockwise direction.  

The fragments show that on the back of the rectangular mechanism there was a 
plate with two dials. Each of the two back dials consists of a central plate with a 
44.3 mm radius surrounded by a series of annuli. Price clearly discerned four 
annuli in the upper back dial (held together by a bridge) and three (held together 
by a bridge) in the lower dial. In the upper dial Price saw something that looked 
like a dial pointer, which was 55 mm long (and may have been longer originally). 
The lower back dial has a fixed and inscribed outer limb. Price thought that it was 
unlikely that there was a fourth annulus in the lower dial because of the presence 
of the outer limb. He could not tell whether the upper dial had an outer limb as 
well.  

Price had considerable difficulties with the inscriptions. The upper back dial is 
heavily inscribed but Price could not read the inscriptions on it. The lower back 
dial had comparatively few inscriptions. Only a small piece of the back door is 
extant. Yet, because of the mirror inscription as a result of the huge pressure that 
the mechanism experienced for centuries, part of the inscription on the lower half 
of the back door was somewhat legible. See [12], p. 50. The Metonic and the 
Callipic cycles are mentioned. The front door inscription was not sufficiently 
legible.  

Then there are parapegma inscriptions. A parapegma is a list of dates – with 
holes for placing a marker pin – of seasonally regular weather changes, first and 
last appearances of stars or constellations of stars at sunrise or sunset. They were 
composed for centuries in antiquity. 

In Price’s reconstruction the front dial showed the mean position of the Moon 
and the Sun with respect to the Zodiac. If the movable calendar annulus was given 
the right position, the future tropical mean positions of the Moon and the Sun 
could be calculated.  

On the basis of his reconstruction of the gear system Price came to the 
conclusion that the lower back dial counted the synodic months and the lunar 
years.  

Price rejected the possibility that the upper back dial could have displayed the 
period of the planets or the 223-month eclipse cycle which is referred to on one of 
the instrument door panels ([12], p. 44). In his rejection of the possibility that the 
dial displayed the eclipse cycle he was wrong, as will become apparent in the 
relevant section in the part on the reconstruction by Freeth et al. The tooth count 
led Price to conclude that the main part of the upper back dial corresponded to one 
revolution approximately every four tropical years. He did not succeed in drawing 
further firm conclusions.  

  T. Koetsier 
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Price’s Reconstruction: The Gearing System: The Gear 
Trains Driving The Sun and Moon Position Wheels 

Price gave the reconstruction of the gear trains shown in Fig. 6. Price assumed that 
the crown wheel with which the mechanism was driven had 45 teeth and that the 
main drive wheel B1, driven by the crown wheel, had 225 teeth. These numbers 
do not have any astronomical significance. On the shaft connected to the main 
drive wheel B1 there is wheel B2 (with 64 teeth), which drives C1 (with 38 teeth) 
which has on its axle C2 (with 48 teeth), which drives D1 (with 24 teeth), which 
has on its axle D2 (with 127 teeth), which drives B4 (with 32 teeth). B4 is on a 
shaft inside the axle carrying B1 and B2.  

Consider one revolution of the main drive wheel. This produces n revolutions 
of the inner shaft with n = (64/38).(48.24).(127/32) = 254/19. So 19 revolutions of 
the main drive wheel lead to 254 revolutions of the inner shaft.  

In the Metonic cycle 19 tropical years (consisting of 6,940 days) correspond to 
254 sidereal revolutions of the Moon (of about 27 ⅓ days). Thus a “Sun position 
wheel” of the same size as the drive wheel, rotating, however, in the opposite 
direction, and a “Moon position wheel” connected to the inner shaft would 
represent the tropical years and sidereal months of the Metonic cycle. The two 
position wheels would represent the positions of the Moon and the Sun with 
respect to the Earth.  

Price’s Reconstruction: The Gear Trains Connecting 
to the Lower Back Dial 

The fragments show that there were two dials on the back of the rectangular 
mechanism. In Price’s reconstruction the upper back dial corresponded to the gear 
train at the bottom left of Fig. 6 (axles M, N and O), and the lower back dial 
corresponded to the gear train at the bottom right of Fig. 6 (axles F, G, H and I). 
Let us look at the bottom right gear trains.  

A sidereal month has a duration of about 27 ⅓ days. The synodic month, the 
period based on the appearance of the Moon from the earth, has a duration of 
about 29 ½ days.  The rotating inner shaft carrying B4 corresponds to the sidereal 
month. An axle corresponding to the synodic months needs to make 235 
revolutions during the 19 tropical years of the Metonic cycle. In Price’s 
reconstruction the bottom right part in Fig. 5 yields an axle that makes 235 
revolutions. Price assumes that in the Antikythera mechanism the 235 was 
obtained by subtracting 19 from 254 by means of a differential gear. The 
possibility that the clearly visible large central gear-wheel had been a differential 
turntable was already mentioned in Price’s 1959 paper in Scientific American.  In 
1974 Price provided the details. He proposed that the differential system was 
connected to the lower back dial where full rotations of the two pointers would 
correspond to a synodic month and a lunar year (of 12 synodic months).  
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Fig. 6 Price’s reconstruction of the gear system ([12], p. 43) 

Price’s Reconstruction: The Differential Gear 

Consider Fig. 8. A straight bar W1 can rotate about a centre O. A wheel W2 can 
rotate about O and W2 drives another wheel W3 that can rotate about a centre on 
the bar W1. System W0 is the system of reference at rest, the World. The radius of 
the wheels Wi is equal to ri.  

We use the following notation. The angular velocity of system Wi with respect 
to System Wj is ωij. The anticlockwise direction is positive. Consider the point 
where the wheels W2 and W3 touch. It is a point of W2 and as such its velocity 
with respect to the World W0 is  
 r2.ω20.  
 

It is a point of W3 as well and as such its velocity with respect to the World W0 
is  
 r2.ω10 – r3.ω31. 
 

Because W2 drives W3 without slipping these two velocities are equal. This 
yields an important equation: 
 
ω31 = (r2/ r3) . (ω10 – ω20 ) or ω10 = (r3/ r2)ω31 + ω20 (1) 
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The effect of the rotation ω10 is that from the point of view of the rotating bar 
W1 it merely slows down the rotation of the driving wheel W2. This means that if, 
instead of the short train W2 – W3, we consider the train W2 – W3 – W4 – … –Wn 
of wheels, we get the formula 
 
ωn1 = (-1)n+1 . (r2/ rn) . (ω10 – ω20 ) or ω10 = (–1)n+1 (rn/ r2)ωn1 + ω20. (2) 
   

 
Fig. 7 Top view of the wheelwork in 
Price’s reconstruction ([12], p. 37) 

  
   Fig. 8 Rotating gear chain 

 
Now consider Price’s gear trains. Suppose the inner B-shaft makes 254 revolu-

tions per unit of time. Then the wheel B4 makes 254 revolutions per unit of time, 
which means that the wheels E2j and E2jj make 254 revolutions as well. In the 
same unit of time E1 and E5 driven by B3 make 19 revolutions.  

We now consider gear trains E2jj, J and K1, on the one hand, and E5 and K2, 
on the other hand. Their inputs are, respectively, +254 and –19 revolutions per 
unit of time. Nota bene: the opposite signs are important! The output wheels K1 
and K2, are fixed to and rotate about the same axle K. If the two gear chains 
would not rotate about the common axle of the input wheels, this would be 
impossible. However, they are allowed to rotate and in fact drive the differential 
turntable E4/E3. E4 is a disc, E3 is smaller annulus fixed to the turntable. Suppose 
its angular velocity is ωtable. Applying the formula (2) for a rotating gear chain 
twice, we get: 
 

ωtable=  -ωK + 254  and  ωtable = ωK -19 
 
So ωtable = (254-19)/2=235/2. This means that the G axle makes 
(192/48).(30/60).(235/2) = 235 revolutions per unit of time. 
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Bromley and Wright Refute Price 

In the first half of the 1980s Michael Wright developed serious doubts about 

obtained permission from the National Museum in Athens and Wright had build a 
tomograph at home which they used on several visits between January 1991 and 
April 1994 with an X-ray tube in the National Museum in Athens to make some 
700 images of the fragments. Bromley took the data with him to Australia and fell 
ill. Bromley died in 2002. The plan was that Bromley would have the radiographic 
plates scanned and digitized but he never achieved this. At the end of 2000 Wright 
succeeded in retrieving most of the material. Until autumn 2003 he analyzed the 
plates by peering at them through a magnifier. Only in 2003 he succeeded in 
having the plates scanned. 

Bromley and Wright first of all showed beyond reasonable doubt that Price’s 
reconstruction of the gear system was seriously flawed. In particular the 
spectacular differential gear was never there. Its existence could even be refuted 
on the basis of Karakalos’s radiographs. It became clear that Price had been 
carried away by the assumption of the existence of a differential gear. It explained 
the existence of the large turntable and it enabled him to make sense of the lower 
back dial, but careful consideration revealed serious problems related to Price’s 
assumption that the big central gear-wheel had been a differential turntable. Price 
thought that he needed the differential gear in order to get a wheel that makes 235 
rotations while the outer axle B and the inner axle B, respectively, make 19 and 
254 rotations. The differential gear does this by subtracting 19 from 254. 
Bromley and Wright showed that there are much easier ways to solve this 
particular problem by using plain fixed axle gear without using wheels of 
extraordinary size ([18], p. 273). For example, if we put a wheel D3 with 20 
teeth on axle D engaging a wheel Y1 with 32 teeth on an a new axle Y, a 
wheel on Y2 with 94 teeth engaging a wheel Z1 with 16 teeth on an axle Z, this 
axle Z gives us the synodic months, as B2-C1+C2-D1+D3-Y1+Y2-Z1 gives the 
ratio (64/38).(48/24).(20/32).(94/16) = 235/19. 

Bromley and Wright took this argument even further. A display of the synodic 
month could have been added to the front dial without any extra wheels. In other 
words, in Price’s reconstruction a highly complicated mechanism plus an extra 
dial are used to do something that can actually be done quite simply. There is 
more, however. In Price’s reconstruction the system is driven from the slow-
moving end of the train. This means that relatively high loads develop in the 
chain. This point was already made in the 1980s by Wright (cf. [1], p. 26) and by 
Zeeman [23]. Those who built models of Price’s reconstruction, even though they 
used modern wheelwork, experienced problems as a result. They found it hard to 
make their models work. G. White even claimed that Price’s reconstruction could 

reconstruction that leave its basic structure intact. 

Price’s reconstruction which he shared with Alan Bromley ([1,2], p. 26). They 

not have worked at all [14,15]. In his paper White proposes changes in Price’s 
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Clearly Price’s reconstruction was in serious trouble. The tomograms supplied 
the final and most convincing argument against Price’s reconstruction. A detailed 
description of the argument is to be found in ([18], pp. 275–277). Consider the 
wheels K2 and E5 in Fig. 6. Karakalos noticed the double thickness of both 
wheels. He saw K2 definitely as a double wheel and he counted more teeth on E5 
(50–52) than on K2 (48 or 51). Price chose to overrule Karakalos’ observations 
([12], p. 34) because “the apparent purpose is simply to provide a 1/1 gear ratio”. 
Distortion and corrosion, said Price, hide the fact that there are two gear-wheels of 
equal size, each with 48 teeth. Wright had another good look and saw double 
wheels.  

Sometimes Price had to alter Karakalos’s results drastically in order to make 
them fit. Karakalos counted 54 or 55 teeth on gear-wheel G2, but Price needed 60 
to make the mechanism fit his interpretation. So 60 it became ([12], p. 35). 
Similarly in the case of wheel F1. Karakalos had counted 54 teeth, but Price 
needed 48 teeth, and so it became 48. Of course, when the numbers teeth of each 
gear-wheel are counted on the basis of radiographs of fragments, there are various 
potential sources of error. Yet Wright convincingly argues that Price definitely 
allowed himself too much latitude ([18], pp. 278–279). Price seems not to have 
counted the teeth himself but to have taken the figures offered by Karakalos and 
altered them to suit his model.  Moreover, the axles E, B and D lie in a triangular 
pattern. The tomographic plates do not show E2j, B4 and D2 engaged as Price 
suggested. The images show that D2 is engaged directly with a wheel on axle E 
and another wheel on E engages B4. The two wheels on axle E both seemed to 
have 32 teeth ([17] p. 83). With good reason Price himself had called the 
differential gear the most spectacular part of his reconstruction ([12], p. 44). 
Unfortunately that part was wrong. Bromley and Wright had to abandon the 
central element of Price’s reconstruction, the differential gear. In the end Wright 
came up with a new reconstruction. 

Competition 

Only at the end of 2003, twenty years after he developed his first doubts about 
Price’s reconstruction, Wright had the tomograms that had been made in 1994 
scanned and he had the software for viewing and inspecting them. Things had 
been moving very slowly indeed. At the same time others had become interested 
in the secrets of the gear system of the Antikythera mechanism. In 2000 Mike 
Edmunds and Philip Morgan wrote a paper in which they discussed speculative 
planetary mechanisms that could have been part of the wheelwork of the 
Antikythera mechanism [3]. In 2002 Tony Freeth, mathematician and docu-
mentary film maker in London, published two papers on the mechanism [4,5]. In 
his papers Freeth severely criticized Price’s reconstruction and he advocated a 
novel approach to the questions involving the engaging the most sophisticated 
recent technology. These early papers do not contain new answers to the 
questions. At the time Michael Wright was still undoubtedly the number one 



282      

expert on the Antikythera mechanism in the world.  However, change was in the 
air. As we shall see below, Edmunds and Freeth maintained their interest in the 
mechanism. Before we can discuss the ensuing developments we need to have 
another look at Greek astronomy.  

Greek Astronomy 2: Eclipses and the Saros Cycle 

The Babylonians had a great interest in eclipses. They recorded them and they 
studied them. They knew, for example, that in order to have a lunar eclipse a Full 
Moon is needed and that for a solar eclipse a New Moon is needed. Some time 
before 575 BCE they discovered that the pattern of lunar eclipses repeated itself 
after 223 synodic months. This means that if there are records of the eclipses that 
occurred in a past cycle, we can predict eclipses. Because solar eclipses are only 
visible locally the precise prediction of solar eclipses is difficult.  The Babylonians 
realized that the cycle yielded potential solar eclipses, but no certainty of solar 
eclipses. This period of 223 synodic months is now called the Saros cycle. The 
ancient astronomers called it the Periodic ([13], p. 175) The name Saros was 
coined by Sir Edmund Halley. It has no significance related to Antiquity. The 
Saros cycle corresponds to 6585 1/3 days. In order to obtain a period with an 
integral number of days astronomers before Hipparchus tripled the Periodic and 
obtained a period of 19756 days which they called Exeligmos.    

The Greeks used the astronomical data of the Babylonians and they adopted 
their approach, but they added the element of geometrical modeling, which greatly 
advanced the understanding of the phenomena. They realized that the Moon, the 
Sun and the Earth could be considered as large spherical bodies. In addition they 
realized that, for an eclipse to occur, the Sun, the Moon and the Earth must be 
collinear. A lunar eclipse will only occur at Full Moon: the Sun and the Moon 
must be in opposition. A solar eclipse will only occur at New Moon: the Sun and 
the Moon must be on the same side of the Earth; they must be in conjunction. 
However, a situation of syzygy (opposition or conjunction) is not enough for the 
centers of the three bodies to be collinear. This is because the plane in which the 
Moon rotates does not coincide with the plane of the Sun (see Fig. 9). The angle 
between the two planes is approximately 5 degrees. The points of intersection of 
the orbit of the Moon with the ecliptic are called nodes. An eclipse can only occur 
when the Moon is in or close to a node. Actually the fact that the ecliptic and the 
orbital plane of the Moon do not coincide is clearly visible in the sky. An observer 
who watches the Moon and the Sun in the course of time will notice that once 
every synodic month the Moon seems to overtake the Sun (see Fig. 4). This 
usually happens either above the Sun or below the Sun.   
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Fig. 9 A lunar eclipse occurs when 
the Moon and the Sun are in 
opposition and the Moon is in or 
sufficiently close to the plane of 
rotation of the Sun  

Fig. 10 Hipparchus’ epicycle model 
 

In addition to the Sun and the Moon being in opposition or conjunction and the 
Moon being in a node one more condition must be fulfilled for a solar eclipse to 
occur. For a total eclipse of the Sun it is necessary that the Moon is in its perigee, 
i.e. in the point of its orbit where it is closest to the earth. If the Moon is close to 
the earth and in a node in conjunction with the Sun its conical umbral shadow, 
consisting of all those points not reached by any sunlight, will touch the surface of 
the earth. There we can see a total solar eclipse.  

    
 
Fig. 11 Total lunar eclipse (visible everywhere on the right side of the earth) and a 
total solar eclipse (only visible locally)  
 

Because of the difference in size between the Moon and the earth there is a 
major difference between solar and lunar eclipses, which is particularly important 
if one wants to predict eclipses, namely that during a lunar eclipse the entire Moon 
is covered by the umbral shadow of the earth, while during a solar eclipse the 
umbral shadow of the Moon falls only on a small part of the earth (see Fig. 11). 
This means that the prediction of the visibility of a solar eclipse must take the 
observer’s position on earth into account.  

The Saros cycle can be understood in terms of the Greek geometrical way of 
looking at the celestial phenomena. The two necessary conditions for an eclipse, 
viz. opposition or conjunction and the Moon being in a node, correspond to two 
cyclical phenomena: 
(i)  The synodic month (New Moon to New Moon or Full Moon to Full Moon) of 

29.5306 days. 
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(ii) The draconitic or draconic month of 27.2122 days, which is the time the 
Moon needs to return to the same node. The draconic month differs from the 
sidereal month, because the nodes move. The line of intersection of the two 
orbital planes of Moon and Sun rotates slowly backward because the plane of 
the Moon does so.  

A period of 223 synodic months is nearly equal to 242 draconic months. 
Moreover this period is also approximately equal to 239 anomalistic months (the 
time the Moon needs to go from perigee to perigee). This period of approximately 
18 years, 11 days and 8 hours is obviously exactly the Saros cycle.  

Hipparchus 

From the period between 350 BCE and the year 0 many Babylonian astronomical 
cuneiform tablets are extant. They contain calculations and predictions concerning 
the phases of the Moon, the positions of planets etc. This was an arithmetic 
tradition in astronomy which kept a close track of the phenomena and differed 
from the more speculative tradition in which Eudoxus and Apollonius were 
working. These two great Greek mathematicians developed kinematical models of 
astronomical phenomena, but unlike the Babylonians they did not go beyond a 
qualitative comparison between the model and the phenomena. In this respect 
Hipparchus (about 150 BCE) represents a revolution. Hipparchus was familiar 
with Greek geometry and with Babylonian observations. As far as we know he 
was the first to try to really adapt the models to the actual, observed data.  

Consider the epicycle model in Fig. 10. Two circles are involved: the epicycle 
and the deferent. The epicycle ZHBK, or rather its centre, moves on the circle 
ABGD with centre E. This circle ABGD is called the deferent.  The body moves 
on the epicycle ZHBK.  It is quite obvious that seen from the point of view of the 
terrestrial observer the composition of these two uniform rotations is non-uniform. 
Suppose the epicycle moves in the direction from A to B. If the body on the 
epicycle is in the position K it appears to lag behind, if it is in H it appears to 
move faster than the epicycle.      

In Hipparchus’ model for the motion of the Sun the angular velocity corres-
ponding to the epicycle (the anomalous motion) is equal to the angular velocity 
corresponding to the deferent (the motion of the Mean Sun). This means the 
sidereal year (return to the same fixed star) is equal to the anomalistic year (return 
to the same velocity). The anomaly is the phenomenon of the deviation from the 
uniform rotation.  The anomalistic year is, for example, the time it takes between 
two moments of minimal angular velocity.  

This model for the motion of the Sun can be rather simple because the Mean 
Sun and the anomaly have periods that are sufficiently similar for the difference 
not to be easily noticeable.    
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Unfortunately the motion of the Moon is more complex. Hipparchus used 
exactly the same model but the two periods are unequal: the period of the 
anomaly, the anomalistic month is larger than the sidereal month. In other words 
the epicyclic angular velocity is less than the velocity of the Mean Moon. Against 
the backdrop of the Zodiac the Moon moves at a velocity that fluctuates around a 
mean of some 13 degrees per day. As a result, the Moon moves back and forth 
over a distance of 6 degrees either way. The period of this fluctuation is the 
anomalistic month. A familiar method in Antiquity uses an anomalistic month of 

velocity as seen from the Earth. 
Conclusion: the motion of the Moon in Hipparchus’ model is the combination 

of a uniform rotation with a period of one sidereal month and a sinusoidal back 
and forth motion with an amplitude of 6 degrees and a period somewhat greater 
than a sidereal month. This means that when the mean motion in longitude 
completes 360 degrees the mean motion in anomaly still has roughly 3 degrees to go. 

For the calculations it is important to realize that the Moon is large and has a 
considerable daily parallax of almost twice its own diameter: observations by 
different observers are different. The most suitable observations to be used as data 
are observations of lunar eclipses. They take place at Full Moon when the Sun and 
the Moon are diametrically opposed. The longitude of the Sun at the exact 
moment of the eclipse can be taken from the table of the longitude of the Sun 
(made on the basis of the theory of the Sun) and 180 degrees is added.   

Wright’s Reconstruction 1 

In the course of time Wright correctly identified all visible gear-wheels and 
counted the number of teeth on each gear-wheel.  

Only the simple parts of Price’s reconstruction were still standing after 
Bromley and Wright criticized it. The assumption that on the front dial the 
positions of the Sun and the Moon were represented remained untouched by the 
criticism. Yet the precise manner in which this happened had to be corrected.  In 
Price’s reconstruction wheel D2 drove wheel B4 on the central axle. Bromley and 
Wright discovered that this happened indirectly via two wheels on the E axle 
(wheels that Price used for the differential gear). The only effect of these two 
wheels was in Wright’s reconstruction the reversal of the direction of rotation of 
the Moon position pointer. This made Price’s Sun position wheel superfluous 
because the Sun position pointer received the same motion as the drive wheel B1. 

 

248/9 days [9,10,11]. Clearly this anomalistic month is equal to the period from 
perigee to perigee. It is also the period of time between two moments of minimum 
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Fig. 12 Wright’s model of the front dial
including a display of the motion of the 
planets [18]  

 

Fig. 13 Wright’s 2005 reconstruction 
of the back-dials of the Antikythera 
mechanism [20] 

 
Wright made sense of the upper back dial: in his reconstruction the main 

pointer counts the months in the Metonic cycle. The Metonic cycle of 19 tropical 
years is one of the well-known astronomical cycles from Antiquity. Price had 
suggested it but Wright defined the complete gear train. In Wright’s reconstruction 
the subsidiary dial tells us where we are in the Calippic cycle of 76 years, which 
consists of 4 Metonic cycles. 

 
Fig. 14 Wright’s reconstruction [21]  
 

Wright had observed that what he called the Mean Sun Wheel (B1 in Figs. 6 
and 14) carried a structure and that the central boss around which it turned was 
stationary and carried a wheel (B5 connected to the base plate of the mechanism); 
so there was an epicyclic mechanism going round at the rate of the Mean Sun. 
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This could easily have generated the motion of the inferior planets. Moreover 
there was the observation that Fragment C (front dial) does not join Fragment A 
(frame plate with all the gearing), which leaves room for further gearing 
representing the motion of the superior planets. Wright showed that the 
mechanism may indeed very well have included a display of the motions of the 
Superior Planets, Mars, Jupiter and Saturn by building a working model of the 
resulting conjectural design in which the Moon and the Sun moved in accordance 
with Hipparchus’ theories and the five planets in accordance with the epicyclic 
theory prevalent at the time ([16, 17]).1 It is part of Wright’s methodology that he 
systematically constructs models of the gear chains that he observes. He 
preferably uses very simple tools of the kind that would have been available in 
Antiquity. The planetarium display he has built in this way for the Antikythera 
mechanism is more than mere speculation.  

Wright drew the provisional conclusion that the mechanism that replaced the 
differential gear drove a pointer on the lower back dial with a rotational period 
equal to one draconitic month. He drew the conclusion that the lower back dial 
functioned to predict eclipses. See [18] and [20].  

Wright analyzed the geometry of the remaining fragments of the two back 
dials. He noticed that they did not consist of concentric circles but of continuous 
spirals of five and four turns, respectively on the upper and the lower back dial 
([20], p. 59).  

As for the function of the upper back dial Wright discovered that one revolution 
of the main pointer represented 47 months with a scale laid out as a five turn spiral 
containing 47 divisions in each turn. It represents the 235 months (235 = 5 times 
47) of the Metonic cycle. He suggested, moreover, that the subsidiary dial 
indicated in which of the four Metonic cycles one was that make up a 76-year 
Calippic cycle [21]. 

Wright’s Reconstruction 2 

Wright replaced the differential turntable by a large gear-wheel with 223 teeth. On 
top of this large gear-wheel he discovered an arrangement of two epicyclic 
wheels, the one directly above the other, but turning about separate axles on a 
stepped stud, coupled by a pin that projected from the face of the lower wheel into 
a radial slot in the upper one. See Figs. 17 and 18. Nota bene: In Wright’s model 
in Figs. 17 and 18 there is a hypothetical extra wheel between E5 and K2; it has 
the same size as E5 and K2 and it is there merely in order to change the direction 
of the rotation. It would turn out to be superfluous. The stepped stud is fixed to the 
large gear-wheel. Let us consider E5 as the input. E5 engages K2. K2 engages K3 
by means of the pin on K2 that slides in a slot in K3 and finally K3 engages E8. 
See Fig. 13. All four wheels have fixed centres on the turntable E4.   

                                                 
1 Price suggested this line of research in [12], p. 28. Wright was the first to 

develop the idea seriously, but others worked on it as well. See [3] and [6]. 
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Fig. 15 The pin and slot mechanism 

Fig. 16 The effect of the epicyclic pin-and-slot mechanism, on an input rotation of E8 
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This was a fascinating discovery. It is the earliest occurrence of a slider-crank 
mechanism in history that we know of. Let us look at what it does. The sine-rule 
applied to triangle ABC yields: 

(3) 

 
or  

(4) 

If β is the input angle and α the output angle, then θ = α – β is the angle that is 
added to the input by the pin and slot mechanism. If e/r is small, sin x is 
approximately equal to x and we can write 

 

(5) 

Indeed a roughly sinusoidal wave is introduced into the velocity ratio of the 
train, as Wright remarked (in [20] on p. 62).  

Let us look at the whole mechanism. E8 engages K3. K3 engages K2 by means 
of the pin in the slot mechanism and finally K2 engages E5.   
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We assume that the four wheels in the chain E8–K3–K2–E5 are of equal size. 
A uniform input velocity of E8 leads to a lower uniform velocity of K3 because 
the point where E8 and K3 touch shares the velocity of the epicyclic turntable. 
Nota bene: The rotations of K3 and K2 are considered with respect to the turntable 
and not with respect to the frame of the mechanism. In Fig. 16 (right) the area E8 
is equal to the area K3; the two areas measure the length of the circumference of 
the wheels E8 and K3. The pin-and-slot mechanism changes the uniform rotation 
of K3 into the wave of K2. Yet a full rotation of K2 takes as much time as a full 
rotation of K3.  The area K2 measures the circumference of K2 and is equal to the 
area K3. At the point where K2 engages E5 the velocity that is transferred to E5 is 
increased by the velocity of the turntable. This means that a full rotation of E5 is 
completed before the period of the wave brought about by the pin and slot 
mechanism is completed.   
 

 
Fig. 17 The epicyclic gearing showing  the 
pin and slot coupling between the  wheels on 
the K-axle [20] 

 
Fig. 18 The epicyclic gear assembled 
[20] 

 
Wright realized that such a mechanism could be used to model one of the 

anomalies figuring in astronomical theory, and as he wrote “the only possibility in 
this train, concerned with months, is lunar theory”. However, he added that the 
wave’s period was determined by the rate of rotation of the wheels relative to the 
epicyclic turntable and that neither period nor amplitude could be matched to the 
anomaly of Hipparchus’ lunar theory with the turntable going round at the rate he 
had conjectured. 19 revolutions of B1 corresponded to 254 revolutions of E6 and 

Wright’s reconstruction one rotation of the turntable corresponds to roughly 2 
rotations ((190/54).(30/54) is approximately 2) of the main pointer on the lower 
back dial. 

Wright could not make sense of the function of the gear train E5–K2+K3–E8. 
In his reconstruction of the gear trains Wright had got hold of all the pieces of the 
puzzle, but some of the pieces didn’t fall into place, they didn’t seem to make 
sense/ seemed to make no sense. For example, the large gear-wheel may be 
considered as composed of two concentric gear-wheels fixed together; one is 
slightly smaller than the other. The large one was unused in Wright’s 
reconstruction. The pin and slot mechanism did not seem to make sense either in 
the position it has.  Unable to completely solve the puzzle Wright saw himself 

E8. How about the epicyclic turntable? Consider the chain E3–F1+F2–G2. In 
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forced to suppose that the Antikythera mechanism had to a certain extent been 
constructed from reused parts derived from another, older mechanism. In old 
pieces of mechanism from before the introduction of mass production  redundant 
features are often found. 

The Reconstruction by Freeth et al.  

Wright had the correct topography of the wheels and the correct understanding of 
most of the moving parts. He also had the correct layout of both back dials and the 
correct function of the main upper back dial. He had correctly identified the pin 
and slot mechanism. In addition, he had identified most of the details correctly, 
although some of them made no sense. In a sense he was close to the correct 
solution, but he was not quite there.  

The clue to the final solution was in Athens in the National Archeological 
Museum. Wright had observed that some of the fractures were encrusted and/or 
eroded while others were bright and clean suggesting that they dated from after 
the salvage operation. Wright suspected that matching pieces that he had not seen 
might be present in the National Museum in Athens. He was right. Fragment F 
turned up in the Museum when the Antikythera Mechanism Research Project was 
started. Tony Freeth and others enlisted the help of Hewlett Packard (USA) and X-
Tek Systems Ltd 2  (UK) and assembled a team of 17 individuals. The team 
published its results in November 2006 in Nature [6]. They confirmed the 
correctness of many of Wright’s results. However, there was more. The 
microfocus computed tomography (CT) by X-Tek Systems yielded a scan of 
Fragment F which showed some of the scale divisions on the lower back dial. 
Combining what they saw on Fragment F with the scale divisions visible on 
Fragments A and E. Freeth et al. estimated the number of scale divisions round the 
whole 4-turn spiral scale (observed by Wright) to be 223, exactly the number of 
months in a Saros cycle.3  The assumption that the dial displayed a Saros cycle 
was reinforced by the discovery of characters on the dial separated by gaps of five 
or six months, precisely the gaps that separate eclipses.    

Once it is known that the lower back dial shows where one is in a Saros cycle 
one can work back through the gear trains to see that an extra gear-wheel on the M 
axle can engage the unused gear-wheel in such a way that the Saros-cycle is 
generated at the right place.   

Let us look at the details. The pointer of the Saros dial makes 4 rotations in 223 
synodic months. In 19 years there are 235 synodic months. So when the wheel B1 
corresponding to the position of the Sun makes 19 rotations, the axle G must make 
4 times 235/223 rotations. What is needed is a gear train B2 to G2 that produces 

                                                 
2 X-Tek Systems is now part of the Metris group.  
3  Freeth wrote to me that although Fragment F was the route by which the 

Antikythera Mechanism Research Group discovered that the lower back dial is a 
Saros dial all the evidence is already visible on Fragment A.  

  T. Koetsier 
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the right ratio using the wheels from the system of Fig. 13.  Wheel E4 is so far 
unused and it has 223 teeth. The train E4+E3–F1+F2–G2 is certainly the last part 
of the train we are looking for. The idea of introducing an extra wheel M3 on the 
M axle is now within reach, because there is no other simple way to get from B2 
to E4.4  On the basis of Wright’s data it now follows that 19 rotations of B2 give 
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rotations of the Saros pointer. Here X is the number of teeth of the new wheel M3 
and <x–y> denotes an integer n in the interval x–y. This number must be equal to 
4 times 235/223.  It is easily verified that this implies that 26 ≤ X ≤ 29. The 
precise values can be found by trial and error: M3 has 27 teeth, E3 has 188, F1 has 
53 and G2 has 54 teeth.   

As we have seen, Wright had been aware of the fact that the pin-and-slot 
mechanism could be used to generate an anomaly (a deviation from uniform 
motion in the orbit of a celestial body), but this made no sense to him at the time. 
However, as soon as the Saros cycle is supposed to be represented, the pin-and-
slot mechanism and the large gear-wheel it is mounted on run roughly at the right 
speed for the anomaly of the Moon. With hindsight everything makes perfect 
sense. One of the two wheels E6 or E7 seemed superfluous. Not anymore. E7 
rotates at the speed of the Mean Moon. So does E8 which is rigidly connected to 
it. The anomalous motion of the Moon is superimposed on this motion by the pin-
and-slot mechanism. The result is the motion of E5 which is connected to E6 by 
means of an axle inside the axle of E7 and E8 (see Fig. 19).   

Although with hindsight things look easy it took Tony Freeth and Mike 
Edmunds many months to draw the right conclusions about the function of the 
pin-and-slot mechanism. They published their findings in 2006 in Nature.  

The New Methodology and its Results  

The team that finally provided answers to the last remaining questions had 
seventeen members. In the team, led by Mike Edmunds (Cardiff University), two 
individuals from the National Archeological Museum of Athens catalogued and 
measured the fragments aided by an astronomer from Thessaloniki University. Six 
individuals from X-Tek Systems Ltd (Tring, Herts, U.K.) dealt with the building 
and operation of a Bladerunner CT machine that performed the 3-dimensional X-
ray microfocus computed tomography (CT). They provided the CT recons-
tructions.  Three individuals, two from Hewlett-Packard Inc. (California) and one 
                                                 
4 Wright informed me that the model of the mechanism that he built before the 

results of Freeth et al. became known had an empty square wheel-seat on axle M 
“ready to receive wheel M3”. He had observed it, seen the possibility that it 
suggested, and shelved it for later consideration.  
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from Foxhollow Technologies Inc. (California) built, operated and provided the 
software for the Polynomial Texture Mapping which was used to reveal surface 
details. Three Greek specialists read and translated the inscriptions. The first 
author, Tony Freeth (Cardiff University and Images First Ltd., London) took care 
of the analysis of the structure and its interpretation.  
 

 
Fig. 19 The reconstruction of the gear system by Freeth et al. The grey elements, 
wheel M3 and the inner E axle represent essential modifications of Wright’s 
scheme 
 

The contrast with Wright’s approach could not be greater. Essentially Wright 
did everything alone. The approach of Freeth et al. was entirely different. Creating 
a group consisting of different specialists and engaging the most up-to-date 
technology available indeed represents a considerable methodological shift. 

It was not clear in advance that this new approach would yield fruit. Jo 
Marchant reported in Nature that Freeth had said: “My main fear was that we’d 
throw all this technology at it and we wouldn’t do more than dot the i’s and cross 
the t’s” ([9], p. 537). There was, indeed, a lot of technology. The team, for 
example, shipped an X-Tek machine of 12 tonnes to Athens in 2005. There is 
therefore a certain irony in the fact that the breakthrough in the interpretation of 
the gear trains and their interactions was largely the result of chance: the team had 
access to Fragment F.  

In the mean time it has become clear that the new approach is yielding 
impressive results. In July 2008 Freeth et al. published a letter in Nature with the 
latest results concerning the two back dials. It turns out that the upper subsidiary 
dial is not the 76 year Calippic dial but follows the 4 year period of the 
Panhellenic games in Olympia, the predecessor of the Olympic games. A further 
discussion of these results falls beyond the scope of this paper. For more 
information on this paper and the Antikythera Mechanism Research Project I refer 
the reader to the site http://www.antikythera-mechanism.gr/     
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Conclusion  

The first serious reconstruction of the gear system of the Antikythera mechanism 
was proposed by De Solla Price. It’s most spectacular feature was a differential 
gear, which, however, proved to be a figment of the imagination. Yet, as Francis 
Bacon said, truth emerges more readily from error than from confusion, and 
Price’s bold hypothesis gave a major stimulus to work on the mechanism. The 
next major step forward was Wright’s reconstruction published in 2005.  Wright 
had correctly identified most of the important details, but he was two essential 
steps away from the correct interpretation. Wright is convinced that if he had had 
access to “Fragment F”, he would have been able solve the riddle of the unused 
large gear-wheel and he would have understood the function of the mysterious pin 
and slot mechanism as well. His frustration that he didn’t have access is 
understandable. The final solution was published in 2006 by the team of Freeth et 
al. It is not just the latest in a series of closer and closer approximations to the 
truth and more and more sophisticated interpretations of the Antikythera 
mechanism, but it is likely to be the last in the series, and final in the sense that it 
is basically correct. 
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Abstract From 2004 to 2006, in the north of Jiangsu Province, the Institute for the 
History of Natural Science (IHNS, CAS), in collaboration with Southern Taiwan 
University of Technology (STUT), carried out a field survey and reconstructed a 
vertical-axle “Chinese Great windmill” (CGW) complete with its square-pallet 
chain-pump (SPCP). An experienced carpenter, Master Ya Chen, who once made 
and repaired CGWs in the 1950–1960s, was recruited to assist with the reconstruc-
tion of the CGW using only traditional craftsmanship.  The authors recorded the 
entire reconstruction process and at the same time investigated related local folk-
custom. In this article, the process of investigation and reconstruction of the CGW 
were reported and the technical issues involved were also discussed.  
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Keywords Vertical-axle Chinese great windmill, Square-pallet chain-pump, 
Field survey, Reconstruction 

Introduction 

Traditional vertical-axle Chinese great windmill (CGW), shown in Fig. 1, is also 
called the vertical-sail great windmill, great windmill or Chinese great windmill. 

watermill (龍骨車) and trough bucket (槽桶). The CGW was a wind-driven 

 
Fig. 1 Typical Chinese great windmill (CGW) with a square-pallet chain-pump 

(SPCP) 

device invented by ancient craftsmen based on the operating principle of a sail on 
a boat, which could adjust and adapt automatically to different wind directions. 
This mechanism as applied on the CGW is illustrated in Fig. 2. Operators were 
able to run and stop the great windmill, and to control its rotational speed by sim-
ply adjusting the ropes of the sails. The structure and operating principle of the 
CGW are quite different to traditional windmills in Europe and West Asia. This 
type of windmill with clear local characteristics and technical characters was the 
prime mover of a SPCP for the purpose of irrigation and the production of salt on 
the coast of Southeast China and the Bohai Sea area (渤海). 

A square-pallet chain-pump (SPCP) is also called a watermill (水車), keeled 



 

 
Fig. 2 Movement of the eight sails of a CGW and their ropes  

For over fifty years, historians of science, such as Li Chen (陳立) [1], Xianzhou 
Liu (劉仙洲) [2], Joseph Needham [3], Jingyan Lu (陸敬嚴) [4], Yingqi Yi (易穎

琦) [5] and Baichun Zhang (張柏春) [6], have studied the vertical-axle great 
windmill. By the end of the 1960s, with the popularization of modern mechanical 
irrigation and drainage modes in agriculture, CGWs had become rare. On account 
of the limited record on CGW in ancient literature, it is of scientific value to carry 
out an on field survey of existing CGWs. In 1985, Prof. Jingyan Lu studied the 
hangovers of a CGW in the north of Jiangsu province [7]. In the early 1990s, 
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Baichun Zhang and Lisheng Feng (馮立昇 ) also surveyed and carried out 
technical analysis of windmills at that region.  

In July, 2004, Tsung-Yi Lin (林聰益) from Southern Taiwan University of 
Technology (STUT, 南台科技大學) and Su-Hua Wu (吳淑華) from National Sci-
ence and Technology Museum (NSTM) (国立科學工藝博物館, 台湾高雄) of 
Science and Technology visited the Institute for the History of Natural Science, 
Chinese Academy of Sciences (IHNS, 中國科學院自然科學史研究所) and the 
Institute of China Agriculture Museum (中國農業博物館). In a discussion with 
Baichun Zhang and Xingsui Cao (曹幸穗), it was mentioned the desire to acquire 
and reconstruct traditional mechanisms for NSTM.  Of those traditional devices 
mentioned, there were CGW, water wheel, watermill and water grind. At the be-
ginning of that November, Zhizhong Zhang (張治中), an engineer who was inter-
ested in the history of mechanisms reported on the possible existence of a tradi-
tional windmill maker in Haihe town (海河鎮), Sheyang county (射陽縣) in the 
north of Jiangsu province. At the beginning of 2005, the collaboration between 
NSTM and mainland China was stopped. To ensure the project continued, Tsung-
Yi Lin and Baichun Zhang agreed that STUT would raise money for IHNS to con-
tinue to manage and record the entire reconstruction process. The reconstruction 
project was completed at the end of 2006. Fig. 3 shows the flow chart of the re-
construction process.  
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Fig. 3  

Recruitment of Traditional Craftsmen 

The framework of traditional windmill was timberwork. The prime task was there-
fore to recruit a master in traditional carpentry. With some difficulties, Master Ya 
Chen was located at the end of 2005.  

Ya Chen 陳亞 (Fig. 4), from Qinghe village (清河村), Haihe town, Sheyang 
county Jiangsu province, was seventy-two years old and had elementary educa-
tion. He was very fit, quiet, prudent, capable and, most importantly, experienced. 
Through conversations with Chen, it was revealed that he was familiar with the 
structure of a CGW and remembered the exact sizes of main components. Espe-
cially, Chen had kept a set of special measures for decades. With his enthusiasm 
and experience, he was the perfect choice for the job. 

Once the key worker had been identified, the reconstruction process com-
menced without ado.  The process included three main stages: preparation of ma-
terial, manufacturing and assembly.  

Perusal of Historical Archive Col-
lections, Planning and Preparation 

(Jul, 2004 – Dec, 2005) 

Recruitment of Craftsmen 
(Dec, 2005 – Apr, 2006) 

Manufacturing Process 
(May 15, 2006 – Jul 16, 2006) 

Assembly & Trial Run 
(Jul 13, 2006- Jul 18, 2006) 

Preparation of Materials 
(Apr 11, 2006 – May 10, 2006) 

Recording: 
Photographs, 

Video footages, 
Notes 

The reconstruction and field survey process of a CGW
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Material Preparation 

Material preparation mostly involved choosing and buying raw materials and pre-
liminary processing.  More specifically, it included the following stages: selecting, 
transporting, storing and cutting, and aging rough parts. The raw material selection 
process was vital as it not only directly affected the quality of the structure but 
also determined the degree of resemblance of the reconstruction to the original de-
vice. All required raw materials and the main technical requirements are shown in 
Table 1. 

 

         
a) 

Fig. 4  Master Ya Chen and an investigator, Lie Sun (孫烈) at work (2006) 

Manufacturing 

The big gear wheel was a large spoked spur gear, whose outside perimeter was 
typically 3.2~3.5 m. The cogs of the gear were called “Chui (棰)”. The big gear 
wheel, driven gear, driving sprocket, chain and driven sprocket, collectively 
formed the transmission chain, as shown in Fig. 6. 

Of all the manufactured components, the big level gear wheel was the most dif-
ficult to shape and took the most effort. The shaping of this gear demonstrated the 

Master Ya Chen                      b)  Chen and an inquirer

Manufacturing was the key stage of the reconstruction processes. Traditional 
carpentry skills were the primary processing technique. Master Chen did not have 
any available drawings, so all the technical details came from his memory, experi-
ence and the set of special measures that he had possessed for decades. In terms of 
difficulty and work effort, the main components such as the big gear wheel, spin-
dle, transmission shaft, driven gear and driving sprocket, required the most time 
and effort than the supporting and linking components such as the masts, frames 
and so on. Fig. 5 shows the procedure for the carpentry work.  

characteristic of how a great windmill was made. Due to the great size of the whole 

“Chinese Great Windmill” and Its Square-Pallet Chain-Pump 



300      B. Zhang et al. 

 

Table 1  Main raw materials required for the great windmill 

Name Main Purposes Size/quantity 
Mulberry (桑木) Gear wheel rim (大輞, 小輞), Driven gear (旱撥),  

Driving sprocket (水撥), Driven sprocket (杌掇子), 
SPCP, Bearing sleeve (將軍帽), Pulleys (鈴鐺),  
Bearing Pedestal (遊子), Cogs (棰) 

Φ≈70–110 cm, 
L ≈180–220 
cm 

Fir (杉木) Spindle (車心), Transmission shaft (跨軸), Masts (桅子), 
Wheel spokes (穿), Frames (幢子木), Top spokes (撐心), 
Base bars (柭擔), Hanging rods (掛),  Horn (羊角),  
Head hoops (箍頭), Crossing rods (剪) 

Φ≈20–40 cm, 
L≈6~8 m, 
Tot. ≈40 

Willow (柳木) Square boards (柫板) Φ≈40 cm, 
L≈2.5 m 

Bamboo rods  
(細竹竿) 

Sail’s framework (蓬竹子) Φ≈10 mm, 
L >2~3 m, 
Tot. ≈40 

Cattail (蒲草) Sail material（蒲草） ~40 kg 

Ropes（草繩） ~5 kg 
Reinforced steel  
bar (洋元) 

Hawsers (大纜) Φ=10 mm, 
L= 30 m 

Steel wire (鐵絲) Wire suspensions (軟吊) Φ=8 mm 

Tung oil (桐油) Timber coat (木料油漆) ~20 kg 
Cast iron (鑄鐵) Bearings (釧) ~8 kg 
Wrought iron  
(鍛鐵) 

Hoops (鐵箍), Cleeks (鐵鉤), Nails (釘), Bottom pole  
(母轉), Iron needle (公轉) 

~15 kg 

rim, this component was made up of bonded pieces for the convenience of selecting 
the raw material and the fabrication process. The big gear (Fig. 7) was entirely 
made of mulberry and composed of six big rims, six small rims and 88 cogs by 
jointing. Fabricating the rims required seven processes: pre-forming, accomplish-
ing and gouging of grooves in the big rims, processing the small rims and tenons 
and mortises, chiseling 88 holes in the rims and 8 mortises for spokes (穿子孔), 
processing and fixing the clubs, and adjusting the mesh position of the cogs.  

Rice straw (稻草) 

Rock (石塊) Stone stake (石樁)  ~500 kg 
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Fig. 5  Procedure for the carpentry work 

 
Fig. 6  Position of the main transmission components 

 
Fig. 7  Trial-installation and adjustment of the level gear wheel (driving gear) 

Spindle 

SPCP 
(Trough Bucket,  
Middle Board,  

Anti-reversing Device) 

Level Gear Wheel 
(Large Rims, 

 Small Rims, Cogs) 

Driven Gear 

Bearing Sleeve 
Driven Sprocket 

Keel Chain 

Driving Sprocket 

Masts 
Wheel Spokes 
Frames 
Horn 
Hanging Rods 
Base Bars 
Top Spokes 
Head Hoops 
Crossing Rods 
Bearing Pedestals 

Transmission Shaft 

“Chinese Great Windmill” and Its Square-Pallet Chain-Pump 



302      B. Zhang et al. 

 

Both the driven gear and the driving sprocket were a columniform body sur-
rounded by many evenly distributed cogs. They were located at the two ends of 
the transmission shaft, jointed to the big gear and a square-pallet chain pump re-
spectively, shown in Fig. 8. The fabrication process for the driven gear, the driv-
ing sprocket and the driven sprocket was similar to that of the big gear. However, 
compared to the big gear, these three components were smaller in size, simpler in 
structure, and therefore easier to manufacture. During manufacturing, it was nec-
essary to ensure the precision of the space (2~3 mm) between the cogs of the big 
gear and the driven gear, driving sprocket and driven sprocket. 

 

            
a)  Assembling driven gear                     b) Adjusting driving 

and transmission shaft                            sprocket  and keeled chain 

Fig. 8  Transmission shaft, driven gear, driving sprocket, and keeled chain 

          

 

         
        d) Processing some poles 

a) Processing spindle              b) Assembling a bearing sleeve 

c) Measuring some rods             

Fig. 9  Processing the spindle and others rods and poles 
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The framework of the CGW was made up of many rods and poles, which were 
jointed together. Amongst them, the spindle was the rotor of the whole windmill 
and the hinge for jointing other rods. The spindle was not only one of the largest 
rods but also one that required the most effort. All the rods were made of straight 
fir, which was soft and easy to shape.  Figure 9 illustrates the process. 

for balancing, tying of rope handles (包桅) and knots (蓬紐子), and controlling 
the ropes (駕繩).  This process is illustrated in Fig. 10a–c. The structure of one 
sail is shown in Fig. 10d. 
 

           
a) Weaving a sail      b) A weaved sail 

      
c)  Tying bamboos sticks and ropes          d) Schematic of a Sail  

Fig. 10  Fabrication process and structure of a sail 

The hand tools used in the fabrication process were so-called “the Big Four 
Tools of a Carpenter” – plane, chisel, axe and saw, shown in Fig. 11a–d. The an-
cillary tools included ruler, square, Chinese ink dipper (墨斗) and pencil. Having 
the set of measures from Chen was most extraordinary.  They were used to proc-
ess and adjust the big gear, shown in Fig. 11e. 

Sails, also called Fengfan (蓬,風帆) in Chinese, were mostly made of cattail 
leaves and rice straw, and weaved by hand in a traditional method, which usually 
included weaving, binding of the sails with bamboo sticks, inserting reinforcement 

“Chinese Great Windmill” and Its Square-Pallet Chain-Pump 
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a) Planes                                                 b) Chisels 

         
c) Axes                                           d) Saws 

  
e) A set of Special Measures 

Fig. 11  Main tools for the carpentry work 
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The reconstruction work started on the 11th April, 2006 and the sails were fin-
ished at the end of that year. It took eight months but the contracted man-days for 
this project were 70 days. The work on the big gear took almost 60 percent of the 
total labour; the rods about 20 percent; 10 percent of work was to build the SPCP; 
another 10 percent to make the sails.  

Assembly and Trial Run 

The assembling process included locating the site for the great windmill, leveling 

and testing it.  The process is illustrated in Fig. 12. Amongst them, setting up the 
windmill was the key process, which involved the following steps: erecting the 
spindle (Fig. 13a and b), fixing the framework (Fig. 13c and d), setting up the 
transmission shaft and the SPCP, and tying and hanging the sails. After the 
framework was fixed, the SPCP was suspended and properly secured. The wind-
mill was then ready to be operated. A person and a buffalo were employed to run 
the windmill. When the buffalo was whipped and started to move, the person 
stood on the big gear and assisted in driving it, as shown in Fig. 13e.  

 
Fig. 12 Procedure of the assembling process and trial run 

Erecting Spindle 

Fixing SPCP and 
Transmission Shaft 

Pulling by one buffalo 

Hanging Sails 

Assembling Framework 

Trial Run by Wind 

the ground, performing a traditional worshipping ritual, setting up the windmill 

“Chinese Great Windmill” and Its Square-Pallet Chain-Pump 
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a) Erecting spindle                 b) Spindle’s iron needle and stone pedestal 

             

       
e)  Buffalo and driver                            f) Bound sails and brake rope 

Fig. 13  Main assembling process and trial run 

c) Fixing framework                           d) Framework and pump 

When tying and operating the sails, experience was necessary especially in 
adjusting the length of the control ropes in order to ensure the sails turned at optimal 
angles against wind. If the windmill encountered strong wind, the sail halyards 
would be pulled out from the framework and the sails would fall immediately. If 
the windmill had to be stopped, all sails had to be lowered first and tied to the 
framework, followed by fastening of the framework and pole respectively with a 
so-called brake rope to prevent the windmill from turning (Fig. 13f). 



  307 

 

The success of the assembling and trial run symbolized the accomplishment of 
the task of reconstructing a CGW, shown in Fig. 14. The assembling process took 
about 400 man-hours. 

 
Fig. 14 The reconstructed traditional CGW and Its SPCP in a field in Sheyang 

County, Jiangsu Province (2006) 

Conclusions 

CGWs and their SPCPs were traditional Chinese wind-driven mechanisms with 
appreciable size and complexity. They gradually disappeared on the coast of the 
Southeast China, quickly being replaced by compact, efficient and economical 
modern motor-pumps in the 1960–1980s. 

The CGWs and its SPCPs were regarded as “traditional” mechanisms not 
because they represented “pre-modern” devices but because of the ancient 
technical tradition and culture that they, their makers and users have inherited [8]. 
The aim of the reconstruction exercise was not just to preserve the implement but 
to understand and pass on the traditional techniques and the cultural heritage that 
came with it. 
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On the Mechanism Analysis of the Vertical Shaft 
Type Wind-Power Chinese Square-Pallet  
Chain-Pump 
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Abstract Vertical shaft type wind-power Chinese square-pallet chain-pumps are 
Chinese square-pallet chain-pumps that are powered by vertical-sail-type Chinese 
windmills (Chinese great windmills).  These apparatuses had been widely-used for 
raising water in agricultural fields and salt fields along the coast of China since the 
12th century until the 1980s, when they went completely extinct.  While there is a 
lack of detailed records of the techniques and craftsmanship used in building these 
chain-pumps, there still survive some master craftsmen who are skilled in design-
ing and building them, though most of them are quite old.  Following a plan for 
their revival, we have successfully preserved the dying technique and craftsman-
ship.  This article is an analysis of the mechanisms of these chain-pumps and the 
principles underlying their functionality based on our reconstruction research.  

H.-S. Yan, M. Ceccarelli (eds.), International Symposium on History of Machines  
and Mechanisms, DOI 10.1007/978-1-4020-9485-9_22,  
© Springer Science+Business Media B.V. 2009 

309

Tsung-Yi Lin 1 and Deng-Maw Lu 3 

Department of Mechanical Engineering, Southern Taiwan University, Tainan 710, 
Taiwan 
1 tylin@mail.stut.edu.tw                                                                                             
3 dmlu@mail.stut.edu.tw 

Baichun Zhang 2 and Lie Sun 4 

Institute for the History of Natural Science, Chinese Academy of Sciences,  
Beijing 100010, China 
2 zhang@mpiwg-berlin mpg.de                                                                                  
4 sunlie.ihns@gmail.com 



310      T.-Y. Lin et al. 

 

Keywords Reconstruction research, Vertical-sail-type Chinese windmills, Chi-
nese square-pallet chain-pump, Mechanism analysis 

Introduction 

The earliest record of the Chinese great windmills (i.e. vertical-sail-type Chinese 
windmills) was written in the Southern Song dynasty (circa the early 12th Cen-
tury) [1], which documented that they were used to power one or more Chinese 
square-pallet chain-pumps (龍骨水車) for irrigation or salt-making in areas along 
the coast of the mainland China (as Fig. 1 shows) [2–4].  With electrical and inter-
nal combustion engine-driven pumps growing more popular since the 1950s, how-
ever, these chain-pumps became completely obsolete in the 1980s [5–6]. 

In mid-July of 2006, the first real-size giant windmill to be seen in more than 20 

in the northern Jiangsu province in China using the traditional technical knowl-
edge gathered from field surveys and studies1 (as Fig. 2 shows). This completely 
functional structure, with a height of 8 m and a diameter of over 10 m, now stands 
on the campus of the Southern Taiwan University (as Fig. 3 shows) as a successful 
example of reconstruction research. 

Having been used for over hundreds of years, the design of the vertical shaft 
type wind-power Chinese square-pallet chain-pumps has been perfected and 
greatly simplified.  However, although scholars of history of technology attempted 
to keep alive their techniques and craftsmanship, the records on these chain-pumps 
in the forms of models and diagrams are of questionable verity as many of these 
records are based on conjectures, rather than real-size reconstruction manufactur-
ing [5–7].  With this reconstruction research on technological field surveys, we 
have collected a great amount of data to allow us to confirm the previous assump-
tions as well as making the necessary corrections.  We will analyze the structure 
and the mechanisms by dividing the structure into three components: a propulsion 
system, a transmission system, and a pumping system. 

 

years was successfully rebuilt and field-tested on an open field in Haihe (海河鎮) 

                                                 
1 The preliminary research for the “Reconstruction Research and Manufacturing of the Vertical Shaft 

Type Wind-Power Chinese Square-Pallet Chain-Pump” project was initiated in late 2002.  The field 
surveys went under way in April of 2004, and the actual building and field-testing were done be-
tween April and December of 2006.  The research was completed with funding from the Southern 
Taiwan University and the National Science Council (Taiwan).  It reconstructed the windmill in col-
laboration with CAS Institute for the History of Natural Science, whose help opens a door to future 
cooperative efforts between the two sides of the Strait in rescuing important cultural heritage. 
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Fig. 1  The vertical shaft type wind-power Chinese square-pallet chain-pump 

Fig. 2 The field-test of the vertical shaft type wind-power Chinese square-pallet 
chain-pump in Haihe in the northern Jiangsu province 

1 vertical-sail-type Chinese 2 transmission 3 Chinese square-pallet 

1 

2 

3 

 

windmill (立帆式大風車, 
Chinese great windmill )  

shaft (跨軸) chain-pump (龍骨水車) 
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Fig. 3 The vertical shaft type wind-power Chinese square-pallet chain-pump 

stands on the campus of the Southern Taiwan University 

Propulsion System 

The propulsion system, simply stated, is the windmill itself, which is basically a 
giant wood wheel held up horizontally to the other parts by a central spindle.  It 
functions by allowing sails to take on wind to rotate the wheel, which in turn turns 
the transmission shaft via a gear system. 

As Fig. 4 shows, the wheel is a framework made up of a set of rods arranged in 
the shape of an octahedron.  The spindle (車心), which is the windmill’s central 
axis, is also its main power control.  Its nickname, the Big General (大將軍), 
which is the popular name for the main mast of a Chinese sailboat, suggests that 
the idea for the windmill’s design came from sailboats.  The spindle is not only the 
largest part of the entire wheel, it is also the part that needs most processing since 
it is connected to the most parts as Fig. 4 shows.  As a result, the size and the ap-
pearance of the windmill are dependent on how the spindle is designed.  

Jointed to the level gear wheel (平齒輪) at the bottom of the spindle are eight 
spokes as Fig. 5 shows.  The two longer ones (通穿) pass through the spindle and 
the four shorter ones (支穿) are jointed to the spindle.  These spokes, along with 
eight hanging rods (掛) that are jointed to the horn (羊角) on the spindle and the 
longer cogs (掛棰, longer tooth) of the level gear wheel, are used to hold up the 
level gear wheel and share the burden of its weight. 



Chinese Square-Pallet Chain-Pump     313 

 

 
 

Fig. 4 The vertical-sail-type Chinese windmill 

There are eight base bars (柭擔) sitting on top of the level gear wheel at the 
bottom of the windmill wheel.  They are hooked to the crowbar ring (撬盤) on one 
end and are jointed to a mast on the other.  In the absence of wind, one of the base 
bars is unhooked from the crowbar ring and hung on the horn (hence its name 吊

柭擔, “suspension base rod”) to make enough space for a bubalus (水牛) to pull 
forward the wheel as Fig. 6 shows.  To lessen the bending force exerted on these 

The eight top spokes (撐心, “heart-supporter”) that are on the upper side of the 
wheel are hooked to the flat ring (花盤) on the top of the spindle on one end and 
are jointed to the iron tenon (鐵桅榫) of the upper mast on the other end (as Figs. 7 
and 8 show).  The masts are jointed by head hoops (箍頭) on the top end and are 
jointed by two crossing rods (剪) at the bottom, both of which are helpful in hold-
ing together the windmill wheel. 

1 mast  
(桅子) 

5 sail  
(帆篷) 

9 level gear wheel  
(平齒輪) 

2 head hoop  
(箍頭)  

6 frame 
(幢子木, 大柱) 

10 stone pedestal  
(車心石) 

3 bearing sleeve  
(將軍帽, “general’s hat”) 

7 base bar  
(柭擔) 

11 spindle (車心, 大將軍, 
“Big General” ) 

4 top spoke  
(撐心, “heart-supporter”) 

8 crossing rod  
(剪) 

12 steel wire (軟吊)  
or iron chain (鐵鏈) 

 

6 7 8 9 10 11 

1 2 3 4 5 

12 

bars, the outer end of each of these eight base bars is held up by a iron chain (鐵鏈) 
or a steel wire (軟吊), which is hooked to the steel bracelet (金剛鐲) on the upper 
end of the spindle.  
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Fig. 5  The installation of the level gear wheel 

 

Fig. 6  The design of the “suspension base rod” to make enough space 
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Fig. 7  The installation of the top spoke 

 

 

Fig. 8  The installation of the top of the mast 
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2 In the first model built in Haihe, only one extension cable was used to tie to the stone column on the 

nearby ground. 

A bearing sleeve (將軍帽, “general’s hat”) that is consisted of two wood blocks 
is placed near the shaft collar (鐵角, iron sheath) on the upper end of the spindle, 
as Fig. 9 shows.  It forms a sliding bearing system, which allows the spindle to ro-
tate freely in the circular hole in its center.  The bearing sleeve is held in place by 
tying four big cables (大纜) through the holes on the two iron latches (閂子) that 
hold together the two wood blocks.  The four cables have iron rings that can go 
onto the frame (幢子木).  From the iron rings two additional cables are extended 
downward and tied to iron pegs.2 Inserted at the lower end of the spindle is a bot-
tom pole (母轉, “female turn”) whose interaction with the iron needle (公轉, 
“male turn”) on the stone pedestal (車心石). It forms a bearing device (as Fig. 10 
shows), allows the spindle to spin freely atop the iron needle by minimizing the 
friction and the resistance generated by the rotation of the windmill while the iron 
needle upholds the windmill’s weight of more than 700 kg.  

The sails (風帆) on the windmill, like the leaves on the water wheels, are used to 
collect energy.  The design for the sails is inspired by the Chinese vertical sails 
(fore-and-aft sails).  There are eight masts and eight sails, allowing the windmill to 
be driven by winds from all directions without being influenced by any change in 
wind direction, thus making it a unique propulsion system as Fig. 11 shows.  Two 
kinds of materials were used to make sails in our research: cloth and bulrushes (蒲草, 
the stem or leaf of cattail).  The cloth sail has a length of 4 m and a width of 2 m. 
Because sails made of bulrushes are more permeable, the length is increased to 4.5 
m. On the surface of the sails there are in all ten bamboo sticks (蓬竹), which form 
the sail’s framework (桁骨) as Fig. 8 shows.  Each sail is hung on the mast by the 
use of rope handles (包桅, “mast wrapper”) and knots (蓬紐子, “bamboo button”). 
Tied to the top of each sail is a halyard (升帆索), which is hung above the pulley  
(鈴鐺) on the head hoop that connects two masts on top.  Tied to the halyard is a 
looped rope (力索) that can be tied to the base rods at the bottom of the windmill 
wheel, can be used to adjust the height of the sails of the windmill as sails on a boat. 
With the masts as the axes, the sails can be divided into a longer and a shorter side. 
The bamboo sticks that form the sail’s framework on the longer side has a sheet (帆
腳索) tied to it, and the other end of the sheet is tied to the neighboring mast and its 
crossing rods (剪).  The sheet is used to change the size of the windward surface.  
Thus, depending on the wind velocity, the halyard can be used to control the height 
of the sail and the length of the sheet to change the angle between the sail and the 
wind direction to control the rotation speed of the windmill.  If the wind is strong, 
the looped rope on the base rods at the bottom of the windmill wheel can be released 
one by one so that the sails are lowered gradually to keep the windmill from getting 
destroyed by the sudden drop in velocity. 
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Fig. 9  The bearing device of the top of the spindle 

 

Fig. 10  The bearing device of the bottom of the spindle 
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Fig. 11 a) The position of the sails while against the wind; (b) The bulrush 
sails and its rig 
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Transmission System 

 

 

Fig. 12  The installation of the gear mechanism 
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a) b)

The transmission system includes a gear mechanism, the transmission shaft, and a 
keeled chain drive (龍骨鏈條傳動). 

The gear mechanism is made up of a level gear wheel (平齒輪) and a “land 
gear” (旱撥) as Fig. 12 shows.  The level gear wheel is actually a big “spoke-type 
spur gear wheel” (輪幅式正齒輪) with 88 cogs (棰, tooth).  The diameter of its 
outer circumference is typically about 3.5 m. Because of its large size, its rim 
(車輞) is generally multiple-spline.  The body of the rim is made up of six arc-
shaped sections (大輞, large rim) that are jointed together by small wood arcs 
(小輞, small rim)  and are fastened by its cogs.  The rim is made from mulberry 
wood, whose large size, high density, and hard texture allow it to be processed 
multiple times.  The land gear is a vertical gear wheel that is shaped like a flat-
tened barrel.  It has 18 equally-distributed cogs on its side and is attached to near 
the end of the transmission shaft.  As the level gear wheel drives it to turn, it in 
turn rotates the transmission shaft. 

The transmission shaft interacts with the windmill and the pump through the 
aforementioned land gear (旱撥 , driven gear) and a water gear (水撥 , driving 
sprocket) attaching near its two ends, respectively.  An iron bearing (旱撥釧 and 水撥

釧) with an inner octagonal hole is attached by a trapezoidal wood block to each of the 
two ends of the transmission shaft (as Figs. 12 and 13 show).  The groove in its circu-
lar rim allows it to roll and spin freely on the bearing pedestal (遊子).  As with other 
traditional roller bearing systems, vegetable oil is often used when lubricating the 
groove, which makes meshing between gears tighter and the rotations more smooth.   

1 transmission shaft  
(跨軸) 

3 bearing pedestal  
(遊子) 

5 level gear wheel  
(平齒輪) 

2 land gear  
(旱撥, driven gear) 

4 iron bearing  
(釧,旱撥釧) 

6 spindle  
(車心) 
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Fig. 13  The installation of the land gear 
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Fig. 14  The installation of the small wheel (杌掇子) 
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The keeled chain drive is composed of the water gear, the keel chain (龍骨), 
and the small wheel (杌棳子, driven sprocket).  The water gear, rotated by the 
moving transmission shaft, is the “driving sprocket” of the system as its move-
ments drive the keel chain and the driven sprocket.  Both its main body and the di-
ameter of its center hole which the transmission shaft goes through are smaller 
than those of the land gear.  Unlike the cogs on the land gear, the nine water teeth 
(水齒) on the water gear are flat and wide.  The transmission system operates ba-
sically by having the chain-pieces (鶴子) meshing with the water gear and small 
wheel (i.e. the driving and the driven sprockets).  The upper parts (top land) of the 
water teeth of the water gear mesh with the notches on the tail end of the chain-
pieces, as Fig. 13 shows, while the upper parts of the water teeth of the small 
wheel mesh with the point where two connects, as Fig. 14 shows.  This form of 
meshing is seldom seen in the modern chain systems. 

The Pumping System 

The pumping system is essentially the chain transmission system plus the trough 
bucket (槽筒).  With its scraper chain transmission (刮板式鏈條傳動裝置), it is 
one of the most unique chain-pumps in the world as Fig. 15 shows.   

The water pump is composed of the trough bucket, the keel chain, the water 
gear, and the small wheel.  The tail of the trough bucket is hung from a wood tri-
pod, with the lower part of the small wheel immersed in the water, while its front 
section is connected to the water gear on land.  The rotation of the water gear 
causes the keel chain and the small wheel to move, allowing the square boards (柫
板) of the keel chain (龍骨) to continuously “pump” water. 

The trough bucket (槽筒) is box-shaped, with its width set to match with that of 
the square boards.  The trough bucket is divided into an upper and a lower section 
by a middle board (行柫), which prevents the moving square boards in the upper 
section from crashing into the square boards that take up water in the lower sec-
tion and thus halting the entire process.  The trough built for the reconstruction 
project measures 6 m in length, which is suitable to use with a higher water 
source.  Instead of being perfectly linear as most modern diagrams show, the 
trough is actually slight arched to reduce the space between the distance between 
the square boards and the bottom of the middle board to ensure the efficiency of 
the pumping system.  The small wheel at the tail end of the trough bucket has six 
water teeth, which are flat and wide like the water teeth on the water gear rather 
than rod-like as those on the land gear. 

The keel chain is made up of a series of interchangeable links.  Each link has four 
parts: a square board, a chain piece, a circular wood pin (梘子), and a smaller wood 
pin (逼柫).  The chain piece is a part of the transmission, the square board is a work-
piece. Thus, each link of the keel chain is that a transmission part is a workpiece too.   
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Fig. 15  The installation of the Chinese square-pallet chain-pump 

Each chain piece is convex in the front end and concave in the tail end, with a 
hole in each of the two ends.  A circular wood pin is inserted into the hole to hold 
two chain pieces together; it also allows the chain piece to be rotated at an angle.  
The square board is fastened by a smaller wood pin to the front end of the chain 
piece.  The tail end of the chain piece has a small notch, which the water tooth of 
the water gear can fit in to propel movement as Fig. 13 shows.  It is sometimes 
necessary to check if the water gear meshes with the keel chain and determine if 
the length of the chain is appropriate by doing a test run; and the extra chain 
pieces from the overlong chain can then be removed and used as spares.  Within 

a) 

       b) 

 

 

the trough bucket there is also a anti-reversing device (搭楔子), which prevents 
the chain from moving backward, thus ensuring that the windmill can move in one 
direction only. 
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Conclusions 

The vertical shaft type wind-power Chinese square-pallet chain-pump is the cul-
mination of the Chinese traditional irrigational technology.  It epitomizes China’s 
most representative and influential traditional technologies, encompassing knowl-
edge in woodwork, metalwork (casting and forging), sailing, mechanics, gear 
mechanism, bearing, rope/pulley and chain drive.  It further illustrates the most 
important characteristics of Chinese traditional technology: its innovativeness, 
generalizability, easy adaptedness to local conditions, and versatility.  As the tech-
niques and craftsmanship for these chain-pumps and Chinese great windmills are 
finally documented and preserved, their principles and mechanisms are also be-
coming better understood.  And as the full meaning behind the old folk song 
that [2] 

“The Big General stands imposingly against winds from all sides 

Each of its eight masts turns with the wind  

With a hat on top and a needle underneath  

It spins freely on both land and water, bringing water to everywhere. 

finally being fully appreciated, the knowledge gained from the reconstruction re-
search will no doubt keep the chain-pumps and Chinese great windmills alive well 
into the future. 
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Abstract This paper presents a systematic approach for the reconstruction of all 
possible topological structures of lost ancient Chinese mechanisms. This approach 
utilizes the idea of creative mechanism design methodology to converge the di-
vergent conceptions from the results of literature studies to a focused scope, and 
then applies the mechanical evolution and variation method to obtain feasible re-
construction design concepts that meet the scientific and technological standards 
of the subjects’ time period. Three examples, such as south pointing chariots, 
Zhang Heng’s seismoscope, and Su Song’s escapement regulator, are provided. 
 
Keywords Mechanism, Reconstruction synthesis and design, History of machin-

ery, Creative mechanism design 

Introduction 

In the long history of Chinese civilization, many ingenious machines were in-
vented. However, due to incomplete documentation and loss of finished objects, 
most of the original machines cannot be verified and many of the inventions did 
not pass down to later generations. In past years some reconstruction designs of 
lost machines in ancient China were brought into existence based on literature 
studies, and with or without the help of modern science and technology. However, 
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these designs were mainly based on personal knowledge and judgment, and the re-
sults may not be solidly functional and proven. Furthermore, very few scholars 
studied lost ancient machines, those with some literary records but without surviv-
ing hardware, especially based on a systematic approach. 

In the past several decades, some major methodologies were developed for the 
structural synthesis of mechanisms [1–3]. The objective here is to briefly present a 
systematic approach, based on a methodology for creative mechanism design 
[2,3], to re-generate the topological structures of mechanisms of lost ancient ma-
chines that are consistent with historical records and the levels of ancient technol-
ogy and craftsmanship subject to design specifications, requirements, and con-
straints [4]. 

Procedure of Reconstruction Synthesis 

Figure 1 shows the procedure of reconstruction synthesis [4]. It includes the fol-
lowing four steps: 
 

Topological characteristics 

Historical Archives

Design Specifications 

Generalized Kinematic Chains

Specialized Chains

Reconstruction Designs

Design requirements and constraints 

Ancient science and technology 

Number synthesis 

Specialization 

Topological characteristics 

Historical Archives

Design Specifications 

Generalized Kinematic Chains

Specialized Chains

Reconstruction Designs

Design requirements and constraints 

Ancient science and technology 

Number synthesis 

Specialization 

 
Fig. 1  Procedure of the reconstruction synthesis [4] 
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Step 1. Develop design specifications of the mechanism of the lost machine based 
on the study of available historical archives, and conclude the topological 
characteristics of the mechanism. 

Step 2. Obtain the atlas of generalized kinematic chains with the required numbers 
of members and joints as specified in Step 1, based on the algorithm of 
number synthesis. 

Step 3. Assign required types of members and joints to each generalized kinematic 
chain obtained in Step 2, and based on the process of specialization, to 
have the atlas of specialized chains subject to concluded design require-
ments and constraints. 

Step 4. Particularize each specialized chain obtained in Step 3 into its correspond-
ing schematic format to have the atlas of reconstruction mechanisms that 
meet the science and technology standards of the subject’s time period by 
utilizing the mechanical evolution and variation theory to perform a 
mechanism equivalent transformation. 

The reconstruction of ancient machines requires exhaustive literature study to 
clearly recognize and define the problem in order to develop design specifications. 
It is also important to be familiar with the available science and technology of the 
subjects’ time period. Mechanical elements and mechanisms of lost ancient ma-
chines may be different in different dynasties. Based on the developed design 
specifications or by studying the topological characteristics of mechanisms of 
available existing designs, design requirements and constraints can be concluded. 
They are normally identified based on technology reality and designers’ decisions. 
Different design requirements and constraints result in different atlases of special-
ized chains. 

The second step of the reconstruction synthesis methodology is to obtain the at-
las of generalized kinematic chains with the required numbers of members and 
joints as specified in the concluded topological characteristics of mechanisms [2, 
5]. A generalized joint is a joint in general; it can be a revolute joint, spherical 
joint, or some others. A generalized link is a link with generalized joints; it can be 
a binary link, ternary link, and etc. A generalized kinematic chain consists of gen-
eralized links connected by generalized joints. It is connected, closed, without any 
bridge-link, and with simple joints only. The topological structure of a generalized 
kinematic chain is characterized by the number and the type of links, the number 
of joints, and the incidences between links and joints. 

The core concept of this methodology is specialization [2, 6]. The process of 
assigning specific types of members and joints in the available atlas of generalized 
kinematic chains, subject to certain design requirements and constraints is called 
specialization. And, a generalized kinematic chain after specialization is called a 
specialized chain. 

In what follows, three examples for the reconstruction synthesis of the topo-
logical structures of mechanisms of lost ancient Chinese machines are presented 
based on the process shown in Fig. 1. 
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South Pointing Chariots  

Yan Su’s south pointing chariot, reconstructed by Z.D. Wang [10], contains 
ropes and pulleys for pulling the gears. In fact, in ancient China, the developments 
of labor-saving devices were very mature and had various applications, especially 
the rope-and-pulley mechanisms. Besides, the friction wheels have the function of 
transmitting continuous rotational motion and the advantage of simplicity in struc-
ture. Therefore for the reconstruction synthesis of the fixed-axis wheel south 
pointing chariots with ropes, pulleys, gears, linkages and friction wheels, design 
specifications are defined as: 
1. The number of links is four. 
2. The degree of freedom is one. 
3. The mechanical components are links, gears and frictional wheels. 

For a planar mechanism with one degree of freedom and four links (three 
members and one rope), the number of joints is five (one joint with two degrees of 
freedom, two joints with one degree of freedom and two fixed joints). Therefore, 
the generalized kinematic chain has four links and five joints, Fig. 2a. 

Here, the design requirements and constraints of the rope and fixed joint are: 
1. The rope must be a binary link. 
2. The rope can not be adjacent to the frame. 
3. Any joint incident to the rope must be a fixed joint. 

And, only the link which is not adjacent to the frame can be assigned as the 
rope. Two results are obtained as shown in Fig. 2b. 
 

Many ancient Chinese legends refer to the mysterious invention of the south point-
ing chariots. And, there were various literary works regarding south pointing 
chariots in different dynasties in ancient China [4,7,8]. An important one is as fol-
lows [9]: The south pointing chariot originated from the Yellow Emperor. During 
the battle of Zhuolu, Chi You conjured up thick fog that blurred the vision of the 
Yellow Emperor’s men. The Yellow Emperor thus invented a south pointing char-
iot to find direction, and captured Chi You.『指南車起於黃帝。與蚩尤戰於涿

鹿之野，蚩尤作大霧，兵士皆迷，於是作指南車以示四方，遂擒蚩尤。』 
According to legend and historic records, it was said that Yellow Emperor (黃帝, ~ 

2697–2599 BC) successfully invented south pointing chariots. However, they were not 
recorded in official literature and there was not enough evidence to support the argu-
ment. South pointing chariots appeared in some official literature from the time of the 
Three Kingdoms (220–280 AD) to the Jin Dynasty (1115–1234 AD). A solid design 
by Ma Jun (馬鈞) first appeared in the era of Three Kingdoms. And, there were two 
detailed records about the exterior shape and the interior structure of south pointing 
chariots in Song Shi《宋史》, including one design by Yan Su (燕肅) in 1027 AD 
and another by Wu De-ren (吳德仁) in 1107 AD. No records regarding south pointing 
chariots were found after the Yuan Dynasty (1206–1368 AD). 
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a) Generalized chain 

 

 
b) Specialized chains 

Fig. 2 Atlases of generalized kinematic chains and specialized chains of south 
pointing chariots 

Based on the process of specialization, the characteristics of members and 
joints are assigned. The simplest solution with a direct connection is chosen. As a 
result, six specialized chains are obtained. Figure 3 shows the corresponding de-
sign concepts from the atlas of specialized chains, in which Fig. 3e is Wang’s de-
sign. And, Fig. 4 shows a physical reconstruction design of differential type south 
pointing chariots [7]. 
 

 

Fig. 3  Synthesized mechanisms of south pointing chariots 
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Fig. 4  A reconstruction design of differential type south pointing chariot [7] 

Zhang Heng’s Seismoscope  

Researches in the relevant literature show that the earliest seismoscope named 
Hou Feng Di Dong Yi (候風地動儀) was invented by Zhang Heng (張衡) in the 
Eastern Han Dynasty (25–220 AD) [4,11,12]. This instrument was designed to in-
dicate not only the occurrence of an earthquake but also the direction to its source. 
The historic records in the Biography of Zhang Heng in the History of the Later 
Han Dynasty《後漢書·張衡傳》 [13] are the most complete ones about Zhang 
Heng’s seismoscope, such as the following description: …The instrument was cast 
with bronze. The outer appearance of it was like a jar with a diameter around 
eight chi. The cover was protruded and it looked like a wine vessel. … There was 
a du zhu (a pillar) in the center of the interior and eight transmitting rods near the 
pillar. There were eight dragons attached to the outside of the vessel, facing in the 
principal directions of the compass. Below each dragon rested a toad with its 
mouth open toward the dragon. Each dragon’s mouth contained a bronze ball. 
The intricate mechanism used was hidden inside the device. When the ground 
moved, the ball located favorably to the direction of ground movement would drop 
out of the dragon’s mouth and fall into the mouth of a bronze toad waiting be-
low. … The direction faced by the dragon that had dropped the ball would be the 
direction from which the shaking came. …『… 以精銅鑄成，圓徑八尺，合蓋
隆起，形似酒尊，…。中有都柱，傍行八道，施關發機；外有八龍，首銜銅
丸，下有蟾蜍，張口承之。其牙機巧制，皆隱在尊中，覆蓋周密無際。如有

地動，尊則振、龍機發、吐丸，而蟾蜍銜之。振聲激揚，伺者因此覺知。唯
一龍發機，七首不動，尋其方面，乃知震之所在。… 』 

However, the records that have passed down through history give a detailed ac-
count only of the outside of the instrument, Fig. 5 [14]; and with very few practi-
cal details regarding the mechanism inside the instrument, except for noting that 
inside there was a central pillar named du zhu (都柱) which was capable of lateral 
displacement along tracks in eight directions, and so arranged that it would oper-
ate a closing and opening mechanism. 
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Fig. 5  External appearance of Zhang Heng’s seismoscope [14] 

Based on the study of historical archives, the design specifications of Zhang 
Heng’s seismoscope can be defined as: 
1. There is one pillar in the center of interior and eight transmitting rods near the 

pillar. 
2. The basic concept that a switch ball located on the top of the pillar is adapted. 

And, when an earthquake occurs, the switch ball can move on the transmitting 
rod. 

3. The design must detect the direction of the first motion, no matter whether it is 
compressing or expanding. 

4. There are eight devices in the design to detect eight principal directions. Each 
device has an interior mechanism as a seismometer inside and a recording sys-
tem outside. 

5. Each interior mechanism has a pillar as the ground link, a sensing link to re-
spond to ground shake, a lever mechanism as a magnifier, and a transmitting 
rod at least. It is a planar mechanism with one degree of freedom. 
And, the design requirements and constraints are: 

1. It has a pillar as the frame in the center of the interior, and it has eight transmit-
ting rods as channels near the pillar. 

2. The switch ball which can move on the transmitting rod is held with the eight 
transmitting rods on the top of the pillar. 

3. The design must detect the first motion of P-waves, no matter if it is compress-
ing or expanding. 

4. There are eight devices in the eight principal directions of the design. Each de-
vice has the interior mechanism as a seismometer and a recording system. 

5. Each interior mechanism has at least a ground link, a sensing link, a connecting 
rod, a lever arm, and a transmitting rod. 

6. It is a planar mechanism with one degree of freedom. 
For the reconstruction synthesis of feasible mechanisms of Zhang Heng’s seis-

moscope with a rope-and-pulley and with six members and eight joints, the design 
consists of a ground link (1), a sensing link (2), a pulley (3), a rope (4), a lever arm 
(5), a transmitting rod (6), a prismatic joint, a wrapping joint, a pin-in-slot joint, 
and five revolute joints. 

Based on the procedure of reconstruction synthesis shown in Fig. 1, six interior 
mechanisms are synthesized, Fig. 6. And, Fig. 7 shows one of the reconstruction 
designs. 
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Fig. 6  Synthesized interior mechanisms Zhang Heng’s seismoscope 
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Fig. 7  A reconstruction design of Zhang Heng’s seismoscope [4] 

Su Song’s Escapement Regulator  

Su Song (蘇頌) of the Northern Song Dynasty invented a water-powered armillary 
sphere and celestial globe (水運儀象臺) around year 1088 AD, Fig. 8 [4,15–17]. 
This device was working based on a water-powered mechanical clock with an es-
capement regulator. Literary records are available for this invention, but unfortu-
nately surviving hardware is lacking. However, several reconstruction designs 
have existed in the past century. 
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Fig. 8  Su Song’s clock tower and escapement regulator [17] 

Su Song wrote a book named New Design for an Armillary Sphere and Celes-
tial Globe《新儀象法要志》during the period of 1088–1096 AD, documenting in 
detail the structure, components, and diagrams of the motion and structure of the 
water-powered clock tower. The book enabled the escapement regulator using the 
waterwheel and steelyard clepsydra mechanism to be handed down to future gen-
erations. The book read [17]: The constant-level tank had a water-level marker. 
Water was lifted to a reservoir and poured into the upper reservoir. A constant-
level tank was used to regulate water flow to maintain constant the speed and 
amount of water flowing from the upper reservoir. Water then flowed into the wa-
ter-receiving scoops on the driving wheel. Since the water flow was maintained 
constant throughout the day, accurate time measurement was ensured. … A lower 
balancing lever and a lower weight were located above the stopping tongue of the 
upper balancing lever. A free-spinning axle was located at the center of the lower 
balancing lever, which was held in place by two plates installed at the crossbar 
located at the north-south direction of the stand holding the constant-level tank. 
The tip of the lower balancing lever was a checking fork, which alternately 
checked and released the water-receiving scoops on the driving wheel. The lower 
weight was located on the opposite end of the lower balancing lever, which would 
rise or lower itself in accordance with the amount of water inside the water-
receiving scoop.『平水壺上有準水箭，自河車發水入天河，以注天池壺。天

池壺受水有多少緊慢不均，故以平水壺節之，即注樞輪受水壺，晝夜停勻時
刻自正。… 樞衡、樞權各一，在天衡關舌上，正中為關軸於平水壺南北橫
桄上，為兩頰以貫其軸，常使運動。首為格叉，西距樞輪受水壺，權隨於衡

東，隨水壺虛實低昂。』 
The development of ancient Chinese escapement regulators lies in the knowl-

edge of clepsydra and lever technologies. In ancient China, applications of clepsy-
dra and lever mechanisms were ubiquitous, with steady improvements in the struc-
tures, forms, and accuracy documented in historical records. The clepsydra, 
utilizing the steady flow of water from a reservoir and an arrow to indicate time, 
was the predominant timer used in ancient China. As for their structures, the float-
ing clepsydra and the steelyard clepsydra were the two major types. The most 
popular lever mechanisms in ancient China were the jie gao (桔槔, a labor-saving 
lever with unequal arms) and heng qi (衡器, a weighing apparatus). An escapement 
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can be made by integrating the jie gao as a force amplifier and the heng qi as a 
weight comparator to control the motion of the waterwheel. Thus, the design 
specifications of a water wheel steelyard-clepsydra device can be defined as: 
1. It is an escapement regulator. 
2. It has a waterwheel. 
3. It has an independent input that has an isochoric and intermittent motion. 
4. It has an escapement that can control the waterwheel motion. 

And, the characteristics of the topological structure of this design are concluded as: 
1. It is a planar six-bar mechanism with eight joints. 
2. It has a ground link (member 1), a waterwheel (member 2), an upper balancing 

lever (member 3), a connecting rod (member 4), an upper stopping tongue 
(member 5), and a water-receiving scoop (member 6). 

3. It has one upper stopping joint, one cam joint, and six revolute joints. 
4. It has one degree of freedom. 
5. It has one ground link with multiple incident joints. 

Based on the procedure of reconstruction synthesis shown in Fig. 1, eight fea-
sible designs for the waterwheel steelyard-clepsydra device with four-bar linkage 
are synthesized, including the original design shown in Fig. 8; and four of them 
are shown in Fig. 9. Furthermore, Fig. 10 shows a physical reconstruction design. 
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Fig. 9  Four feasible designs of the waterwheel steelyard-clepsydra device 

 
Fig. 10 A reconstruction design of Su Song’s waterwheel steelyard-clepsydra 

device [4] 
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Conclusions 

This work is devoted to presenting an innovative methodology in the area of me-
chanical historiography for the systematic reconstruction synthesis of all possible 
topological structures of mechanisms of ancient Chinese machines that have been 
lost to time. If the concluded design specifications, topological characteristics, and 
design requirements and constraints are feasible, one of the resulting reconstruc-
tion designs should be the original concept. Such an approach provides a logical 
tool for historians in ancient mechanical engineering and technology to further 
identify the possible original designs according to proven historical archives. 
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Abstract Since the widespread introduction of laparoscopic cholecystectomy in 
late 1989, the minimally invasive surgery (MIS) has been rapidly developed and 
applied to many classes of traditional surgeries. Along with the germination of the 
first surgical robot in 1985, it was not until April 1991 that the first robotically-
assisted MIS was clinically applied to patients in a minimally invasive prostate 
surgery. Therefore, this paper is devoted to reviewing the development of robotics 
from the perspective of kinematics in MIS during the past twenty years taking ac-
count of the kinematic structures of the manipulator design of the robots. An ex-
clusively kinematic geometry, namely the “remote center-of-motion”, for MIS is 
reviewed by which a classification of MIS robots is concluded. 
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Minimally Invasive Surgery (MIS) is a type of surgery whereby the surgical opera-
tion is done through small incisions. It has been rapidly developed since the intro-
duction of laparoscopic cholecystectomy in late 1989 [1]. The basic operation 
concept of MIS is to insert the surgical instruments, e.g., the laparoscope, endo-
scopic camera, etc., into patient’s body through small incisions so that the surgical 
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operations can be implemented inside the patient’s body at the proximal end of the 
tools that are maneuvered by surgeon’s hands outside patient’s body. Compared to 
open surgery, MIS has many advantages such as reduced risk of infection, less 
pain, bleeding and scarring, shorter hospitalization, and reduced recovery time, 
etc. It hence gradually became popular and dramatically replaced many traditional 
surgical procedures in open surgeries. Currently, the MIS are widely used in the 
fields such as endoscopy, percutaneous surgery, laparoscopic surgery, keyhole 
surgery, and microsurgery, etc. 

Along with the fine development of hands-on surgeries, the surgical robots 
have been introduced to assist surgeons performing various surgeries for the past 
two decades. Compared to the hands-on surgeries, the robotically assisted surgery 
is a more precise operation that minimizes any potential damages which may be 
incurred from the negligence of surgeon’s hands. A rigorous definition of “surgi-
cal robot” provided by Davies [2] states that “the surgical robot would be a pow-
ered computer controlled manipulator with artificial sensing that can be repro-
grammed to move and position tools to carry out a range of surgical task”. Briefly 
speaking, the surgical robot is a robotic manipulator which is used to assist sur-
geons to perform the surgical operations. Historically, the first surgical robot ap-
pears to be introduced by Kwoh who in 1985 used a standard industrial robot 
PUMA 560 to hold a fixture next to the patient’s head to locate a biopsy tool for 
neurosurgery [3]. Since then, many surgeries began to attempt surgical robots as 
the assistive devices in operation rooms. 

While MIS was thriving since 1989 and surgical robots was introduced in 1985, 
the first robotically assisted MIS was performed in 1991 by a robotic system 
“Probot”. The Probot was developed based on a laboratory study at Imperial Col-
lege London, UK and was clinically applied to patients in April 1991 in a minimal 
invasive prostate surgery [2]. After this work, a large number of MIS robots were 
continuously revealed, including the renowned da Vinci surgical system which 
was proposed in 1999 by Intuitive Surgical Inc., USA. Thus following the rapid 
development in the past years, the robotically assisted MIS have been widely ac-
cepted by worldwide surgeons and patients nowadays. 

Distinguished from industrial robots, safety is a crucial design issue for surgical 
robots. Particularly in MIS, a special surgical geometry is exclusively presented to 
which the MIS robot should adhere to guard safety. In an MIS, the surgical in-
strument, usually held by a robotic wrist, is moved with relatively large angular 
mobility about a single point or within a limited spatial volume. In laparoscopy, 
for example, the instrument pivots at the point at which they enter the patient’s 
body. Such constraint enforces the surgical tool being manipulated with four de-
grees-of-freedom (DOF), including three rotational DOFs pivoted at a point and 
one translational DOF whose axis moves through this point. This design consid-
eration has inspired researchers to design the MIS robots to articulate a mecha-
nism that can mechanically decouple rotational and translational motions of tools 
at a point some distance from the mechanical structure of the robot. This mecha-
nism is so-called the “remote center-of-motion (RCM)” mechanism [4]. The RCM 
mechanism thus plays a principal role in the kinematic design of MIS robots. 
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This paper is, therefore, devoted to the review of robotics for minimally inva-
sive surgery taking account of the kinematic design of the robotic manipulators. 
First, the historical development of MIS robots is introduced. Then, the special 
surgical geometry of MIS is presented, followed by the derivation of the remote 
center-of-motion mechanisms. Finally, the kinematic structures of the developed 
MIS robots are analyzed based on the embedded remote center-of-motion mecha-
nisms. It should be noted that while a surgical robotic system may involve a group 

The History of Robotics for Minimally Invasive Surgery 

of automation devices such as the control system, sensing system, imaging system, 
etc., the discussion addressed in this paper focuses mainly on kinematic structures 
of the robotic manipulators. 

In review of the development of robotic surgery, most MIS robots were exclu-
sively dedicated to the specific operations in MIS, majorly to endoscopic and 
laparoscopic surgeries. Even though there were perhaps some unpublished trial 
works that had been attempted in the early vintage, the earliest feasible models of 
MIS robots may be found in 1991 as we track the historical records of the devel-
opment in commercial products and laboratory studies for MIS. 

The commercial products of MIS robots was attributed to a dominated position 
promotion of robotically assisted MIS. Historically, the Computer Motion Inc., a 
US medical robotics company, could be regarded as the pioneer in promoting 
robotically assisted MIS. Founded in 1990, Computer Motion developed the first 
commercial MIS robotic systems in 1992 and performed its clinical application in 
laparoscopic cholecystectomy in 1993. In addition to Computer Motion’s devel-
opment, the Intuitive Surgical Inc., which is also a world-leading organization in 
producing MIS robots, announced the well-known da Vinci surgical system in 
1999. The birth of da Vinci surgical system presents a milestone in robotically 
assisted MIS and it makes the MIS robots being widely marketed to the hospitals 
around the world. It promotes the robotically-assisted MIS as a prevailing surgical 
fashion. 

Apart from the development of commercial products, some other distinguished 
laboratory studies of robotically assisted MIS had been conducted even several 
years earlier than the origination of commercial MIS robots. As early as in 1987 
Imperial College London’s Probot was designed, its clinical test was completed in 
1991. This work is worth to be noted that it should be documented as the earliest 
MIS robot which has successful clinical application. Followed by this work, sev-
eral laboratory studies were substantially started in developing the robots for vari-
ous MIS applications. 

In what follows, the history of robotics for MIS is reviewed in details. Both of 
commercial products and laboratory studies are described in parallel. Some nota-
ble works and milestones are of interests. 
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AESOP 
The first commercial MIS robot in the world appears to be the AESOP (Auto-
mated Endoscopic System for Optimal Positioning) [5] in Fig. 1. In 1990, Com-
puter Motion Inc., an US medical robotics company, was established in California, 
and the AESOP was their first major product developed in 1992. The AESOP is 
an endoscopic robot system for holding cameras in MIS that improves the prob-
lems of fatigue and hand tremor in traditional hands-on surgery. Its first clinical 
operation was done for a laparoscopic cholecystectomy in August 1993. It became 
the first medical robot approved by the FDA (Food and Drug Administration, 
USA) one month later [6]. 

 

 
Zeus 
In 1995, Computer Motion began to investigate robotic solutions to other prob-
lems posed by laparoscopic surgery. They started to focus on the development of a 
master-slave robotic system for MIS. In 1998, by combining three modified 
AESOP arms into a whole, they announced the Zeus [7], which is a new telero-
botic surgical system as shown in Fig. 2. Unlike AESOP, Zeus is a master-slave 
robot comprising of two parts, the master console and the slave robotic arms. The 
surgeon sits at the master console while manipulating the ergonomically designed 
controls. The surgeon’s movements are translated and digitized by the computer 
system that allows controls of the slave robot arms even over distances of hun-
dreds of miles. Three separate robot arms are attached to the operating table inde-
pendently. One arm holds the camera and is essentially an AESOP. The other two 
hold surgical instruments that articulate near their tips with six DOFs [6]. 

        
a) Console                       b) Robot arms 

Fig. 2 Zeus surgical system, Computer Motion Inc., 1998 [8] 

Fig. 1  The first commercial MIS robot: AESOP, 1992 [5] 
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founded in California in 1995. In January 1999, drawn from the researches of IBM 
and the Massachusetts Institute of Technology, Intuitive Surgical launched the da 
Vinci surgical system [9], Fig. 3. In 2000, it was cleared by the FDA for general 
laparoscopic surgery. Similar to Zeus, the da Vinci is also a master-slave robotic 
system in which the console part is provided for surgeon’s manipulation and the 
slave part comprising of four robot arms is controlled to execute surgical operation. 
The four robotic arms are with two control strategies in which two are telemanipu-
lated by surgeon and the other two are passive control by human assistants. In 
2003, Intuitive Surgical merged with Computer Motion to form a global leader of 
robotically assisted MIS. Today, da Vinci surgical system has become the most 
widespread MIS robot around the world. 
 
Notable Laboratory Studies 
Along with the commercial products, there are some notable laboratory studies 
that are worth to mention in the history of robotics for MIS. 

Before the germination of AESOP, some academic and industrial institutions 
had motivated their researches on robotically assisted MIS as early as in 1987, 
with Davies and his research group’s “Probot” project on a preliminary feasibility 
study with manually powered robotic system on forty patients, Fig. 4a. It was not 
until April 1991 that an earlier generation of the Probot was powered under com-
puter control with clinical application to five patients [10]. In addition to the Pro-
bot project, Davies el al. also proposed another MIS robot in 2000 specifically 
used for neurosurgery, Fig. 4b [11]. 

        
a) Console                          b) Robot arms 

Fig. 3  Da Vinci surgical system, Intuitive Surgical Inc., 1999 [12] 
 

             
 a) Probot, 1991    b) Neurobot, 2000  

Fig. 4  Two MIS robots developed by Imperial College London, UK [10,11] 

da Vinci 
In parallel with Computer Motion’s business, the Intuitive Surgical Inc. was 
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Fig. 5 Three MIS robots developed by Johns Hopkins University/IBM, USA [13–15] 
 

was developing in collaboration with Johns Hopkins University a telerobotic assis-
tant for laparoscopic surgery (LARS) [13] in Fig. 5a around 1995. Taylor then 
joined Johns Hopkins University as a professor in September 1995 and proposed 
another MIS robot as “Steady-Hand” in Fig. 5b for extending a human’s ability to 
perform small-scale manipulation required by microsurgery [14]. In 1998, he and 
his colleague Stoianovici further designed the PAKY-RCM robot in Fig. 5c for 
percutaneous access surgery [15]. 

been conducted since 1991 by Eberhard Karls University with collaboration from 
Karlsruhe Research Center, and the results were published in 1996 [16]. A master-
slave robotic system Fig. 6a was designed with two robotic arms which hold two 
steerable laparoscopic instruments. In Japan, the University of Tokyo proposed a 
needle insertion manipulator for CT-and MR-guided stereotactic neurosurgery in 
1998 [17] and a robotically-assisted laparoscopic surgery in 1999 [18] as in Fig. 6b. 
In France, a new robot namely “MC2E” was devoted by the University of Paris in 
2004 for the laparoscopic surgery [19] in which the manipulation force can be 
measured, Fig. 6c. In summary to the above results, Fig. 7 shows the chronology 
and the geographical distribution of some developed MIS robotic systems around 
the world. 

     
a)                                          b)                                                    c) 

Fig. 6 Examples of MIS robots developed in Germany, Japan, and France. 
(a) ARTEMIS, Germany, 1996 [16]; (b) University of Tokyo, Japan, 
1999 [18];  (c) MC2E, France, 2004 [19] 

    a) LARS, 1995  b) Steady-Hand, 1999    c) PAKY-RCM  

In parallel with Davies’ efforts, Taylor who was working at IBM in USA 

In addition to the pioneering works from England and America, the study of 
robotically assisted MIS at other areas started to surface several years later. In 
Germany, a project “ARTEMIS” for designing a robot for endoscopic surgery had 
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Fig. 7  Chronology and geographical distribution of sample MIS robotic systems1 

Remote Center-of-Motion Mechanisms 

Before discussing the kinematic structures of MIS robots, a special mechanism called 
the “remote center-of-motion mechanism” is worth to pay attention. In what follows, 
the DOFs of the surgical tools required by general MIS operations are discussed. It 
follows with the discussion of the remote center-of-motion mechanisms. 

 
Surgical Tool DOFs 
The most distinguished characteristic of an MIS operation is that the surgeon 
needs to maneuver the surgical tools working with large angular mobility about a 
single point or within a limited small spatial volume. In laparoscopic surgery, for 
example, a surgical instrument is inserted into patient’s body through a small tro-
car inserted into the abdominal wall at which the instrument is pivoted at the tro-
car. This arrangement forms a “fulcrum effect” at patient’s abdominal wall (or 
skin) that the instrument has only four DOFs (three rotations and depth of penetra-
tion) centered at the entry point. Only very constrained lateral motions are accept-
able that they are almost ignored when considering the mobility of the surgical in-
struments for MIS. Figure 8 illustrates the active four DOFs in a laparoscopic 
surgery. As one can see, the three rotational DOFs, usually called the pan-till-spin 
motions or the roll-pitch-yaw motions used in kinematics, are centered at the tro-
car point; the only one translational DOF, dedicated to the insertion and retraction 
for the tool, moves through the point at which the rotations are pivoted. 

                                                 
1 Detailed information of the denoted robotic systems refers to Table 1. 
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Fig. 8  Mobility of an MIS surgical tool—example in laparoscopic surgery 
 
Remote Center-of-Motion (RCM) 
The particular mobility required by the MIS surgical tools are of course an impor-
tant factor in determining its manipulator design. This led the researchers to de-
velop mechanisms that can naturally (mechanically) decouple rotational and trans-
lational motions of tools at a point some distance from the mechanical structure of 
the robot. To come up with this, the concept of remote center-of-motion (RCM) 
[4] was devised. The remote center-of-motion of a mechanism is geometrically a 
point at which one or more rotational motions are centered and these motions are 
under “remote-control” by the mechanism. The “remote-control” may be realized 
as that the controlled point is not located on the mechanism—it locates elsewhere 
outside the mechanism. With correspondence to the MIS operation, the RCM 
could be located at none other than somewhere on the surgical instrument, and, of 
course, will be coincident to the entry point of the tool. This design makes the 
possibility for MIS robots that the robot can work with large workspace outside 
patient’s body but the holding instrument naturally keeps the pivoted motions 
when operating. It also simplifies the control of manipulators and automatically 
avoids the potential hazard both for the surgeon and patient caused by any control 
or coordination failure. For instance, Fig. 9 is an RCM robot for ultrasonography. 
One can image that no matter what the robotic arm is posturing, the ultrasound 
probe is always pivoted at the entry point on throat subject to the special arrange-
ment of the RCM mechanism. 

 
Fig. 9  The remote center-of-motion robot for ultrasonography [20] 
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Kinematic Structures of MIS Robots 

It should be reminded that for a general MIS operation the mobility of the sur-
gical tool is required by three pivoted rotations plus one translation though some-
times they are not all needed by some specific MIS procedures. In most MIS ro-
bots, whether they are serial- or parallel-type, the manipulator generally provides 
only two pivoted rotations (till and pan) for the RCM. The other two DOFs (spin 
and depth of penetration) are in general achieved by the motors instrumented on 
the surgical tool itself. 

Based on the mechanism types, the RCM mechanisms used for MIS robots can 
be classified by eight types as isocenters, circular tracking arcs, parallelograms, 
synchronous belt transmission, spherical linkages, parallel manipulators, compli-
ant mechanisms, and passive RCMs. Each type is introduced as follows. 

Isocenters 
The most intuitive and the easiest design for producing pivoted motions is the use of 
isocenters.  Isocenter is conceptually composed of a circular ring for constraining an 
object which moves inside the ring. From the viewpoint of kinematics, the contact 
between the isocenter and the guided object can be regarded as a 4-DOF pin-in-ring 
joint as Fig. 10a. Figure 10b shows an example of isocenter-based RCM mechanism 
used in the robotic arms of the Zeus surgical system [7] (also see Fig. 2). Under the 
kinematic constraints from the guiding robotic arm and the isocenter, the Zeus’ 
RCM mechanism has 3 DOFs, i.e., three rotations pivoted at its RCM point. 

Circular Tracking Arcs 
The structurally simplest way to produce RCM mechanisms is to use circular track-
ing arcs. The fundamental concept is to provide a circular track as the base and let a 
passive member sliding on it. Accordingly, a 1-DOF RCM can be found in the cur-
vature center of the track. Figure 11a shows the concept of this design. Furthermore, 
if the tracking arc is pivoted to the base by a revolute joint whose axis passes 
through the RCM point, an additional rotational DOF will be added to the RCM 
point, Fig. 11b. The Probot (Fig. 4a) use this concept as its RCM mechanism. As 
shown in Fig. 12a, Probot uses a double circular tracking arcs mechanism to gener-
ate a 2-DOF RCM. The mechanism is connected by a slider that serves as the posi-
tioning arm for the system. Another example is the UT-NEU which was developed 

From the viewpoint of kinematic structures, most MIS robots are constructed by two 
patterns. One is using a serial-type manipulator as the positioning arm and attaching 
an RCM mechanism to its end as a wrist, while the other is using a parallel-type ma-
nipulator that possesses the feature of RCM mechanisms. For the serial-type, the 
surgical tool is held by the robotic wrist whereby the RCM function can be achieved 
solely by the kinematic constraint of the RCM mechanism. For the parallel-type, the 
surgical tool is instrumented on the moving platform and the RCM function is 
achieved by either suitable control of platform legs or the kinematic constraint of the 
platform. From the review, almost all developed MIS robots are serial-type that 
require less working volume and have greater angular orientation and their RCM 
function could be separately designed form the robot coordination. 
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by University of Tokyo for neurosurgery, Fig. 12b. A 3-DOF positioning table is 
used as its positioning arm and a 2-DOF RCM circular tracking arc is adopted as the 
RCM mechanism. An additional translational motion for the surgical tool is pro-
vided by the motor which is instrumented on the holder of the surgical tool. It can be 
found that the generated rotations at the RCM point for this type of RCM mecha-
nisms are decoupled, i.e., each rotation can be controlled independently. 
 

                 

 

Fig. 11  Fundamental concepts of RCM mechanisms using circular tracking arcs 
 

       
                               a) Probot                                                     b) UT-NEU  
Fig. 12  Two MIS robots using circular tracking arc RCM designs [10,17] 
 

Isocenter
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X

1-DOF RCM

Tracking
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Guided Link 
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Fig. 10  An MIS robot using isocenter RCM design  
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Parallelograms 
The most familiar RCM mechanism used by MIS robots appears to be the paral-
lelogram-based design. Figure 13 shows the basic concepts of generating an RCM 
via the parallelograms. In Fig. 13a, based on the combination of two parallelo-
grams, the RCM can be located at the point where two adjacent sides of the either 
parallelogram are intersected. Similar to the design concept of circular tracking 
arcs, when the driving parallelogram is pivoted to the base by a revolute joint 
whose axis passes through the RCM point, the mechanism will receive one addi-
tional rotational motion for its RCM point, Fig. 13b. By following this logic, more 
other parallelogram-based RCM mechanisms can be generated by assembling dif-
ferent parallelograms into together [22]. 

There are many robotically assisted surgical systems adopting the parallelo-
gram-based design as their RCM mechanisms. For example, the da Vinci (Figs. 3 
and 14a), LARS (Fig. 5a and 14b), UCB-US (Figs. 9 and 14c), BlueDRAGON 
(Fig. 14d), etc. These RCM robots have two rotational DOFs with orthogonal axes 
at an RCM point. Figure 15, however, is another design of parallelogram mecha-
nisms used for generating the RCM with two non-orthogonal axes by means of 
two parallelograms. 

 
a) 1-DOF RCM                                                 b) 2-DOF RCM 

Fig. 13  Fundamental concepts of parallelogram-based RCM mechanisms 
 

1-DOF RCM 2-DOF RCM

Output link
(Surgical tool )

 

 
               a) da Vinci’s RCM mechanism        b) LARS’ RCM mechanism 

                
     c) UCB-US                         d) BlueDRAGON  

Fig. 14  Four MIS robots using parallelogram-based RCM design [23,24,20,25] 
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Fig. 15 PantoScope: The MIS robot using parallelogram-based design with non-
orthogonal axes [26] 

One way to simulate the function of parallelograms is to use the synchronous belt 
transmission. Figure 16a, for example, shows an RCM mechanisms based on the 
combination of a parallelogram and a synchronous belt. Compared to Fig. 13a, the 
shown design replaces one parallelogram by a belt transmission such that it can 
remain the parallel-motion transmission. Furthermore, all parallelograms of a par-
allelogram-based RCM mechanism can be replaced by belt transmission but the 
RCM is reserved. Figure 16b, for instance, shows a surgical robot namely 
“PAKY-RCM” comprising of a 2-DOF RCM mechanism. It uses a double belt 
drive, without parallelogram linkage, associated the gear drives to simulate the 
function of a double parallelogram mechanism. A very special feature from this 
design is that, the RCM has adjustable, non-orthogonal pivot axes so that this 
module can facilitate various end-effector usages. 
 

    

Spherical Linkages 
Spherical linkage is a spatial mechanism that enforces all its moving bodies rotating 
around a unique point which is permanently fixed in space. Some RCM mechanisms 
have been devised via spherical linkages. For example, Fig. 17 is a patented robotic 
arm with five-bar spherical linkage for endoscopy [28]. The five bars are all con-

          
a) Kinematic structure                                    b) Prototype 

Synchronous Belt Transmission 

a) Fundamental concept                               b) PAKY-RCM robot [27] 
Fig. 16 Synchronous-belt based RCM design: concept and a sampler MIS robot  
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nected by revolute joints whose axes are intersected at a point where is the RCM 
point. This mechanism produces a three-dimensional rotation for the RCM. How-
ever, this 3-D rotation is resolved by the five-bar linkage into two single input con-
trols. Either rotational direction in space cannot be controlled independently. 
 

 
Fig. 17  A patented MIS robot using spherical linkage RCM design [28] 
 

By combining the concepts of the spherical linkages and the circular tracking 
arcs, another RCM design was devised as Fig. 18. As shown in Fig. 18a, the basic 
structure of the RCM mechanism is to mount a two-revolute-joint (2R) spherical 
mechanism on a circular tracking arc so that the overall mechanism is equivalent 
to a 3R spherical linkage. It thus has three decoupled rotations at the RCM point. 
Figure 18b is its prototype MIS robot developed by the University of Washington, 
USA. 

            
a) Kinematic structure of the RCM mechanism                      b) Prototype 

Fig. 18 An MIS robot using the spherical linkage and circular tracking arc as its 
RCM mechanism [29] 

Parallel Manipulators 
In the previous RCM mechanism types, the RCM point is defined and mechani-
cally locked by the kinematics of mechanisms. For the RCM mechanisms using 
parallel manipulators, the RCM point is achieved by the adequate control of the 
limb actuators on the manipulator. For example, Fig. 19 is a 3-limb (2-UPS limb 
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& 1-UPU limb) parallel manipulator for laparoscopy [30]. The pivoted RCM rota-
tions are generated via the suitable control of the linear motors instrumented on 
the three limbs of the manipulator. Briefly, this approach has advantages of pivot 
flexibility, increased maneuverability, and overall versatility. For MIS application, 
however, the mechanical RCMs are suggested to be safer due to their reduced 
DOFs, decoupled motion, controller simplicity, and locked pivoted feature [4]. 
Besides, it should be noted that since the control variables of the manipulator in 
Fig. 19 are fewer than the required DOFs for making determinate motion of the 
manipulator, the manipulator remains some DOFs for passive control which will 
be discussed in Section “Passive RCMs”. 

           
a) Kinematic structure                         b) Prototype 

Fig. 19  An MIS robot using the parallel manipulator as its RCM mechanism [30] 
 
Compliant Mechanisms 
A new type of compliant, cable-driven RCM was recently reported for endoscopy 
manipulation [31], Fig. 20a. It has five driving cables in which four cables control 
the three-dimensional rotations of the tool and the other one adjusts the transla-
tional length of the endoscope. The resulting RCM has 4-DOF with three coupled 
rotations and one translation decoupled from these rotations. 
 

        
a) Compliant RCM mechanism                     b) Passive RCM used by AESOP   

Fig. 20  Compliant RCM and passive RCM mechanisms [31,5] 
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Passive RCMs 
There is a special RCM type used in AESOP robots (see Fig. 1). Structurally, the 
AESOP robotic arm is composed of a seven-bar serial-type manipulator as shown 
in Fig. 20b. The surgical tool (the laparoscope) is held by the proximal joint. The 
last two revolute joints (joints 4 and 5) are passive with intersecting axes. The in-
tersection of these axes is neither remote from the mechanism nor located at the 
laparoscopic entry port. Hence this manipulator is not a genuine RCM mechanism, 
but rather a passive RCM, which provides a safe way of pivoting the laparoscope 
in case of accidental patient motion [4]. 

In addition to above illustration, some other developed MIS robots are summa-
rized in Table 1.  

Table 1 A sampler of robotic systems for minimally invasive surgery 
System Year Manipulator structure RCM DOF RCM type Refer-

ences 

AcuBot 2001 Serial manipulator with end belt-
parallelogram 

2R 
(Decoupled) Synchronous belt [32] 

AESOP 1992 7-bar serial manipulator 2R (Coupled) Passive [5] 

ARTEMIS 1996 Serial manipulator with end 
parallelogram 

2R 
(Decoupled) Parallelogram [16] 

BlueDRAGON 2002 Parallelogram linkage mechanism 2R 
(Decoupled) Parallelogram [25] 

CLEM 2002 4-cable-limb parallel manipulator
3R+1T 

(3R coupled, T 
decoup  from 3R) 

Compliant 
mechanism [31] 

da Vinci 1999 Serial manipulator with end 
parallelogram 

2R 
(Decoupled) Parallelogram [9, 23] 

EndoBot 2001 Gross instruments mounted on 
double circular arcs 

2R 
(Decoupled) 

Circular tracking 
arc [33] 

LARS 1995 Serial manipulator with end-
parallelogram 

2R 
(Decoupled) Parallelogram [13] 

MC2E 2004 3-bar spherical open-loop linkage 2R 
(Coupled) Spherical linkage [19] 

Naviot 2003 Parallelogram linkage and serial 
manipulator 

2R 
(Coupled) Passive [34] 

Neurobot 2000 Adjustable parallelogram 2R+1T 
(Decoupled) Parallelogram [11] 

PAKY-RCM 1998 Serial manipulator with end belt-
parallelogram 

2R 
(Decoupled) Synchronous belt [15] 

PantoScope 1997 Double parallelogram linkage 
mechanism 

2R 
(Coupled) Parallelogram [26] 

Probot 1991 Slider robotic arm with double 
circular tracking arcs 

2R 
(Decoupled) 

Circular tracking 
arc [10] 

Siemens CT 2000 Serial manipulator with end 
parallelogram 

2R 
(Decoupled) Parallelogram [35] 

Steady-Hand 1999 Serial manipulator with end-belt 
drive 

2R 
(Decoupled) Synchronous belt [14] 

UBC-US 1999 Serial manipulator with 
parallelogram 

2R 
(Decoupled) Parallelogram [20] 

UCB/UCSF 1999 3-limb (2-UPS & 1-UPU) parallel 
manipulator 

3R 
(Coupled) 

Parallel 
manipulator [30] 

UT-LAP 1999 Parallelogram linkage and serial 
manipulator 

2R 
(Coupled) Passive [18] 

UT-NEU 1998 3-bar serial manipulator with end 
circular tracking arc 

2R 
(Decoupled) 

Circular tracking 
arc [17] 

UW 2006 Serial manipulator with 3-bar 
open-loop spherical linkage 

2R 
(Coupled) Spherical linkage [29] 

Zeus 1998 Serial manipulator with an 
isocenter 

3R 
(Coupled) Isocenter [7, 21] 
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Conclusions 

This paper reviewed the historical development and kinematic characteristics of 
robotic systems used for minimally invasive surgery. Although the first roboti-
cally-assisted MIS had its successful clinical application to patients no more than 
twenty years ago, the MIS robots were well-developed in the past few years and 
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ing the latch bolt lock, the dead bolt lock, the dead-latch bolt lock, and the con-
necting mechanism. The four sub-parts were further analyzed with reference to 
their structural characteristics as well as design requirements and constraints. The 
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Introduction 

Locks are devices to secure one’s possessions. They have continually been devel-
oped in every country for centuries. Nowadays, locks are used in every family, 
sometimes even more popular than any consumer electronics. They are found on 
doors, vehicles, and containers etc. According to its shape, operation, and installa-
tion method, locks can be classified as mortise locks, rim locks, bored-in lock, 
combination locks and padlocks. Amongst them, mortise locks are known as the 
best developed.  

Multiple bolts design for locks is commonly adopted with a long history, as re-
corded in many books and relics. After generations of improvement and evolution, 
the most important advancement is the significant improvement in security. An 
example of such locks is the contemporary multipoint locks. This type of design 
combines traditional features of a mortise lock with a rim lock by connecting the 
two locks with links. The design of multipoint mortise locks can be decomposed 
as two parts―the primary lock and the auxiliary lock, both of which are mortise 
locks. 

Although lock manufacturing is a mature technology, there is no easy system-
atic strategy in designing new lock mechanism.  This study also introduces the ap-
plication of multiple bolts as a lock design. 

Anatomy of Bolt Security 

Mechanical locks are common devices in our daily lives. According to its shape, 
operation, and installation methods, they can be classified as mortise locks, rim 
locks, bored-in lock, combination locks, and padlocks. The mortise lock is named 
by the way the inlay of the lock body (a bolt), inserts into the strike plate. Similar 
to the typical Egyptian lock and the associated mechanism, the lock can consist of 
at least two parts, i.e. the staple or locking device and the bolt proper, which slide 
back and forth, securing a door to the door jamb. Traditionally, a typical lock may 
consist of a latch bolt and a dead bolt, the former of which is unlocked by a han-
dle, whilst the latter by a key or a knob, as shown in Fig. 1.  

According to the above discussion, a mortise lock uses a bolt as the barrier, 
which fits into a mortise for locking. To unlock, the bolt is separated from the 
mortise, as shown in Fig. 2a and b. Therefore, a mortise lock can be defined as “A 
lock with tenon and mortise. Its lock body must be embedded into the objective. 
The bolts consist of a latch bolt and a dead bolt, which can be unlocked by a han-
dle and a key, respectively.” 
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Fig. 1 A mortise lock 

 

              
    a) The tenon fits into the mortise      b) The tenon separates from the mortise 

 
Fig. 2 The mortise and the tenon 

Use of Multiple Bolts in Ancient Time  

Aside from the typical Egyptian lock which utilized a bolt as the barrier, there are 
also many ingenious applications of bolts in locks. The advantage of multiple 
bolts lies in the additional strength provided by the use of two or more bolts in-
stead of simply one. Ordinary doors seldom afford examples of these multiple 
bolts; but they may be frequently seen in cabinets and desks, where two staples 
fixed to the lid fall into two holes in the lock, and are retained by two bolts. The 
most remarkable and complicated varieties, however, are those in which the bolts, 
instead of shooting parallel and nearly together, shoot in wholly different direc-
tions; one up, one down, one to the right, one to the left, and so on. These can usu-
ally be found on safes, strong boxes, and the doors of strong rooms containing 
valuable treasures.  

The mechanism is such that the key acts upon all the bolts at once, through the 
intervention of levers and springs of various kinds. Figure 3 shows a very curious 

Handle   

Lock Body   

Strike plate   

Latch bolt   

Dead bolt   

Key   

tenon    

mortise   

tenon    

mortise   



358      H.-H. Haung and Y.-M. Lin 

 

specimen of these multiple-bolt locks. It is copied from a great French work; and 
the ponderous chest to which it is attached is, having been told by Réaumur, 
“known at Paris by the name of the strong German coffer.” He further said, “Noth-
ing is wanting in these coffers on the score of solidity. They are made entirely of 
iron; or if of wood, they are banded both within iron; and can only be broken open 
by very great violence.” The chest locks shown in Fig. 3 are almost as large as the 
top of the coffer, and was secured when closed with a great number of bolts, in 
this case twelve fastenings. His next remark on the subject was a sensible one: 
“Notwithstanding the large size of these locks, and all the apparatus with which 
they are provided, they correspond but ill with the solidity of the rest of the coffer. 
If we have given a representation of one, it is chiefly to show how little confidence 
one could have in such a locks, and what are its defects, in order that we may 
avoid them.” It is not difficult, by tracing the action of the several levers, to see 
how one movements of the key, in the centre of the lid, would act upon all the 
bolts. In the figure there are the four corner bolts; and six others are on the long 
sides, three on each; and two, on the short sides. Every bolt is provided with a 
spring. There is no staple or box to receive each bolt; but all shoot or snap beneath 
the raised edge running round the top of the box just within the exterior. The key-
hole in the front of the box is a deception or mask; the real keyhole is in the mid-
dle of the lid concealed by a secret door opened by a spring. When the key has 
moved the great central bolt, this acts upon the other bolts as studs which act upon 
two of the bolts; and there are also staples confining the great bolt; there are also a 
few small levers which render a similar service to the side and end bolts. In addi-
tion, there are also other contrivances for limiting the movement of the latter, such 
as iron straps or bands by which the interior of the chest is strengthened. This ex-
ample shows not so much a lock but more a series of spring latches [1]. 

 
Fig. 3 An ancient chest with a multiple bolts design [1] 
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Conventional Multiple Bolt Security Devices 

The application of bolts is quite popular, and the general type easily recognizable 
may be the mortise lock that can be embedded into the jamb or door body for se-
curity. The first commercialize mortise locks were possibly created in 1835 by 
Philos Blake and Eli Whitney Blake [2], with the objective of preventing unau-
thorized opening. A single bolt mortise lock is the most popular design in lock-
ing/unlocking doors and windows. The mortise latch lock [3] shown in Fig. 4, has 
a bolt in the form of a beveled latch with an auxiliary spring. While closing the 
door, the bevel is pushed by the wall to retract the latch, which in turn compresses 
the spring. When the pushing force is released, the latch springs back and fits into 
the strike plate on the wall. This is a simple design, but can be easily unlock when 
an intruder slides a thin card between the door and the frame to push back the 
latch.  

 
Fig. 4 Mortise latch bolt [3] 

 
With increasing demand for security, the former mortise latch lock was im-

proved to form the mortise deadbolt lock. As shown in Fig. 5 [3], the design has 
an added deadbolt button sitting along side the latch. The operation is similar to a 
latch lock. The only difference is that when the door is closed, the frame will push 
the deadbolt button to lodge the fillister onto the latch to keep it in place. In addi-
tion, the robustness of mortise locks is also enhanced to prevent intruders from us-
ing a pry bar to pry the lock out of the jamb.  

 
Fig. 5 Mortise deadbolt lock [3] 

deadbolt button 

latch bolt 

latch bolt 
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If an independent deadbolt is added to the mortise deadbolt lock, it turns into a 
mortise dual-bolt lock, as shown in Fig. 6 [3]. The design of the bolt is different 
from the way a deadbolt button lodges the latch. It has a stop arm inside the lock. 
During locking, the deadbolt stretches out of the lock body and the stop arm is 
triggered by the key to lodge the deadbolt. This type of lock provides double secu-
rity as it has both a beveled latch as well as a rectangular deadbolt.  

 

 
Fig. 6 Mortise double-latch lock [3] 
 

Much literature on lock patent mentioned the idea of increasing the number of 
bolts to increase the robustness of mortise locks. The emergency door shown in 
Fig. 7 [4] has three bolts that can be opened by pushing a handle. Many emer-
gency doors incorporate this design by adding a bolt on the top and the bottom of 
the door to provide additional security, while maintaining the ease of operation 
with a single push to the handle bar to open the door.  

 

 
Fig. 7 Emergency door lock [4] 
 

To enhance residential security, it is common practice to install an auxiliary 
lock on the door frame in addition to the primary lock (mortise lock or bored-in 
lock). The design is similar to the secure method provided by multipoint bolts. 
The auxiliary lock is installed on the frame, rather than being embedded in the 
door like a mortise lock. The installation of auxiliary locks can effectively im-
prove security, but the procedure of unlocking becomes complex and inconven-
ient, and therefore less acceptable to users.  

Primary bolt

dead-bolt 

dead-bolt button 

Latch bolt

Upper bolt

lower bolt 

Push rod 
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In 1895, Klein utilized the design of the interrelationship between multipoint 
bolts to combine the design of mortise locks and emergency doors. This design 
gives consideration to both the convenience and security of auxiliary locks. It 
cleverly utilizes a linkage to open the auxiliary lock when the primary lock is 
opened. As show in Fig. 8[5], this design solves the traditional inconvenience 
caused by the locking and unlocking operations of auxiliary locks. This design is 
further improved to form the multipoint mortise lock as shown in Fig. 9 [6,7], 

 

                       
         Fig. 8   Lock [5]                               Fig. 9  Multipoint mortise lock [6] 
  

A multipoint mortise lock consists of a primary lock and at least an auxiliary 
lock. A popular modern design is to replace the auxiliary lock as a mortise lock 
(mortise latch lock or a mortise deadbolt lock) embedded into the door. The 
movement direction of the bolt in the auxiliary lock is parallel to the bolt in the 
primary lock, and is triggered by a connecting linkage when the primary lock 
moves. When the primary lock is locked, the auxiliary lock cannot be opened. 
Moreover, the design of the transmitting linkage will prevent the primary lock 
from being unlocked from any operation in the auxiliary lock. On the contrary, if 

auxiliary lock 

Connecting linkage 

Auxiliary lock

Primary lock 

auxiliary lock 

Connecting linkage 

Primary lock 

which is the target for the analysis and re-designing of this paper.  
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the primary lock can be correctly unlocked, the auxiliary lock will be unlocked 
automatically. The evolution of mortise locks has approached a mature stage from 
earlier mortise latch locks to the current multipoint mortise locks.  

The Improvement of Modern Multiple Bolt Security 

From the vast literature on lock patents, it can be surmised that in the mechanism 
of mortise locks, the number of links may lead to different designs, and the subor-
dinate relationship of adjacent joints can also differ significantly. Because of 
space constraint, different designs of mortise lock will be required for specific ap-
plications. The new type of design proposed herein should fit in with the size limi-
tation in accordance to the requirements of the consignor, as shown in Fig. 10. 
And the prototype of the new design, shown in Fig. 11, can also be manufactured 
by applying a systematic design procedure.  
 

     
  
Fig. 10 Specification of a multipoint lock  
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Fig. 11 The new design of a multiple bolt lock called the multipoint lock 

This new type multipoint lock can only be opened by the operation of a key, 
and also met the requirement for use on a door in a specific area. This design also 
improves the usage of multiple bolt design lock only for chests. This lock is safe 
and easy to use, giving the user piece of mind from break-ins. 

Conclusions 

According to the shape, operation, and installation method, mechanical locks can 
be classified as mortise locks, rim locks, bored-in lock, combination locks, and 
padlocks. This paper analyzed the structure of a multipoint mortise lock, which 
was decomposed into four sub-parts by the different functions, including the latch 
bolt lock, the dead bolt lock, the dead-latch bolt lock, and the connecting mecha-
nism.  

And from this study, the design of a mortise lock has been analysed and further 
understood, which provided the basis for summarizing the movement property of 
multiple-bolt locks, such as a multipoint mortise lock.  
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Abstract Machine mechanism models, which were imported from Germany in 
1903, are preserved in Japan at Kyoto University. A German company, GUSTAV 
VOIGT Company, used to produce and export these models around the globe, 
and many of them are preserved in the United States at Cornell University. 
Recently, it became clear that similar machine mechanism models, which were 
produced by SHIMDZU Corporation in 1913, are preserved at three Taiwanese 
universities (NCKU, NTUT, and NTU). Hence, this is an example of the 
technology transfer, that is, the (Germany)→ [Japan, (U.S.A.)] →(Taiwan). In this 
case, it is believed that the models sold from Japan to the Taiwanese universities 
were not only copies, but also included original ideas of SHIMADZU Corporation. 
 
Keywords Educational machine mechanism models, Reuleaux models, Technol-

ogy transfer, Taiwan, SHIMDZU Corporation, GUSTAV VOIGT 
Company 

Preface 

The authors have investigated educational machine mechanism models, which 
were imported from Germany and preserved at Kyoto University (founded in 
1897), as well as produced three-dimensional animations of them on the website 
of the Kyoto University Museum beginning in 1999. Via communication with a 
Taiwanese researcher who saw the Internet in the early part of 2007, it became 
clear that similar machine mechanism models are preserved at Taiwanese 
universities and that most of them were exported from Japan prior to World War II. 

H.-S. Yan, M. Ceccarelli (eds.), International Symposium on History of Machines  
and Mechanisms, DOI 10.1007/978-1-4020-9485-9_26,  
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In this research, the models preserved in Taiwan are introduced and compared 
to the models preserved at Kyoto University. In addition, the technology transfer 
of the machine mechanism models is examined. 

Machine Mechanism Models Preserved  
at Kyoto University 

Because the authors have already published information about the models 
preserved at Kyoto University [1–7], a brief explanation should suffice. The 
purchase slip from 1903, which has been preserved, clearly indicates that 19 
products (although the origin of one is still in doubt) made by the German 
GUSTAV VOIGT Company are among the machine mechanism models 
preserved at Kyoto University.  Figure 1 shows the display of the mechanical 
models exhibition at the Kyoto University Museum. 

  

 
 

Fig. 1 Display of the mechanical models exhibition at the Kyoto University 
Museum [8] 

 
educational machine mechanism models to Kyoto University in the Meiji Era, 

but famous. Although the name changed slightly, the factory was managed by the 
Voigt family from 1879 to 1933 [5]. The educational models were devised for 
students to understand easily basic mechanical mechanisms, and are still useful 
today. The models must have played an important role in mechanical engineering 

The “GUSTAV VOIGT” factory, which manufactured and exported 

existed in downtown Berlin, and appears in the address book, “Germany Precise 
Machine and Optical Equipment Factories”, suggesting that the factory was small 



Technology Transfer of Educational Machine Mechanism Models     367 

education during the early phase of Japanese industrialization. Figure 2 shows a 

original location of the company. (At the time of the photograph, the factory had 
been replaced by a parking lot.) 

 
 

 
 

Fig. 2
 
 
 

 
 

Fig. 3 Original location of the company [9] 
 

 
GUSTAV VOIGT Company manufactured numerous models, which were sold 

around the globe. Cornell University (USA) has preserved around 220 of these 
within the catalogue as Reuleaux models, including those preserved in Kyoto 
University. Figure 4 shows the exhibition of the mechanism models at Cornell 
University. 

 

GUSTAV VOIGT Company’s label attached to a model, while Fig. 3 shows the 

 GUSTAV VOIGT Company’s label 
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Fig. 4 Exhibition of the mechanism models at Cornell University [10] 

Machine Mechanism Models Preserved in Taiwan 

Most of the machine mechanism models preserved in Taiwan were made by 
SHIMADZU Corporation in 1913. At this point in history, Taiwan had fallen 
under the rule of Japan, and it is thought that various technologies were brought 
into Taiwan, including the machine mechanism models. In other words, around 
the time Kyoto University imported machine mechanism models from Germany, 
SHIMADZU Corporation obtained the information about the models, immediately 
replicated them, and it seems, then sold them as the products of SHIMADZU 
Corporation. These products were exported into Taiwan 10 years later. Hence, this 
is an example of the flow of technology transfer (Germany→Japan, U.S.A.→
Taiwan). 

The machine mechanism models in Taiwan are preserved at NCKU (National 
Cheng Kung University), NTUT (National Taipei University of Technology), and 
NTU (National Taiwan University). Most of these models were made by 
SHIMADZU Corporation. Figure 5 shows the exhibition of the models at NTUT. 
The models are introduced on the websites of NCKU in Chinese and in English 
[11]. Professor Hong-Sen Yan of NCKU, former President of Da Yeh University, 
is a collector and researcher of ancient locks, and part of his collection is exhibited 
and preserved in a clean exhibition room. It is thought that his collection of 
ancient locks and its examination will be useful when he rearranges and 
investigates the machine mechanism models. In addition, Professor Hong-Sen 
Yan’s article about machine mechanism models refers to the authors’ article [12]. 
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Fig. 5 Exhibition of machine mechanism models at NTUT [13] 

Similarity of the Models 

The left side of Fig. 6 shows a model from GUSTAV VOIGT Company 
preserved at Kyoto University, while the right side shows a model from 
SHIMADZU Corporation preserved at NTU. These models show a conversion 
mechanism of linear motion and rotary motion, which is illustrated in Fig. 7. 

 

                     
 
Made by GUSTAV VOIGT Company     Made by SHIMADZU Corporation [11] 
 
Fig. 6 Comparison of the conversion mechanism of the linear motion/rotary 

motion using a planetary gear 
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Fig. 7 Illustration of the conversion mechanism of the linear motion/rotary 

motion using a planetary gear 
 

In Fig. 7, the diameter of the internal gear with outward facing teeth is twice the 
diameter of the external gear with inward facing teeth. The external gear moves by 
intermeshing with the teeth of the internal gear which is fixed.  

Assuming that the point of contact between the planetary gear and the internal 
gear is point P, the center of the internal gear, the planetary gear, and point P are 
all on line L [Fig. 7 (1)]. Then, point P continues to move perpendicularly along 
line L regardless if the center of the planetary gear intermeshes clockwise or 
counter-clockwise [Fig. 7 (2)]. In other words, point P on the circumference 
moves in a linear motion despite the center of the planetary gear moving in a 
rotary motion. Therefore, this mechanism can be used to convert rotary motion 
into linear motion. 

The models in Fig. 6 are very similar. Not only the dynamic parts, the static 
parts which do not have mechanical functions are also similar. For example, the 

similar. Hence, it is speculated that SHIMADZU Corporation reproduced 
GUSTAV VOIGT Company’s model (either under a licensing agreement or 
illegally). At least, it is recognized that in those days SHIMADZU Corporation 
had the technology to machine metal into the same pattern as the original piece, 
regardless of the complexity. 
     Figure 8 shows two pin gear mechanism models; one made by GUSTAV 
VOIGT Company (preserved at Kyoto University) and the other by SHIMADZU 
Corporation (preserved at NCKU). The pin gear models’ mechanisms are that the 
pin gear continues to rotate in the same direction when the handle of driving shaft 
is rotated in the same direction, but when a pin is not present, the pin gear’s 
rotating direction changes. However, the handle of the driving shaft for the model 
made by GUSTAV VOIGT Company is missing. 

design of the gear’s supporting part is identical. In addition, other models are 
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     When both models are compared, they look virtually identical, except for the 
missing part. However, the driving shaft of the SHIMADZU Corporation’s model 
has an equal diameter, whereas the driving shaft of the GUSTAV VOIGT 
Company’s model is cone-shaped. Although the author is unaware of the exact 
reason, it is thought that SHIMADZU Corporation changed the shape of the axis 
according to SHIMADZU Corporation’s own judgment because there is not a 
mechanical reason for the driving shaft to have a cone-shaped axis. 
 

 
 

Made by GUSTAV VOIGT Company   
 

 

 
 

Made by SHIMADZU Corporation [11] 
 

Fig. 8 Pin gear mechanism models 
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     Figure 9 shows a toggle mechanism model preserved at NTUT. It is 
unverified, which company made this model. In the catalog (preserved at Cornell 
University) of GUSTAV VOIGT Company, the author could not find this exact 
model. Thus, it is believed that SHIMADZU Corporation or a Taiwanese 
company made the original model by taking a hint from the models of GUSTAV 
VOIGT Company. 
 
 

 
 

Fig. 9 Toggle mechanism model 

Taiwanese Trade Between 1896 and 1920 

In this chapter technology transfer is examined in the context of change in the 
imports and exports in Taiwan between 1896 and 1920.  

Figure 10 shows the total value of exports and imports during a twenty-five 
year period from 1896 to 1920. Figure 11 shows the total value of “machinery, 
clocks, watches, scientific instruments, fire arms, vehicles, and vessels” imported 
into Taiwan, while Fig. 12 shows the total value of the same items exported from 
Taiwan. The author made these graphs based on data from the Taiwan governor-
general’s office editing document [14]. Two wars occurred during this time, the 
Russo-Japanese War in 1904, and World War I began in 1914. 

Although the total amount of both imports and exports increased with World 
War I, imports of technological goods decreased, while exports of these goods 
dramatically increased. The Japanese Meiji Government adopted a policy of 
promoting industry, which emphasized the importance of mechanical technology. 
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Under this policy, Japan took a lot of modern technology from the U.S. and 
Europe. Consequently, Japan and Taiwan’s level of technological education 
increased along with the practical production of such technology. From this, Japan 
and Taiwan were able to capitalize on the increased demand that arose around 
World War I.  
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Fig. 10 Total value of exports and imports 
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Fig. 11 Imported commodities (Machinery, clocks, watches, scientific instruments, 

fire arms, vehicles, and vessels) 
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Fig. 12 Exported commodities (Machinery, clocks, watches, scientific instruments, 

fire arms, vehicles, and vessels) 

Technology Transfer of the Machine Mechanism Models 

It has become apparent through the Internet that many machine mechanism 
models (some of which are preserved at Kyoto University) made by GUSTAV 
VOIGT Company are preserved at Cornell University, while similar models 
(made by SHIMADZU Corporation) are preserved in Taiwan. Hence, the flow of 
the technology transfer is demonstrated as the same types of models, which were 
purchased at different times in various countries, are found. Therefore, a 
cooperative study as well as an international conference between organizations 
preserving the models has been initiated. Further research results about the 
technology transfer are expected. 

Summary 

It is clear that educational machine mechanism models, which were made by 
SHIMADZU Corporation, are preserved at Taiwanese universities. The models 
were made and sold ten years after Kyoto University imported them from 
Germany. Author’s observations of these models indicate the following: 
(1) Back at that time, Japan was already at a high technical level, and possessed 

the ability to completely copy a product, even complicated metal model. 
(2) In addition to simply copy products, original devices using the ideas of the 

original machine mechanism were made. 
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(3) The flow of technology transfer is apparent in the fact that three counties have 
preserved the same type of models, which were purchased at different times. 
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