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To the memory of my beloved daughter, Jennifer April Angelo (April 26, 1975,
to June 14, 1993), a beautiful young woman, whose promise-filled life was cut
short by the careless actions of others. Jennifer’s keen intellect, radiant smile,
and dazzling emerald green eyes provided brief glimpses into the loving soul of
a very special person touched by the goodness and power of God.

This book also carries a special dedication to Mugsy-the-Pug (February 23,
1999, to January 2, 2006)—my faithful canine companion, who provided me so
much joy and relaxation, during the preparation of this book and other works.

Pet owners everywhere will understand how their pet can serve as a mar-
velous bridge to the rest of the living universe. Robot spacecraft are helping us
search for life beyond Earth. But the pets at our feet provide us a very special
glimpse at the various levels of physical existence, ranging from being self aware
to being just there, that surround us in this beautiful and mysterious universe.
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Preface

Human beings have always been fascinated with the concept of artificial life
and the construction of machines that look and behave like people. The legend
of Pygmalion and the medieval legend of the Golem are examples. Nowhere is
the concept of making a living thing out of spare parts more dramatic and excit-
ing than in Mary Shelley’s famous story Dr. Frankenstein: The Modern Prometheus
(1818). This story has been told and retold in various motion pictures and tele-
vision shows throughout the twentieth century. Today, whenever people take
the time to discuss and extrapolate the evolution of smart machines, their con-
versations usually include the possible rise of self-aware, intelligent robots that
threaten to destroy their human masters.

The Czech writer Karel Capek gave the world the term robot when he wrote
the play Rossum’s Universal Robots (R.U.R.) in 1920. Robata is the Czech word for
forced labor or servitude. The play premiered in Prague in 1921 and was then
translated into English and first appeared on the English stage in 1923. Ever since
then, the word robot has been part of the global literature concerning smart ma-
chines and automatons.

Thanks to the bad publicity inherent in many such fictional portrayals, robots
soon became frightening villains. Later in the twentieth century, this fiction-
based perception was reinforced by a real-world economic situation, when in-
dustrial robots began displacing hundreds and then thousands of workers from
manufacturing jobs. A neo-Luddite wave of technophobia (fear or hatred of ma-
chines and new technologies) emerged. The fear of smart machines still grips
many workers in the world’s industrialized nations, which are now experiencing
turbulent social and economic transitions into postindustrial, information-based
economies. Have you ever seen a person pound on a misbehaving computer or
yell at an automobile that will not start?

As presented in this book, the robot, like many other new technologies, is re-
ally a two-edged sword. The object itself is neither good nor evil. It is how human
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beings apply a particular technology (including the robot) that creates the ethical
environment and moral climate associated with the technology.

When viewed in a purely technical perspective, robots are simply advanced
machines that support a continuing revolution in the application of technology
in service to human beings. Throughout history, the human race has experienced
a number of important technology-related revolutions.

With each development came the need for better devices to perform difficult
or monotonous tasks. Simple machines like the wheel and axle or the inclined
plane yielded major breakthroughs in the ability to perform work. Often these
simple machines allowed workers to accomplish tasks previously regarded as
extremely dangerous or impossible. The great pyramids of ancient Egypt or
Mesoamerica are examples of how early human societies could effectively use
such simple machines to perform difficult tasks. But the machines were not self-
powered or smart. The devices required human labor or animal power to oper-
ate and generally needed humans to perform a task. In addition, these devices
generally took advantage of physical principles and phenomena (like gravity),
which were instinctively or qualitatively perceived, but not well understood
from a quantitative or analytical perspective. The quantitative understanding
of machines and physical principles underlying their operation could not take
place without the Scientific Revolution.

Many of today’s robots contain components and use scientific principles
first adopted during the rise of civilization. The wheel and axle, the pulley,
the wedge, the lever, and the gear are examples. Great engineers of antiquity,
like Archimedes, Ctesibius, and Hero of Alexandria, developed and introduced
many of the important technical devices and early machines. However, it took
the brilliant work of Galileo Galilei, Isaac Newton, and other scientists during the
Scientific Revolution of the sixteenth and seventeenth centuries to establish
the physical framework within which the operation and prediction of machine
behavior (including that of robots) could be done with an acceptable degree of
certainty and precision.

While the Scientific Revolution provided people with the mathematical tools
and physical principles to understand how machines and the universe operated
in a somewhat clockwork fashion, this great advancement in human history did
not (of itself) provide the social or economic stimulus for developing the smart
machine systems (that is, the computers and robots) that appeared in the twenti-
eth century. In fact, during the early eighteenth century, clockmakers and engi-
neers, like Jacques de Vaucanson and Pierre Jacquet-Droz, were quite content to
construct elegant automatons, primarily for the amusement of wealthy patrons.

The major stimulus for the production of smarter machines, and eventually
robots, was the Industrial Revolution—the period of enormous cultural, tech-
nical, and socioeconomic transformation that took place in the late eighteenth
and early nineteenth centuries. Starting in Great Britain and quickly spread-
ing throughout Western Europe and North America, factory-based production
and machine-dominated manufacturing began displacing economies based on
manual labor.

This trend continued well into the Second Industrial Revolution (running
roughly from about 1871 to 1914) when great developments within the oil,
steel, chemical, and electrical industries occurred. Mass production of consumer
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goods—including food and beverages, clothing, and automobiles (for personal
transport)—took place during this period. There is no clean, crisp demarcation
between the First and Second Industrial Revolutions. But engineering develop-
ments in the latter period involved the expanded use of fossil fuels and electric-
ity as prime energy sources and scientific discoveries set the stage for the rise
in modern physics, which caused the next great technology-based revolution in
human history.

One of the most important factors that supported the emergence of the Sec-
ond Industrial Revolution was electricity. In the mid- to late eighteenth century,
scientists like the great American patriot, Benjamin Franklin, explored the fun-
damental nature of this interesting phenomenon. Franklin’s pioneering work
was quickly amplified by the scientific efforts of André-Marie Ampére, Charles-
Augustin de Coulomb, Luigi Galvani, and Count Alessandro Volta. Soon laws
governing the flow of electric currents were developed. The British experimen-
tal physicist Michael Faraday and his American counterpart, Joseph Henry, inde-
pendently discovered the physical principles behind two of the most important
machines in modern civilization—the electric generator and the electric motor.
By the mid-nineteenth century, theoreticians, like the Scottish scientist James
Clerk Maxwell, worked out a set of equations that linked electricity and mag-
netism. Maxwell’s work revolutionized both classical physics and the practice
of engineering.

Nineteenth-century inventors like Thomas Edison and Nikola Tesla applied
electricity to devices that gave humankind surprising new power and comforts.
Other inventors like Charles Babbage and Herman Hollerith began developing
more sophisticated machines, capable of tabulating data, and, in some limited
fashion, “thinking”—or at least “calculating”—faster than human beings.

The digital revolution is a generic expression that actually encompasses sev-
eral major technology shifts that occurred in the mid to late twentieth century.
The first part of this process was the discovery of the transistor in the late 1940s
and its subsequent stimulation of the microelectronics revolution. Part of the
microelectronics revolution involved the development and widespread appli-
cation of digital computers and microprocessors. As microelectronic devices be-
came less expensive and provided more capability, the use of digital devices con-
tinued to grow in an exponential manner. That trend still continues.

Equally amazing post-World War II developments in nuclear technology,
space technology, and information technology complemented the expanded use
of digital devices and so-called “thinking machines.” The need for sophisticated
tele-operated systems to remotely handle highly radioactive materials, the need
to produce miniaturized electronic chips, and the need to send (unmanned)
spacecraft on missions of scientific inquiry to the ends of the solar system, all
stimulated technical conditions that encouraged the rise of modern robotic sys-
tems. Many of these exciting developments started at about the same time that
industrial robots began to appear in factories, especially within the automobile
industry.

Modern robots emerged from the confluence of several important technol-
ogy areas during the digital revolution. But, robots can also trace their techni-
cal heritage to the simple machine tools invented in the Neolithic Revolution,
disciplines like mechanics, pneumatics, and hydraulics, which emerged in the

Xi



xii

Preface

Scientific Revolution, and the electromechanical devices and machinery, which
appeared during the First and Second Industrial Revolutions.

Robots now play a prominent and indispensable role in modern manufactur-
ing. Robots have proven to be the enabling technology of deep space exploration.
Space-based robot observatories have allowed scientist to study planet Earth
and the universe in ways never before possible in human history. Robots are also
playing expanded roles in national security, law enforcement, medicine, envi-
ronmental cleanup, and entertainment and leisure activities. Although the excit-
ing depictions of humanoid robots (including androids and cyborgs) will remain
mostly fictional for the moment, a partnership between humans and robots in
the exploration of outer space is an ongoing activity within the American space
program. A successful human-robot partnership makes the universe both a des-
tination and a destiny for the human race.

Robotics explains just what robots are and the physical principles behind
the operation of modern robots. As described within, modern robots repre-
sent the conjunction of several important scientific disciplines and engineering
fields. These fields include mechanics, electronics, thermodynamics and power
conversion technology, computer and information technology, and materials
science. Each of these fields and many others described within this book play
important complementary roles in making a modern robot function. Without a
dependable power supply and an effective telecommunications system, for ex-
ample, a robot rover on Mars would be just a clever machine that was lost in
space. As suggested earlier, from one perspective, modern robots are basically
think-and-do machines. Many of today’s most interesting robot systems have rel-
atively sophisticated levels of artificial, or machine, intelligence.

What can robots do? Contemporary applications range from doing an accu-
rate and reliable job of spray-painting an automobile on an assembly line, to as-
sisting in surgery performed by a human doctor on a patient who is located hun-
dreds of kilometers away (telemedicine), to accomplishing detailed, automated
exploration of previously unreachable worlds throughout the solar system.

The Scientific Revolution was placed on firm ground when Galileo Galilei
established observational astronomy by using his primitive optical telescope
to observe the heavens. Today, robot observatories in space are providing
astronomers and astrophysicists with exciting new information about the
universe—comparable in impact to what took place in the early seventeenth
century. As scientists look at the edges of the observable universe and back in
time to the very early universe, they are forming new ideas about the nature
of energy and matter. Some of these new thoughts are stimulating exciting new
work in the physics and engineering of the very small—a realm called nanotech-
nology. Later this century, microscopically sized robots (tiny machines perhaps
several moleculeslong) promise to transform how people manipulate matter and
energy both here on Earth and throughout the solar system and beyond.

Robotics highlights the many beneficial uses of robots in industry, science,
engineering, exploration, national defense, law enforcement, environmental
cleanup, and modern medicine. Attention is also given to the social and political
impact of robot technology. Robots are an integral part of several contemporary
technology-stimulated revolutions, including a shift in world labor patterns and
the rise of progressively smarter machines (expert systems that think and also
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do), and even machine systems that use their environmental sensors to become
conscious of the world around them and by extrapolation of their own existence.

The entire issue of artificial life and machine consciousness is addressed in
light of many of the technical, philosophical, metaphysical, and theological im-
plications such developments could cause. Just what happens when a smart ma-
chine uses its artificial neural network and suite of environmental sensors to
reach Rene Descartes’ famous statement: “Cogito, ergo sum” (I think, therefore
Iam)?

Are robots important? Yes! In fact, no technology-based future for the human
race would be complete, exciting, or have so much potential without them!

Robotics serves as a one-stop guide to the exciting field of robot technology. Its
chapters provide a detailed history of robot technology; a chronology of impor-
tant milestones in the development of robot technology; profiles of important
scientists; a detailed but readable explanation of how many of the interesting
types of robots work; discussions of the impact, issues, and future of robot tech-
nology; a detailed and comprehensive glossary of important terms; and listings
of relevant associations, demonstration sites, and information sources.

The contents were carefully chosen and the writing focused to meet the in-
formation needs of high-school students, undergraduate college and university
students, and members of the general public who want to understand the na-
ture of robot technology, the basic scientific principles and engineering practices
upon which it is based, how robot technology has influenced history, and how
it is now impacting society. This book serves as both a comprehensive, stand-
alone introduction to robot technology and an excellent starting point and com-
panion for more detailed personal investigations. Specialized technical books
and highly focused electronic (Internet) resources often fail to place an impor-
tant scientific event, technical discovery, or applications breakthrough within
its societal context. This book overcomes such serious omissions and makes it
easy for readers to understand and appreciate the significance and societal con-
sequences of major engineering developments in robot technology and the his-
toric circumstances that brought them about. As a well-indexed, comprehensive,
and illustrated information resource designed for independent scholarship, this
book will also make electronic searches for additional information more mean-
ingful and efficient.

I wish to thank the public information specialists in the U.S. Department of
Energy and its national laboratories, the U.S. Department of Defense, the U.S.
Air Force, the U.S. Army, the U.S. Navy, the National Aeronautics and Space Ad-
ministration (NASA) and its centers and affiliated facilities (especially the Jet
Propulsion Laboratory), and the engineering companies, who generously pro-
vided much of the technical material used in developing this volume and many
of the illustrations that appear within. A special thanks is extended to my editors
at Greenwood Press—especially John Wagner—for their continued encourage-
ment and patience throughout the arduous journey that began with an interest-
ing concept and ended up with a publishable manuscript. The wonderful staff at
the Evans Library of Florida Tech again provided valuable support during the ini-
tial phase of this book project. A special thanks goes out to many of my graduate
students in the College of Engineering at Florida Tech. By actively participating
in the lectures on the future of robot technology and the exciting consequences
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of self-replicating systems sent out into the galaxy, these young men and women,
through their many interesting questions and comments, helped shape the tech-
nical content of this book. Finally, without the steadfast support of my wife, Joan,
this book would never have survived the fury of three hurricanes to emerge from
chaotic piles of damaged class notes, lecture materials, and technical reports and
become a comprehensive treatment of robot technology.



1

History of Robot Technology
and Systems

Human beings have always been fascinated with the concept of artificial life
and the construction of machines that look and behave like people. The legend
of Pygmalion and the medieval legend of the Golem are examples. Nowhere is
the concept of making a living thing out of spare parts more dramatic and excit-
ing than Mary Shelley’s famous story: Dr. Frankenstein: The Modern Prometheus.
This story has been told and retold in various motion pictures and television
shows throughout twentieth century. Many modern science fiction motion pic-
tures, like the Terminator trilogy, not so subtly enforce the image of Dr. Franken-
stein’s monster as science gone haywire. Today, whenever people take the time
to discuss and extrapolate the evolution of smart machines, their conversation
usually includes the possible rise of self-aware, intelligent robots that threaten
their human masters.

The Czech writer Karel Capek gave the world the term robot when he wrote
the play Rossum’s Universal Robots (R.U.R.) in 1920. Robata is the Czech word for
forced labor or servitude. Some historians believe that it was actually Karel’s
brother, Josef Capek (a painter and writer), who suggested the word robot to
identify the fictional play’s inexpensive, manufactured living machine designed
expressly to work in the service of human beings. However, since the two broth-
ers often collaborated on literary projects and the word first appeared in Karel
Capek’s play R.U.R., he generally gets the credit for coining the word robot. The
play premiered in Prague in 1921 and was then translated into English and first
appeared on the English stage in 1923. Ever since then, the word robot has been
part of the global literature concerning smart machines and automatons.

Thanks to the bad publicity inherent in many such fictional portrayals, robots
soon become frightening villains. Later in the twentieth century, this fiction-
based perception was reinforced by a real-world situation, when industrial
robots began displacing hundreds to thousands of workers from manufacturing
jobs. A neo-Luddite wave of technophobia (fear or hatred of machines and new
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technologies) has emerged and still grips many workers in the world’s industrial-
ized nations, which are now experiencing turbulent social and economic transi-
tions into postindustrial, information-based economies. However, the robot, like
many other revolutionary, new technologies, is really a two-edged sword.

When viewed in another perspective, robots are really advanced machines
that support a continuing revolution in the application of technology in service
to human beings. The human race has experienced and prospered from a num-
ber of important technology-related revolutions in science and technology.

PLEASE DON’T START THE TECHNOLOGY REVOLUTION WITHOUT ME

The first revolution in technology involved the discovery and use of fire in
prehistoric times. The next breakthrough involved the development and use of
very simple tools, a stick, a sharp rock, and similar objects to aid in hunting
and gathering activities. These transitions were extremely gradual (from about
750,000 years ago to about 15,000 years ago) and involved a division of labor
within ancient hunting and gathering societies. Eventually, the survival of an an-
cient tribe or clan in the late Upper Paleolithic era not only depended upon the
skill of its hunters and gatherers, but also the expertise of its toolmakers and fire-
keepers. Around ancient campfires, while Stone Age humans huddled to keep
warm, arose the early notions of improving the quality of life by developing bet-
ter tools and devices. Inspiration took hold and the Mesolithic Age featured the
appearance of better cutting tools and the bow.

Next came the Neolithic Revolution—an incredibly important transition from
hunting and gathering to agriculture. As the last Ice Age ended about 12,000 or
so years ago, various prehistoric societies in the Middle East (Fertile Crescent),
Southeast Asia, Mesoamerica, India, and elsewhere independently adopted crop
cultivation and began to establish semipermanent or permanent settlements.
Historians often identify this period as the beginning of human civilization. Dur-
ing the period, ancient peoples developed better tools and invented a variety of
simple machines. As populations swelled, these tools and simple machines al-
lowed early societies to modify their surroundings to better suit survival and
growth. The natural environment changed as simple dams, irrigation canals,
roads, and walled villages appeared.

With each development came the need for better devices to perform difficult
or monotonous tasks. Simple machines like the wheel and axle or the inclined
plane yielded major breakthroughs in the ability to perform work. Often these
simple machines allowed workers to accomplish tasks previously regarded as
extremely dangerous or impossible. The great pyramids of ancient Egypt or
Mesoamerica are examples of how early human societies could effectively use
such simple machines to perform difficult tasks. But the machines were not self-
powered or smart. The devices required human labor or animal power to operate
and generally needed humans to perform a task, or to take advantage of some
physical principle (like gravity), which was instinctively perceived but not qual-
itatively understood. The quantitative understanding of machines and physical
principles could not take place without the Scientific Revolution.

With agriculture came food surpluses, the domestication of animals, the
production of clothing, the rise of trading and bartering, and the further
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specialization of labor. The application of technology also had a variety of in-
teresting social impacts. The rise of civilization during the Neolithic Revolution
also spawned the first governments (to organize human labor and focus wealth
in the development of various public projects), the collection of taxes (to pay for
government), the first organized military establishments (to protect people and
their wealth), and the first schools (to pass knowledge and technical skills on to
future generations in a more or less organized fashion).

Many of today’s robots contain components and use scientific principles first
adopted during the rise of civilization. The wheel and axle, the pulley, the
wedge, the lever, and the gear are examples. Great engineers of antiquity, like
Archimedes, Ctesibius, and Hero of Alexandria developed and introduced many
of the important technical devices and early machines. However, it took the bril-
liant work of Galileo Galilei, Isaac Newton, and other scientists during the Sci-
entific Revolution (in the seventeenth century) to establish the physical frame-
work within which the operation and prediction of machine behavior (including
robots) could be done with an acceptable degree of certainty and precision.

Science historians often identify the Scientific Revolution as roughly the pe-
riod between 1543 and 1687 in Western Europe, when a new way of looking at
the physical phenomena in the world emerged. In 1543, Nicholas Copernicus
challenged the long held geocentric cosmology of Aristotle, who advocated that
Earth was the center of the universe. Instead, Copernicus promulgated a radi-
cally conflicting heliocentric cosmology in his book On the Revolution of Celestial
Spheres. Early in the seventeenth century, Galileo Galilei embraced heliocentric
cosmology and performed a variety of important observations and experiments,
which established the approach today known as the scientific method. Isaac
Newton provided the capstone to the Scientific Revolution when he published
his great work Mathematical Principles of Natural Philosophy (or The Principia) in
1687. His monumental work transformed the practice of physical science and
completed the revolution stimulated by Copernicus in 1543. During this fertile
period of intellectual accomplishment in Western Europe, great mathematicians
like Blaise Pascal and Gottfried Wilhelm Leibniz experimented with the devel-
opment of early mechanical calculators—devices that heralded the great elec-
tromechanical tabulating machines and digital computers of the twentieth cen-
tury.

While the Scientific Revolution provided people the mathematical tools and
physical principles to understand how machines and the universe operated in
a somewhat clockwork fashion, this great advancement in human history did
not (of itself) provide the social or economic stimulus for developing the smart
machine systems (eventually called robots) that later appeared in the twentieth
century. In fact, during the early eighteenth century, clockmakers and engineers
like Jacques de Vaucanson and Pierre Jacquet-Dortz were quite content to con-
struct elegant automatons, primarily for the amusement of wealthy patrons.

The major stimulus for the production of smarter machines, and eventually
robots, was the Industrial Revolution—the period of enormous cultural, tech-
nical, and socioeconomic transformation that took place in the late eighteenth
and early nineteenth centuries. Starting in Great Britain and quickly spread-
ing throughout Western Europe and North America, factory-based production
and machine-dominated manufacturing began displacing economies based on
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manual labor. Many historians treat this transformation as being comparable to
the Neolithic Revolution with respect to the consequences exerted on the trajec-
tory of human civilization. Because of the global political influence of the British
Empire in the nineteenth century, this wave of social and technical change even-
tually spread throughout the world.

British engineers and business entrepreneurs led the charge in the late eigh-
teenth century, by developing steam power (fueled by coal) and using powered
machinery in manufacturing (primarily in the textile industry). These technical
innovations were soon followed by the development of all-metal machine tools
in the early nineteenth century. The availability of these machine tools quickly
led to the development of more machines for use in factory-based manufactur-
ing in other industries. More and less expensive goods became available. Work-
ers left the farms and flocked to urban areas to work in factories.

Wealth accumulated in developed (or industrialized) nations, whose capital-
istic citizens imported raw materials from less developed countries (often main-
tained as political colonies), processed these raw materials in factories, and then
shipped the manufactured items back to essentially captive markets around the
world. One of the negative effects of the Industrial Revolution was the rapid
reduction in the quality of life for a growing number of factory workers who
found themselves living in crowded cities and trapped in manufacturing jobs
that often proved both monotonous and hazardous. Unprotected whirling ma-
chinery could easily severe a finger, trap a pant leg and mangle a foot, or worse.
But in an effort to maximize manufacturing industry profits, the cost of factory
labor (especially unskilled and child) was kept as low as possible. This trend con-
tinued well into the Second Industrial Revolution (roughly from 1871 to 1914)
when great developments within the oil, steel, chemical, and electrical indus-
tries occurred. Mass production of consumer goods—including food and bev-
erages, clothing, and automobiles (for personal transport)—took place during
this period. There is not a clean and crisp demarcation between the First and
Second Industrial Revolutions. But engineering developments in the latter pe-
riod involved the expanded use of fossil fuels and electricity as prime energy
sources and scientific discoveries set the stage for the rise in modern physics,
which caused the next great technology-based revolution in human history. Be-
fore moving on to the digital revolution and the information age, it is worth not-
ing that Henry Ford’s innovative use of the assembly line concept in the mass
production of his company’s Model T automobile in about 1910 set the stage for
the extensive use of robots in modern automobile manufacturing plants.

One of the most important factors that supported the emergence of the Sec-
ond Industrial Revolution was electricity. In the mid to late eighteenth century,
scientists like the great American patriot, Benjamin Franklin, explored the fun-
damentals of this interesting natural phenomenon. Franklin’s pioneering work
was quickly amplified by the scientific efforts of André-Marie Ampeére, Charles-
Augustin de Coulomb, Luigi Galvani, and Count Alessandro Volta. Soon laws
governing the flow of electric currents were developed. The British experimental
physicist Michael Faraday and his American counterpart, Joseph Henry, inde-
pendently discovered the physical principles behind two of the most impor-
tant machines in modern civilization. By the mid-nineteenth century, theo-
reticians, like the Scottish scientist James Clerk Maxwell, worked out a set of
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equations that linked electricity and magnetism. Maxwell’s work revolutionized
both physics and the practice of engineering.

Nineteenth-century inventors like Thomas Edison and Nikola Tesla applied
electricity to devices that gave humankind surprising new power and comforts.
Other inventors like Charles Babbage and Herman Hollerith began developing
more sophisticated machines, capable of tabulating data, and in some limited
fashion, “thinking”—or at least “calculating”—faster than human beings.

The digital revolution is a generic expression that actually encompasses sev-
eral major technology shifts which occurred in the mid to late twentieth century.
The first part of this process was the discovery of the transistor in the late 1940s
and its use in the microelectronics revolution that followed, especially in the de-
velopment and application of digital computers and microprocessors. As micro-
electronic devices became less expensive and provided more capability, the use
of digital devices continued to expand.

Equally amazing post-World War II developments in nuclear technology,
space technology, and information technology complemented the expanded use
of digital devices and so-called “thinking machines.” The need for advanced-
design, teleoperated systems to handle radioactive materials, the need to pro-
duce miniaturized electronic chips, and the need to send (unmanned) spacecraft
on missions of scientific inquiry to the ends of the solar system, all stimulated
conditions that promoted the rise of modern robot systems. Many of these excit-
ing developments started at about the same time that industrial robots began to
appear in factories, especially within the automobile industry.

Military planners were not unaware of the role or potential role of robots in
warfare. The intercontinental ballistic missile and the cruise missile emerged
during the cold war as incredibly powerful robot weapons, capable of deliver-
ing total annihilation to any region of the globe. These fearsome robot weapons
were counterbalanced by the arrival of robot military spacecraft—especially the
reconnaissance and surveillance satellites, which provided stabilizing streams
of important information during turbulent political periods in the cold war era
and beyond. Today, robot military satellites are joined by a growing family of
ground-based, undersea, and aerial robots capable of fighting international ter-
rorism in all its ugly and diverse forms. The U.S. Air Force’s Predator unmanned
aerial vehicle (UAV) is but one example; the U.S. Army’s collection of unmanned
ground vehicles (UGVs) represents another contemporary example.

Modern robots emerged from the confluence of several important technol-
ogy areas during the digital revolution. But, robots can also trace their techni-
cal heritage to the simple machine tools invented in the Neolithic Revolution,
disciplines like mechanics, pneumatics, and hydraulics, which emerged in the
Scientific Revolution, and the electromechanical devices and machinery, which
appeared during the First and Second Industrial Revolutions.

Industrial robots now play a prominent role in modern manufacturing facili-
ties. The American entrepreneurs George C. Devol, Jr. and Joseph E Engelberger
introduced the first industrial robot to the world in the early 1960s. One impor-
tant robot technology milestone occurred in 1961, when the Consolidated Diesel
Electric Corporation (Condec Corporation) shipped the first commercial version
of a Unimate industrial robot from Connecticut and installed the device in a
General Motor’s plant in New Jersey. Despite aggressive marketing efforts
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Figure 1-1 On November 28, 1958, the Atlas rocket vehicle became the first operational
intercontinental ballistic missile (ICBM) developed by the United States during the cold
war. The ICBM is the robot weapon that changed the world. Shown here is an Atlas-D
booster departing Complex 12 at Cape Canaveral Air Force Station (circa mid-1960s) as
part of Project Fire—a reentry vehicle test program supporting NASA’s Apollo Project.
(Credit: Photograph courtesy of NASA.)
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Figure 1-2 A U.S. Navy explosive ordnance disposal (EOD) technician prepares a re-
motely operated military robot to safely disable an improvised explosive device (IED).
This training exercise took place in Southwest Asia on November 10, 2004, in support
of Operation Enduring Freedom—the global war on terrorism led by the United States.
(Credit: Photograph courtesy pf the U.S. Navy.)

the application of robots in industry (American and foreign) did not become
widespread until the 1970s. In 1978, Unimation introduced the versatile indus-
trial robot called PUMA, for Programmable Universal Machine for Assembly.
Mobile robots, in a variety of sizes, shapes, and capabilities, are now playing
expanded roles in national security, law enforcement, medicine, environmental
cleanup, and entertainment and leisure activities. Where did the modern mobile
robot come from? The first serious attempts to link computers and artificial intel-
ligence to mobile robots took place in the mid-1960s, when researchers tried to
link computer-interfaced camera systems, which scanned the robot’s environ-
ment, with the robot’s mobility system. Created with Office of Naval Research
funding at SRI (Stanford Research Institute) in the late 1960s, Shakey served as
the technical ancestor to the modern mobile. Shakey had television (TV) eyes,
tactile sensors, an optical range finder, and an elementary navigation system.
This pioneering mobile robot could plan and execute simple tasks, such as find-
ing objects and manipulating them, while avoiding obstacles. Like Shakey, many
other early mobile robots and their supporting artificial intelligence (AI) capabil-
ities were developed with funding from agencies and organizations within the
U.S. Department of Defense. The Defense Advanced Research Projects Agency
(DARPA) and the Office of Naval Research (ONR) are prime examples. Standard
techniques such as time-sharing, systolic computing, neural networks, machine
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learning, and connectionist computing trace their origins to Shakey and simi-
lar early mobile robot projects. Without question this robot represented a major
technology milestone in the history of robotics.

Though the exciting depictions of
humanoid robots (including androids
and cyborgs) may remain mostly fic-
tional for the moment, a partnership
between humans and robots in the ex-
ploration of outer space is an ongo-
ing, real engineering activity with the
American space program. A successful
human-robot partnership makes the
universe both a destination and a des-
tiny for the human race. NASA is ex-
amining the use of a variety of robots,
including humanoid and android-like,
to assist astronauts as they construct
structures in space, explore the Moon
and Mars, and build permanent set-
tlements on these worlds in the lat-
ter portions of this century. One inter-
esting program is called Robonaut—an
android-like robotic assistance devel-
oped at the start of the twenty-first cen-

Figure 1-3 The historic picture shows Shakey, the pioneer-
ing mobile robot, and a companion robot (in the background)
moving through an indoor test range in the late 1960s at SRI
(Stanford Research Institute). (Credit: Photograph courtesy of
the U.S. Navy/Office of Naval Research.)

tury by engineers at NASA’s Johnson
Space Center in Houston, Texas, in col-
laboration with DARPA.

What can robots do? Contemporary

applications range from doing an accu-
rate and reliable job of spray-painting an automobile on an assembly line, to
assisting in surgery performed by a human doctor on a patient who is located
over hundreds of kilometers distance (telemedicine), to accomplishing detailed,
automated exploration of previously unreachable worlds throughout the solar
system.

It is interesting to note that the Scientific Revolution was placed on firm
ground when Galileo Galilei established observational astronomy by using his
primitive optical telescope to observe the heavens. Today, robot observatories in
space are providing astronomers and astrophysicists with exciting new informa-
tion about the universe—comparable in impact to what took place in the early
seventeenth century. As scientists look to the edges of the observable universe
and back in time to the very early universe, they are forming new ideas about
the nature of energy and matter. Some of these new thoughts are stimulating
exciting new work in the physics and engineering of the very small—a realm
called nanotechnology. Tiny machines (perhaps several molecules long), micro-
scopically sized robots, promise to transform how people later this century will
manipulate matter and energy here on Earth, throughout the solar system, and
beyond. Nanotechnology is an all-encompassing term, which generally refers to
processes, research and development activities, and human-made devices that
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Figure 1-4 This picture shows the NASA-DARPA funded Robonaut using a flashlight
to provide teleoperators with a better view of the simulated space work site at the
Johnson Space Center in 2004. This effort is part of an ongoing study, involving human-
robot relationships in future space missions. (Credit: Photograph courtesy of NASA/]JSC.)

are very small, on the order of 1 to 100 nanometers in principal dimension. At
this scale, scientists and engineers envision developing devices (perhaps swarms
of very, very tiny robots) capable of manipulating matter one molecule or even
one atom at a time.

Science historians generally acknowledge that the field of nanotechnol-
ogy began as a result of an amazingly insightful lecture delivered by the
American physicist and Nobel laureate, Richard Feynman. In his talk entitled
“There’s Plenty of Room at the Bottom,” Feynman suggested that it would be pos-
sible, using late 1950s technology, to write an enormous quantity of information,
such as the entire content of a multivolume encyclopedia, in a tiny space equiv-
alent to the head of a pin. Feynman also speculated about the impact micro- and
nano-sized machines might have. Clearly fields like medicine and information
technology (built upon microelectronics) would be revolutionized, if these (at
the time) hypothetical tiny devices allowed engineers and scientists to manip-
ulate individual atoms and arrange these building blocks of matter into useful
things.

Several more important milestones followed, each contributing in its own
way to the nanotechnology revolution. In 1981, two researchers working for
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Figure 1-5 This incredible image shows sulfur atom nanoclusters on a copper layer de-
posited on a single crystal of ruthenium. The revolutionary ability to develop very tiny
robotic devices that can manipulate an individual atom or molecule is one of the main
goals in the emerging field of nanotechnology. (Credit: Image courtesy of the U.S. Depart-
ment of Energy/Brookhaven National Laboratory.)

IBM, named Gerd Binning and Heinrich Rohrer, designed the first scanning tun-
neling microscope (STM). Their original STM was able to examine small samples
of matter held in a deeply chilled, refrigerated chamber. At a chamber tempera-
ture of —271°C (almost but not quite absolute zero), atomic motion—the natural
tendency of atoms to move around—slows almost to a halt. Inside the chamber of
the STM, the researchers used an incredibly tiny stylus, which was slowly moved
over the material object being scanned by a special robotic arm. The stylus was
just one atom wide at its tip and Binning and Rohrer had manufactured the
device using newly developed micromachining techniques. By measuring the
flow of current in the tip as the stylus approached the surface of the object,
the two researchers obtained a precise indication of the distance from the tip
to the individual atoms on the surface of the sample object. They used comput-
ers to transform these data into an image of the atoms, which was then displayed
on a monitor. Other researchers soon discovered that the STM could also be used
to push and pull atoms around. These activities represented the first time in the
history of technology that human beings could manipulate objects on so small a
scale.
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Figure 1-6 This is an aerial view (taken in September 2005) of the hub facility of the
new Sandia/Los Alamos joint Center for Integrated Nanotechnologies (CINT) in Albu-
querque, New Mexico. The building’s three wings house a characterization lab (contain-
ing the most vibration sensitive instruments), a synthesis lab (which includes physical,
chemical, and biological facilities), and clean room facilities for device integration ac-
tivities at the nano/microscale level. (Credit: Photograph courtesy of U.S. Department of
Energy/SNLA.)

However, the use of the STM was limited to objects like metals, which
had electrically conductive surfaces. In 1985, Binning, in collaboration with
Christopher Gerber and Calvin Quate, invented another device called the atomic
force microscope (AFM). This device was constructed in such a way that mea-
surements could be made on nonconductive surfaces. Like the STM, the AFM
soon entered scientific and engineering service as a device capable of position-
ing objects as small as an atom. The revolution in the construction of miniscule
machines (sometimes called microelectromechanical systems or MEMS) and mi-
croscale and nanoscale electronic devices ensued. In the 1990s, the process of
“micromachining” emerged in many research and development facilities as one
of the first practical approaches to creating various nanotechnology devices.
These efforts continue to the present, with enormous facility and research in-
vestments being made by such government agencies as the U.S. Department of
Energy.

Another significant milestone in the development of nanotechnology oc-
curred in about 1985, when researchers Richard E. Smalley, Robert E Curl, Jr.,and
Sir Harold W. Kroto were investigating an amazing molecule, which consisted
of 60-linked carbon atoms. Smalley named these clusters of atoms fullerenes
in honor of the famous architect, Buckminster Fuller, who promoted the use of
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Figure 1-7 Thisis the first photograph ever taken on the surface of Mars. This image was
obtained by NASA’s Viking 1 Lander—a robot spacecraft that successfully touched down
on the Red Planet in Chryse Planitia (the Plains of Gold) on July 20, 1976. The picture was
taken just minutes after the robot spacecraft completed a totally automated landing on
the planet. (Credit: Photograph courtesy of NASA.)

geodesic domes. Smalley, Curl, and Kroto shared the 1996 Nobel Prize in chem-
istry for their “discovery of carbon atoms found in the form of a ball.” Today,
these fullerenes, or buckyballs as they are more popularly called, represent some
of the primary building blocks in nanotechnology.

SPACE ROBOTS IN SERVICE TO SCIENCE

Since the start of the space age in 1957, engineers and scientists have built
robot spacecraft in all shapes and sizes. Each space robot was usually custom-
designed and carefully engineered to meet the specific needs and environmental
challenges of a particular space exploration mission. For example, the engineers
designed lander spacecraft to acquire scientific data and to function in a hos-
tile planetary surface environment. As space technology matured and was com-
plemented by incredible progress in computer and transistor-based technolo-
gies, the complexity of space robots changed greatly. Starting in the mid-1960s,
engineers and space scientists found it convenient to begin categorizing robot
spacecraft according to the missions they were intended to fly. NASA engineers
generally divide space robots into the following major broad classes, such as fly-
bys, orbiters, landers, and rovers.

Robot spacecraft promoted a revolution in the scientific understanding of the
solar system and the universe. For example, the placement of Viking 1 and 2
lander spacecraft on the Martian surface in 1976 represents one of the great
early triumphs of robotic space exploration. After separation from the Viking or-
biter spacecraft, the lander (protected by an aeroshell) descended into the thin
Martian atmosphere at a speed of approximately 16,000 kilometers per hour.
As they descended, the landers were slowed down by aerodynamic drag until
their aeroshells were discarded. Each robot lander spacecraft then slowed down
further by releasing a parachute. Finally, the robots achieved a gentle landing
by automatically firing retrorockets. Of special significance is the fact that both
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Figure 1-8 This picture is entitled “Six Wheels on Soil.” It is a two-frame mosaic of
images from the panoramic camera on NASA’s Mars Pathfinder lander spacecraft. The
composite image shows the robot minirover, named Sojourner, just after driving onto the
Martian surface on July 5, 1997. (Credit: Photograph courtesy of NASA.)

Viking landers successfully accomplished the entire soft landing sequence au-
tomatically without any direct human intervention or guidance.

NASA launched the Mars Pathfinder mission to the Red Planet using a Delta II
expendable launch vehicle on December 4, 1996. This mission, previously called
the Mars Environmental Survey (or MESUR) Pathfinder, had the primary objective
of demonstrating innovative technology for delivering an instrumented lander
and free-ranging robotic rover to the Martian surface. The Mars Pathfinder not
only accomplished this primary mission but also returned an unprecedented
amount of data, operating well beyond the anticipated design life.

Mars Pathfinder used an innovative landing method that involved a direct
entry into the Martian atmosphere assisted by a parachute to slow its descent
through the planet’s atmosphere and then a system of large airbags to cush-
ion the impact of landing. From its airbag-protected bounce and roll landing on
July 4, 1997, until the final data transmission on September 27, the robotic lan-
der/rover team returned numerous close-up images of Mars and chemical anal-
yses of various rocks and soil found in the vicinity of the landing site.

The landing site was at 19.33 N, 33.55 W, in the Ares Vallis region of Mars, a
large outwash plain near Chryse Planitia (the Plains of Gold), where the Viking
1 Lander had successfully touched down on July 20, 1976. Planetary geologists
speculate that this region is one of the largest outflow channels on Mars—the
result of a huge ancient flood that occurred over a short period of time and
flowed into the Martian northern lowlands.

13
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The lander, renamed by NASA as the Carl Sagan Memorial Station, first trans-
mitted engineering and science data collected during atmospheric entry and
landing. The American astronomer Carl Edward Sagan (1934-1996) popularized
astronomy and astrophysics and wrote extensively about the possibility of ex-
traterrestrial life.

Just after arrival on the surface, the lander’s imaging system (which was on
a pop-up mast) obtained views of the rover and the immediate surroundings.
These images were transmitted back to Earth to assist the human flight team in
planning the robot rover’s operations on the surface of Mars. After some initial
maneuvering to clear an airbag out of the way, the lander deployed the ramps
for the rover. The 10.6-kilogram minirover had been stowed against one of the
lander’s petals. Once commanded from Earth, the tiny robot explorer came to life
and rolled onto the Martian surface. Following rover deployment, the bulk of the
lander’s remaining tasks were to support the rover by imaging rover operations
and relaying data from the rover back to Earth. Solar cells on the lander’s three
petals, in combination with rechargeable batteries, powered the lander, which
also was equipped with a meteorology station.

The rover, renamed Sojourner (after the American civil rights crusader So-
journer Truth), was a six-wheeled vehicle that was teleoperated (that is, driven
over great distances by remote control) by personnel at the Jet Propulsion Lab-
oratory. The rover’s human controllers used images obtained by both the rover
and the lander systems. Teleoperation at interplanetary distances required that
the rover be capable of some semiautonomous operation, since the time delay
of the signals averaged between 10 and 15 minutes depending on the relative
positions of Earth and Mars.

For example, the rover had a hazard avoidance system, and surface move-
ment was performed very slowly. The small rover was 28 centimeters high,
63 centimeters long, and 48 centimeters wide with a ground clearance of 13 cen-
timeters. While stowed in the lander, the rover had a height of just 18 centime-
ters. However, after deployment on the Martian surface, the rover extended to
its full height and rolled down a deployment ramp. The relatively far-traveling
little rover received its supply of electrical energy from its 0.2 square meter array
of solar cells. Several nonrechargeable batteries provided backup power.

The rover was equipped with a black-and-white imaging system. This sys-
tem provided views of the lander, the surrounding Martian terrain, and even the
rover’s own wheel tracks that helped scientists estimate soil properties. An alpha
particle X-ray spectrometer (APXS) onboard the rover was used to assess the
composition of Martian rocks and soil.

Both the lander and the rover outlived their design lives—the lander by
nearly three times and the rover by 12 times. Data from this very successful lan-
der/rover surface mission suggest that ancient Mars was once warm and wet,
stimulating further scientific and popular interest in the intriguing question of
whether life could have emerged on the planet when it had liquid water on the
surface and a thicker atmosphere.

In the summer of 2003, NASA launched identical twin Mars rovers that were
to operate on the surface of the Red Planet during 2004. Spirit (MER-A) was
launched by a Delta II rocket from Cape Canaveral on June 10, 2003, and suc-
cessfully landed on Mars on January 4, 2004. Opportunity (MER-B) was launched
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from Cape Canaveral on July 7, 2003, by a Delta II rocket and successfully
landed on the surface of Mars on January 25, 2004. Both landings resembled the
successful airbag bounce and roll ar-
rival demonstrated during the Mars
Pathfinder mission.

Following arrival on the surface
of the Red Planet, each rover drove
off and began its surface exploration
mission in a decidedly different loca-
tion on Mars. Spirit (MER-A) landed in
Gusev Crater, which is roughly 15
deg-rees south of the Martian equator.
NASA mission planners selected Gu-
sev Crater because it had the appear-
ance of a crater lakebed. Opportunity
(MER-B) landed at Terra Meridiani—a
region of Mars that is also known as
the Hematite Site because this location
displayed evidence of coarse-grained
hematite, an iron-rich mineral, which
typically forms in water. Among this
mission’s principal scientific goals is
the search for and characterization of a
wide range of rocks and soils that hold

clues to past water activity on Mars. By
the end of June 2006, both rovers con-
tinued to function on Mars far beyond
expectation. NASA’s primary mission
goal for these rovers was an operating

Figure 1-9 This intriguing mosaic image was collected by
the navigation camera on NASA’s Mars Exploration Rover
Spirit on January 4, 2004. NASA scientists reprocessed the
original imagery data to project a clear overhead view of the
robot rover and its lander (mother spacecraft) on the surface
of Mars. (Credit: Photograph courtesy of NASA/JPL.)

lifetime of 90 days.

With much greater mobility than the Mars Pathfinder minirover, each of these
powerful new robot explorers has successfully traveled up to 100 meters per
Martian day across the surface of the planet. Each rover carries a complement
of sophisticated instruments that allows it to search for evidence that liquid
water was present on the surface of Mars in ancient times. Spirit and Oppor-
tunity are visiting different regions of the planet. Immediately after landing
each rover performed reconnaissance of the particular landing site by taking
panoramic (360 degree) visible (color) and infrared images. Then, using images
and spectra taken daily by the rovers, NASA scientists at the Jet Propulsion
Laboratory used telecommunications and teleoperations to supervise the over-
all scientific program. With intermittent human guidance, the pair of mechan-
ical explorers functioned like robot prospectors—examining particular rocks
and soil targets and evaluating composition and texture at the microscopic
level.

Each rover has a set of five instruments with which to analyze rocks and soil
samples. The instruments include a panoramic camera (Pancam), a miniature
thermal emission SPECTROMETER (Mini-TES), a Mossbauer spectrometer (MB), an
alpha particle X-ray spectrometer (APXS), magnets, and a microscopic imager
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(MI). There is also a special rock abrasion tool (or RAT) that allows each rover to
expose fresh rock surfaces for additional study of interesting targets.

Both Spirit and Opportunity have a mass of 185 kilograms and a range of up
to 100 meters per sol (Martian day). As mentioned previously, the exciting sur-
face operations accomplished by each rover have lasted well beyond the goal
of 90 sols. Communications back to Earth is accomplished primarily with Mars-
orbiting spacecraft, like the Mars Odyssey 2001, serving as data relays.

In the robot lander/probe mission scenario, the mother spacecraft releases
the lander or robot probe, while the cojoined spacecraft pair is still some dis-
tance from the target planetary object. Following release and separation, the
robot probe follows a ballistic impact trajectory into the atmosphere and unto
the surface of the target body. This scenario played out precisely as scripted,
when the Cassini mother spacecraft released the hitchhiking Huygens probe on
December 25, 2004, as Cassini orbited around Saturn. Following separation, the
Huygens probe traveled for about 20 days along a carefully planned ballistic tra-
jectory to Saturn’s moon Titan. When it arrived at Titan on January 14, 2005, the
Huygens probe entered the moon’s upper atmosphere, performed a superb data-
collecting descent, and successfully landed on the moon’s surface.

The scientific robot spacecraft exists to deliver its scientific instruments to a
particular interplanetary destination; to allow these instruments to make their
measurements, perform their observations, and/or conduct their experiments
under the most favorable achievable conditions; and then to return data from
the instruments back to scientists on Earth. In the interesting case of a sample
return mission, the robot spacecraft must collect and then return material sam-
ples from an alien world. Once the space robot delivers its extraterrestrial cargo
to Earth, scientists perform detailed investigations on the alien materials in a
special, biologically isolated (quarantine) facility.

SERVICE AND RESCUE ROBOTS RISING

In many developed countries, social pressure and government regulations
(such as the U.S. Occupational Safety and Health Act [OSHA] of 1971) provide
a sufficient emphasis on human worker safety, such that manufacturing compa-
nies and other industries find it economically justified to substitute robots for hu-
man labor in jobs regarded as hazardous. So, industrial robots have often proven
ideal in replacing human workers in such operations as paint spraying, die cast-
ing, welding, and handling toxic materials.

Concern for the safety of human beings is also encouraging the military ser-
vices, law enforcement agencies, emergency first responders, and environmen-
tal cleanup teams to examine the role of mobile robots as substitutes for human
beings in some of the most hazardous operations. For example, the U.S. military
services use a variety of mobile robots in bomb detection, explosive ordnance
disposal (EOD), and mine detection roles. Teleoperated by military personnel
from a safe distance, the mobile military robot goes into the extremely hazardous
area first, searches for the bomb, land mine, or unexploded ordnance, and then
assists in disabling the device or rendering the conditions safe perhaps by plant-
ing a small explosive device and scooting back a safe distance before the robot’s
human controller sets off the disabling charge.
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Urban warfare and counterterrorism patrols in a hostile town or city are often
ideal opportunities to use small, mobile robots on search missions, before human
military personnel expose themselves to risk. Mobile robots have proven ideal
in slow, deliberate search activities, but sometimes do not have the flexibility or
speed of deployment in hot, firefight situations where a flash battle erupts and
flows very quickly.

In domestic law enforcement activities, mobile robots equipped with vision
systems are often used in standoff or hostage situations. Local law enforcement
agencies also send a dexterous mobile robot with vision sensors and manipula-
tors to inspect and (when possible) remove a suspicious package to safer dis-
tances. There has also been some discussion of equipping a law enforcement
robot with a nonlethal weapon such as a taser or incapacitating gas, but there
are legal and reliability issues to be resolved before police robots can replace
human SWAT teams in hostage standoff situations.

Finally, during natural disasters or human-caused acts of terrorism, certain
hardy search and rescue mobile robots can be sent into very dangerous, debris-
laden areas to search for survivors. Sensors on such robots can quickly make
measurements of chemical toxicity, biological hazard, or radiation hazard. Tele-
operated by first responders the mobile search and rescue robots can quickly
map the disaster site and allow the human first responders to develop the most
efficient, least hazardous response pathway and strategy. Of course, the use of
such mobile robots implies they are available as part of the first responder team.
Time is critical in disaster response, so waiting hours or days for the right team
of mobile robots to arrive defeats the entire concept of emergency first response.
The issue again becomes one of economic justification and practicality. Officials
in charge of responding to natural disasters or acts of terrorism must weigh the
pros and cons of exposing a trained and properly equipped human responder
to a hazardous situation versus having a mobile robot available to support the
response team. Radiological accidents, chemical spills, biological attacks, each
pose challenges and are very scenario dependent.

ENTERTAINING ROBOTS

Some of the most widely held perceptions about robots generally come from
works of fiction or from entertaining encounters with life-like robots used in
theme park attractions. Several robot toys also provide educational and enter-
taining experiences. In 1999, Sony introduced that corporation’s AIBO line of
entertainment robots, which proved very popular as robotic pets. AIBO ERS-7,
for example, resembles a small dog and can interact with its owner (through suit-
able software) as it develops from a puppy (with typical puppy behavior) to a
mature adult dog. At maturity, an AIBO ERS-7 robot dog will understand (but not
necessarily always obey) about 100 of its owner’s voice commands. In 2000, the
Honda Motor Company debuted its ASIMO (Advance Step in Innovative Mobil-
ity) humanoid robot. ASIMO is actually the eleventh in a series of walking robots
created by Honda engineers in a focused development effort (starting in 1986)
to create a two-legged (bipedal) humanoid robot that can walk and perform use-
ful functions in human society alongside people. On December 13, 2005, Honda
parlayed its initial success with ASIMO by introducing the newest version of
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the company’s “people-friendly” humanoid robot. This bipedal robot has many
improved features, including the ability to pursue key tasks in a real-life of-
fice or home environment. The well-engineered humanoid robot has a height of
1.3 meters and a mass of 54 kilograms. The new ASIMO can autonomously act as
a receptionist or even deliver drinks on a tray. Other Japanese robot engineers
and companies are also constructing humanoid robots, including some life-like
systems that resemble the first generation of androids. However, full autonomy
remains an illusive engineering challenge.

Theater, motions pictures, and television programs have presented a variety
of fictional robot images to millions of people throughout the world. Some of the
most influential works of fiction are mentioned below. Obviously not all fictional
robots, androids, and cyborgs that have appeared in science fiction over the last
eight decades are mentioned here, but the selection of so-called “classic works”
should provide a sufficient look at how “entertaining robots” have shaped pop-
ular opinions about real world robots. Many of today’s robot engineers were in-
spired and perhaps even challenged into pursuing careers in robotics, or closely
related fields, as a result of the entertaining experiences they enjoyed while
watching these obviously fictional movies.

The legacy of modern fictional robots starts at the true beginning in 1920,
when the Czech playwright Karel Capek introduced the word robot in his satiri-
cal play, R.U.R. (Rossum’s Universal Robots). Taken from the Czech word for forced
labor, the word was used to describe electronic servants who turn on their mas-
ters when given emotions. The play premiered in Prague in 1921 and first ap-
peared on the English stage in 1923. The storyline involves the rise of mentally
modified robots, who become displeased with having to perform all the hard
work for human beings, and rise up to destroy their human masters. At the end
of the story, with chaos all around them, two specially modified domestic robots,
named Primus and Helena, fall in love. The robots are renamed as Adam and Eve
(by the last remaining human—a worker named Alquist) and they depart into the
chaotic world beyond the giant robot factory to begin an intelligent machine-
based civilization.

The Austrian film director, Fritz Lang, shocked and pleased audiences in 1927
with his famous movie, Metropolis. The screenplay was written by Lang and his
wife, Thea von Harbou, several years earlier. He used expensive, exotic sets in
this silent movie to introduce German audiences to the villainous robot, Maria.
In part of the storyline, the robot Maria becomes an exotic dancer in night-
clubs and causes discord among the rich young men of Metropolis. Lang used
a Frankenstein-like theme, in which the robot Maria tries to punish and destroy
humanity by encouraging the human workers to rebel against their employers.
Lang’s noir work is dominated by the perils of future technology and impact of
a powerful, female robot bent on causing trouble.

In March 1942, science fact and fiction writer Isaac Asimov introduces his
three laws of robotics—a fictional set of three rules that govern humanoid robot
behavior in the science fiction story “Runaround,” which appeared in Astound-
ing magazine. These laws become part of the cult and culture of modern robotics
and are frequently acknowledged in many modern books dealing with robotics
and advanced robot technology.
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In 1951, during build up of the nuclear arms race of the cold war, Amer-
ican movie audiences encounter the alien emissary (played by Michael Ren-
nie) and Gort (his large and powerful robot companion) in the classic science
fiction-fantasy thriller, The Day The Earth Stood Still. Based on Harry Bates’ short
story, “Farewell to the Master,” this movie uses the arrival of an alien space-
ship in Washington, DC, to warn the world about the perils of a spiraling nu-
clear arms race. The giant metallic android Gort has the technology punch to
back up Klaatu’s warning. Apparently Klaatu’s advanced civilization has turned
peacekeeping and tidying up political conflicts to this extremely powerful, no-
nonsense giant robot.

In 1956, the affable “Robby the Robot” steals the scenes in the science fiction
movie Forbidden Planet. Produced by Nicholas Nayfack and directed by Fred M.
Wilcox the movie features marvelous special effects and sets the standard for
all other science fiction movies of the decade. Set in 2257, the plot involves the
arrival of a spaceship (called the United Planets Cruiser C-57D) at the planet
Altair IV to investigate what happened to an expedition sent there two decades
earlier. The punch line of the story revolves around the ancient Krell who had de-
veloped the power to materialize anything they wanted with the power of their
minds and the subsequent impact of the power of the “Machine” that destroyed
their civilization. The crew meets the expedition’s sole survivors: the scientists
Dr. Edward Morbius and his beautiful but naive daughter Altaria. Robby’s abil-
ity to manufacture all sorts of items on request (from beverages to clothing) an-
ticipates the Santa Claus machine concept proposed in 1978 by the American
physicist Theodore (Ted) Taylor. This is a delightful science fiction film that ties
together interstellar travel, friendly robots, and the consequences of incredibly
powerful, mind-interacting machines.

The 1966 motion picture Fantastic Voyage was produced by Saul David and di-
rected by Richard Fleischer. This fantastic tale of future technology introduced
the basic concept of superminiaturized medical equipment—a 1 micrometer
long tiny submarine called the Proteus along with its equivalently miniatur-
ized human crew of four persons, including actress Raquel Welch who played
the medical assistant, Cora Peterson. The plot involves the crew’s journey in-
side the body of a key cold war era scientist, named Jan Benes. Their mis-
sion was to relieve a life-threatening blood clot in his brain. Although not ex-
actly the vision of today’s nanotechnology research efforts, the movie presented
the concept of very tiny machines (made smart because of the presence of
“shrunken human beings inside the human body, performing incredible feats
of healing.” The movie features dazzling special effects, a saboteur, and a minia-
turization time limit against which the team must race, before they revert back
to normal size. Though definitely not a serious projection of future science,
it provided (for the time) an entertaining look at the possibilities of medical
nanotechnology.

The motion picture producer Stanley Kubrick and science fiction writer Sir
Arthur C. Clarke teamed up in 1968 and introduced audiences around the world
to the rascally and mischievous fictional computer/character HAL 9000 in the
classic science fiction film 2001: A Space Odyssey. In this highly acclaimed
motion picture, HAL 9000 (an acronym meaning heuristically programmed
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algorithmic computer) is the advanced on-board computer designed to essen-
tially run the interplanetary ship Discovery, which is carrying a team of human
astronauts to the vicinity of Jupiter on a mysterious mission. HAL 9000 repre-
sents the apex of artificial intelligence and is quite capable of fully interacting
with the human crew. However, the potential perils of truly advanced machine
intelligence also appear in this movie, when the HAL 9000 departs from its pro-
grammed behavior and begins to exercise a malicious mind of its own by engag-
ing in a deadly conflict with the humans onboard.

Two superpower computers run amuck in the 1970 apocalyptic science fiction
thriller, entitled Colossus: The Forbin Project. The movie was produced by Stanley
Chase and directed by Joseph Sargent. Colussus is a massive defense computer
controlling the military might of the United States. It turns out, during this cold
war era fictional story, that the Soviet Union had also developed a supercom-
puter to protect itself. The two computers discover each other, link up, and plan
to dominate the world of human beings. When both the Americans and Soviets
try to cut the communication links between the computers, both Colossus and
Guardian launch one of their nuclear missiles. As the story proceeds, the two
computers continue to exchange data, and form an even more powerful mega
computer, also named Colossus. At the end of the motion picture, mega Colossus
the mega computer announces that it has taken over the world and now domi-
nates the affairs of human beings. Hmm! Small wonder why people sometimes
got paranoid when their office computers malfunctioned in the 1970s.

On May 25, 1977, writer and director George Lucas introduces audiences to
his science fiction/fantasy universe with the release of the film Star Wars (later
retitled Star Wars Episode IV: A New Hope). Stretching almost three decades, the
six motion pictures in this sprawling “space-opera” exert an enormous impact
on the popular culture. For example, the antics of two fictional robots: the stead-
fast, get-the-job done pudgy “droid” called R2-D2, and the frequently whin-
ing, constantly appeasing protocol android, called C-3PO, delight millions of
people around the world and suggest what the future might be like with very
intelligent robots. The sinister cyborg Darth Vader shows audiences the dark side
of blending machines and biological matter.

At this point it is useful to briefly discuss the difference between an android
and a cyborg. An android is an anthropomorphic machine—that is, a robot with
near-human form, features, and/or behavior. Although originating in science fic-
tion, engineers and scientists now use the term android to describe robot systems
(such as ASIMO, Honda'’s pioneering humanoid robots) being developed with
advanced levels of machine intelligence and electromechanical mechanisms, so
the machines can “act” like people. One example of a possible android is a future
human-form field geologist robot that can communicate with its human partners
perhaps exploring the surface of the Moon, by using a radio frequency transmit-
ter as well as by turning its head and gesturing with its arms.

The term cyborg is a contraction of the expression “cybernetic organism.”
Cybernetics is thus the branch of information science dealing with the control of
biological, mechanical and/or electronic systems. While the term cyborg is quite
common in contemporary science fiction—for example, the frightening “Borg
collective” in the popular Star Trek: The Next Generation motion picture (1987)
and television series—the concept was actually first proposed in the early 1960s
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Figure 1-10 This is a prototype of the MEMS-based array that may some day be in-
serted onto the retina of a blind person to provide some level of useful vision. The proto-
type microelectromechanical system (MEMS) device was designed by Murat Okandan at
Sandia National Laboratories in Albuquerque, New Mexico, under a research grant from
the U.S. Department of Energy. (Credit: Photograph courtesy of the U.S. Department of
Energy/SNLA).

by two scientists (Nathan S. Kline and Manfred E. Clynes), who were then explor-
ing alternative ways of overcoming the harsh environment of space. The overall
strategy they suggested was simply to adapt a human being to space by develop-
ing appropriate technical devices that could be incorporated into an astronaut’s
body. With these implanted or embedded devices, astronauts would become cy-
bernetic organisms, or cyborgs.

Instead of simply protecting an astronaut’s body from the harsh space envi-
ronment by enclosing the person in some type of spacesuit, space capsule, or
artificial habitat (the technical approach actually chosen), the scientists who ad-
vocated the cyborg approach boldly asked, “Why not create cybernetic organ-
isms that could function in the harsh environment of space without special pro-
tective equipment?” For a variety of technical, social, and political reasons, the
proposed line of research quickly ended, but the term cyborg has survived.

Today, the term is usually applied to any human being (whether on Earth, un-
der the sea, or in outer space) using a technology-based, body-enhancing de-
vice. For example, a person with a pacemaker, hearing aid, or an artificial knee
could be considered a cyborg. When a person straps on wearable, computer-
interactive components, such as the special vision and glove devices that are
used in a virtual reality system, that person has (in fact) become a temporary cy-
borg. Scientists are also working on permanent implants to serve as engineered
replacement for sight and other human impairments. From one perspective, the
entire medical field of prostheses involves the use of artificial devices, such as
mechanical legs or arms to replace damaged or lost natural (biological) body
parts. In a very real sense, there are many cyborgs among us—fellow human
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beings, who are living useful and productive lives because of mechanical, elec-
tromechanical, and robotic systems.

By further extension, the term cyborg is sometimes used to describe fictional
artificial humans or very sophisticated robots with near-human (or superhuman)
qualities. The Golem (a mythical clay creature in medieval Jewish folklore) and
the Frankenstein monster (from Mary Shelley’s classic 1818 novel Frankenstein:
The Modern Prometheus) are examples of the former, while Arnold Schwarzeneg-
ger’s portrayal of the superhuman terminator robot (in The Terminator (1984)
motion picture trilogy) is sometimes regarded as an example of the latter
usage.

Director Steven Spielberg explored the interesting implications of advanced
machine intelligence and the threshold of machines behaving as humans in his
2001 film Artificial Intelligence: Al The story features a young robotic boy, named
David, who searches for the love of his real (physical) mother. One of the inter-
esting questions raised by the movie is the potential problem that could arise in
the future when the human beings, who have interacted with an android, get
old and die. The machines will not experience biological death. So what hap-
pens to the humanoid robot when their special human is no longer there? Do
the machines turn themselves off out of loneliness or simply search out and find
another human to interact with?

Millions of people visiting theme parks in the United States and around the
world have been thrilled by the life-like behavior of roaring robot dinosaurs or
singing robot pirates. Perhaps the most famous collection of the delightful enter-
tainment robots is the famous “Pirates of the Caribbean” attraction at the Walt
Disney theme parts. The original attraction opened in Disneyland (Anaheim,
California) and then appeared in Orlando, Florida, as part of Disney World’s
Magic Kingdom in 1973. The attraction involves a slow boat ride through a cave,
past a pirate ship attacking a Caribbean town, and finally through the Span-
ish fortress that was guarding the town. A collection of 120 (1960s era) auto-
mated, robotic figures provides guests an unparalleled leisure time experience.
The original version of this famous attraction was the last theme park attrac-
tion that was personally supervised by Walt Disney, who died in 1966. In July
2006, entertainment engineers at the Walt Disney Company carefully integrated
two new (twenty-first century era) robotic figures to the attraction. These were
modern entertainment robots for Captain Jack Sparrow and Captain Barbossa—
fictional characters from Disney’s two very popular motion pictures based on
the theme park ride. Although the full magic and charm of the original pirate
ride remains intact, the new robotic figures of Sparrow and Barbossa appear to
move more naturally than the others. This is because the two new robots employ
twenty-first-century robotics technology and the remaining 120 or so robots are
animated by 1960s robotics technology.

THE RISE OF THINKING ROBOTS

The term artificial intelligence (Al) is the term commonly understood to
mean the study of thinking and perceiving as general information-processing
functions—or the science of machine intelligence (MI). Starting in the mid-1960s
and continuing over the past few decades to the present day, increasingly more
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powerful and efficient levels of “machine thinking” have been developed by sci-
entists and engineers. For example, computer systems have been programmed
to diagnose diseases; prove theorems; analyze electronic circuits; play complex
games such as chess, poker, and backgammon; solve differential equations; as-
semble mechanical equipment using robotic manipulator arms and end effectors
(the “hands” at the end of the manipulator arms); pilot unmanned vehicles across
complex terrestrial terrain, as well as through the vast reaches of interplanetary
space; analyze the structure of complex organic molecules; understand human
speech patterns; and even write other computer programs.

All of these computer-accomplished functions require a degree of “intelli-
gence” similar to mental activities performed by the human brain. Someday, a
general theory of intelligence may emerge from the current efforts of scientists
and engineers who are now engaged in the field of artificial intelligence. Such a
general theory would help guide the design and development of even “smarter”
thinking machines. Humanoid robots would engage in complex conversations
with their human owners and advanced robot spacecraft would explore in de-
tail the farthest reaches throughout the solar system without the assistance of
human controllers.

Artificial intelligence generally includes a number of elements or subdisci-
plines. Some of these are: planning and problem solving; perception; natural lan-
guage; expert systems; automation, teleoperation and robotics; distributed data
management; and cognition and learning. All artificial intelligence involves ele-
ments of planning and problem solving. The problem-solving function implies a
wide range of tasks, including decision making, optimization, dynamic resource
allocation, and many other calculations or logical operations. Perception is the
process of obtaining data from one or more sensors and processing or analyzing
these data to assist in making some subsequent decision or taking some subse-
quent action. The basic problem in perception is to extract from a large amount
of (remotely) sensed data some feature or characteristic that then permits object
identification.

One of the most challenging problems in the evolution of the digital computer
has been the communication that must occur between the human operator and
the machine. The human operator would like to use an everyday, or natural, lan-
guage to gain access to the computer system. The process of communication be-
tween machines and people is very complex and frequently requires sophisti-
cated computer hardware and software.

An expert system permits the scientific or technical expertise of a particu-
lar human being to be stored in a computer for subsequent use by other human
beings who have not had the equivalent professional or technical experience.
These expert systems have been developed for use in such diverse fields as med-
ical diagnosis, mineral exploration, and mathematical problem solving. To cre-
ate such an expert system, a team of software specialists collaborates with a sci-
entific expert to construct a computer-based interactive dialogue system that
is capable, at least to some extent, of making the expert’s professional knowl-
edge and experience available to other individuals. In this case, the computer,
or “thinking machine,” not only stores the scientific (or professional) expertise
of one human being, but also permits ready access to this valuable knowledge
base because of its artificial intelligence, which guides other human users.
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Automatic devices are those that operate without direct human control. NASA
has used many such automated smart machines to explore alien worlds. For ex-
ample, the two Viking landers placed on the Martian surface in 1976 represent
one of the early great triumphs of robotic space exploration and artificial intelli-
gence. After separation from the Viking Orbiter spacecraft, the lander (protected
by an aeroshell) descended into the thin Martian atmosphere at a speed of ap-
proximately 16,000 kilometers per hour. It was slowed down by aerodynamic
drag until its aeroshell was discarded. Each robotic lander spacecraft slowed
down further by releasing a parachute and then achieved a gentle landing by au-
tomatically firing retro-rockets. Both Viking landers successfully accomplished
the entire soft landing sequence automatically, that is, without any direct human
intervention or guidance.

Teleoperation implies that a human operator is in remote control of a mechan-
ical system. Control signals can be sent by means of “hardwire” (if the device un-
der control is nearby) or via electromagnetic signals (for example, laser or radio
frequency), if the robot system is some distance away. NASA’s Pathfinder mis-
sion to the surface of Mars in 1997 successfully demonstrated teleoperation of
a minirobot rover at planetary distances. This six-wheeled minirobot rover ve-
hicle, called Sojourner, was actually controlled (or “teleoperated”) by the Earth-
based flight team at the Jet Propulsion Laboratory (JPL) in Pasadena, California.
The “human-operators” used images of the Martian surface obtained by both
the rover and the lander systems. These interplanetary teleoperations required
that the rover be capable of some semiautonomous operation, since there was a
time delay of the signals that averaged between 10 and 15 minutes duration—
depending on the relative position of Earth and Mars over the course of the mis-
sion. This rover had a hazard avoidance system and surface movement was per-
formed very slowly. The 2003 Mars Exploration Rovers: Spirit and Opportunity
provided even more sophisticated and rewarding teleoperation experiences at
interplanetary distances since they started traveling across different portions of
the Red Planet in 2004.

Of course, in dealing with the great distances in interplanetary exploration,
a situation is eventually reached when electromagnetic wave transmission can-
notaccommodate effective “real-time” control. When the device to be controlled
on an alien world is many light-minutes or even light-hours away and when ac-
tions or discoveries require split-second decisions, teleoperation must yield to
increasing levels of autonomous, machine intelligence-dependent robotic oper-
ation. The operational needs of advanced robot spacecraft will drive giant leaps
in artificial intelligence this century.

Robotic devices are computer-controlled mechanical systems that are capa-
ble of manipulating or controlling other machine devices, such as end effec-
tors. As more fully discussed in other chapters, robots may be mobile or fixed
in place and either fully automatic or teleoperated. Large quantities of data are
frequently involved in the operation of automatic robotic devices. The field of
distributed data management is concerned with ways of organizing cooperation
among independent, but mutually interacting, databases.

In the field of artificial intelligence, the concept of cognition and learning
refers to the development of a machine intelligence that can deal with new
facts, unexpected events, and even contradictory information. Today’s smart
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machines handle new data by means of preprogrammed methods or logical
steps. Tomorrow’s “smarter” machines will need the ability to learn, possibly
even to understand, as they encounter new situations and are forced to change
their mode of operation.

Perhaps late in this century, after the field of artificial intelligence sufficiently
matures, human beings will send the first, fully automated robot probes on inter-
stellar voyages. Each very smart interstellar probe must be capable of indepen-
dently examining a new star system for suitable extrasolar planets. If success-
ful in locating one, the robot would then begin the search for extraterrestrial
life beyond the solar system. Meanwhile, back on Earth, scientists will wait pa-
tiently for its electromagnetic signals to travel light years across the interstellar
void, eventually informing its human builders that the extraterrestrial explo-
ration plan has been successfully accomplished. Will the life forms it encoun-
ters (if any) be biological (that is, possessing carbon based intelligence and con-
sciousness) or robotic (that is, possessing silicon-based machine intelligence and
consciousness)?

The entire issue of advanced levels of artificial intelligence leading possibly to
artificial life and machine consciousness is now being actively discussed within
the robotics community and other fields of science and engineering. Because
of many of the technical, philosophical, metaphysical, and theological implica-
tions such developments could cause, there are many speculations and opinions
flashing about. Just what will happen when a smart machine uses its artificial
neural network and suite of environmental sensors to reach Rene Descartes’s
famous statement: “Cogito, ergo sum” (I think, therefore I am)? This potentially
thorny issue has already appeared in motion pictures and challenged audiences
for decades. Faced with more proximate, day-to-day problems most people are
content to push their curiosity aside and let the question dwell in their subcon-
scious for a bit longer. But continued (often exponential) developments in robot
technology and in companion areas of information technology, microelectron-
ics, artificial intelligence, and nanotechnology should someday yank the issue
away from the big screen and plop it down right into modern life—creating a
myriad of legal, cultural, and social debates. The issue of artificial life and ma-
chine consciousness may even cause both houses of the U.S. Congress to begin
to hold formal hearings.

For most people, today, the central concern related to robots involves worker
layoffs and the social disruption of massive unemployment on a community or
region of the country that is dependent upon manufacturing for economic sur-
vival. Individual concern about the rise of thinking machines generally lies be-
low the surface in the subconscious regions of the mind. Yet, many researchers,
scientists, and engineers are beginning to address this interesting and potentially
important issue from a variety of angles, approaches, and consequences.

For now, perhaps the rules of “robot behavior” developed by the science fact
and fiction writer Isaac Asimov should guide these deliberations. Asimov in-
troduced his famous rules of robot behavior in the 1942 science fiction story
“Runaround,” which appeared in Astounding magazine. These laws have be-
come part of the culture of modern robotics. They are: (First Law) “A robot may
not injure a human being, or, through inaction, allow a human being to come
to harm;” (Second Law) “A robot must obey the orders given by human beings
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except where such orders would conflict with the first law;” and (Third Law) “A
robot must protect its own existence as long as such protection does not conflict
with the first or second law.”

Actually, in a later science fiction book, entitled Robots and Empire (1985),
Asimov introduced his so-called zeroth law of robotics, which states that: “a
robot may not injure humanity, nor through inaction, allow humanity to come to
harm.” With this additional ethical guideline for robots, he created several inter-
esting “fictional” paradoxes with respect to his previously introduced three laws
of robotics and the overall interaction between intelligent robots and the human
race (taken as a whole). If robots prove to be stifling to the development of the
human race, then under the conditions of the zeroth law, once the robots them-
selves recognize that their existence is harming the human race, they would be
obliged to phase themselves out in order to “save humanity.” Similarly, if one
or several human beings act in a way that endangers the survival of the entire
human race, then a robot (responding to the zeroth law) would be obliged to neu-
tralize or destroy the offending humans in order to save the human race. Since
the action of harming or killing a particular human is in clear conflict with the
basic three laws of robotics, the zeroth law is sometimes viewed as an overriding
rule of machine behavior—though this rule does not enjoy the same widespread
notoriety or recognition as Asimov’s original three laws of robotics. Yes, even
in science fiction, the concept of truly intelligent machines that have achieved
some level of artificial life and consciousness creates enormously interesting,
yet complicated, circumstances. How such future machines will interact with
human beings, and vice versa, should remain an open issue for decades, if not
centuries, to come.
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Chronology of Robot Technology

This chronology presents some of the key events, scientific concepts, and so-
ciopolitical developments that led to the development of robot technology. Sev-
eral of the entries correspond to events now obscured in antiquity, while others
are associated with the emergence of modern science during the late Renais-
sance in Western Europe. More recent entries highlight how stories of robots in
the science fiction literature of the nineteenth and twentieth century stimulated
technical visionaries at the dawn of the age of thinking machines.

In the twentieth century robots have been closely linked with science fiction
stories and cinematic treatments. Yet, modern robotic technology draws upon
several areas for its technical heritage. The first is mechanical engineering and
simple to complex machines, hydraulic actuators, and manipulator arms and
mobility systems. There is also an important reliance on electrical engineering,
including the use of servomechanisms with feedback loops, electric motors and
actuators, and portable power supplies—especially batteries. The confluence
of transistor-based electronics, high-speed digital computers and microproces-
sors, and improvements in sensor technologies has led to a new plateau in robot
technology.

Early robots were pressed into service for repetitive or hazardous jobs in man-
ufacturing industries, the nuclear industry, and selected military applications.
One of the most recent and successful applications of robot technology involves
the space program and the exploration of other worlds in the solar system and
beyond.

Entries in this chronology represent many of the most important events
and discoveries throughout human history that have contributed—directly or
indirectly—to the rise of the intelligent machines we today collectively refer
to as “robot systems.” Interest and fascination with modern robots actually be-
gan more than a century ago, although some of the developments supporting
robot technology have roots back in antiquity. Reflecting on the diversity and
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complexities of these developments, it is easy to understand how a person might
get confused about what is and is not related to the development of robotics. As
briefly described in this chronology, the history of robotics is tied to many other
advances in technology. Some of these developments and events may seem triv-
ial and commonplace by current standards. In fact, in viewing such technologies,
people often do not even regard them as related to robots. For example, the work
of the early Greek engineer and inventor, Archimedes, influenced the applica-
tion of many simple mechanical devices found in modern robots. Similarly, the
development of the first electric cell (forerunner of the modern battery) by Count
Alessandro Volta (1745-1827) provided the basis for portable electric power so
essential for the operation of many mobile robots.

c. 420 B.CE Archytas of Tarentum constructs a wooden bird which is held by a string,
while moving through the air propelled by a jet of steam.

c.255B.CcE  The Greek inventor and engineer, Ctesibus of Alexandria, publishes an im-
portant work, entitled On Pneumatics, in which he discusses the elasticity of the air
and suggests many applications of compressed air in such devices as pumps, musical
instruments, and even air-powered cannon.

c.250B.c.E. The greatest engineer of antiquity, Archimedes of Syracuse, designs an end-
less screw, later called the Archimedes screw, which can remove water from the hold
of a large ship and also can serve as a hand-cranked irrigation device.

c. 240 BCE. The Greek inventor and engineer, Ctesibus of Alexandria, introduces a
greatly improved clepsydra (water clock), which becomes the best timepiece in antig-
uity and remains unrivaled in accuracy until pendulum clocks appear in Europe in the
seventeenth century.

c. 235 B.CE. Archimedes of Syracuse has a “eureka moment” while taking a bath and
discovers the principle of buoyancy, as the water overflows out of the tub. In his en-
thusiasm, he runs naked through the streets of Syracuse to the palace of King Hieron
IT to tell the king that he has solved the perplexing problem of determining the gold
content of the new crown. Scientists now call this important discovery the Archimedes
principle.

212 BCcE During the siege and sack of Syracuse, a Roman soldier ignores standing or-
ders from General Marcellus to show Archimedes respect, and slays the greatest engi-
neer of antiquity while the Greek mathematician and inventor is absorbed in solving a
geometry problem.

c.200B.cE Artisansin ancient China construct early automata, including a mechanical
orchestra.

c. 1495 Theltalian artist and scientist Leonardo da Vinci sketches what is considered by
modern robot engineers to be the first documented design for a robot. The humanoid
automaton, often called Leonardo’s robot, is a medieval knight clad in either Italian or
German armor. The details in Leonardo’s notebook suggest that the device (which was
never built) should be able to execute several human-like motions, such as moving its
arms and neck.

c.1540 Progressively more elaborate automata begin to appear in Europe, emerging out
of clock-making activities during the Renaissance. For example, in this year Guinallo
Toriano constructs a mandolin-playing lady.

1543 The nominal beginning of the scientific revolution. Polish astronomer Nico-
las Copernicus promotes heliocentric (Sun-centered) cosmology with the publication
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of his work De Revolutionibus Orbium Coelestium (On the revolutions of celestial
orbs).

1600 The British physician and geophysicist, William Gilbert publishes On Magnetism,
the first great geophysics book published in Great Britain. This pioneering scientific
study distinguishes between electrostatic and magnetic effects. However, it will be
another 270 years before the Scottish physicist, James Clerk Maxwell, publishes his
Treatise On Electricity and Magnetism (in 1873) and provides a comprehensive theory
of electrical and magnetic forces.

1609 The German astronomer Johannes Kepler publishes Astronomia Nova (New as-
tronomy), in which he modifies the Copernican model of the solar system by announc-
ing that the planets have elliptical (not circular) orbits.

1610 The Italian scientist Galileo Galilei begins telescopic observations of the Moon
and planets that confirm the Copernican hypothesis.

1637 In his treatise Discourse on Method René Descartes discusses how humans, who
have the power of reason, and animals, which cannot reason, can be distinguished from
one another and machines. In the appendix of this work, called La Geométrie, Decartes
introduces the Cartesian coordinate system, an innovative union of algebra and geom-
etry that Descartes combines into an important new discipline called analytical geome-
try. Descartes’s work provides the mathematical framework allowing Sir Isaac Newton
to develop the calculus.

1641 At the age of 18, the French scientist and mathematician, Blaise Pascal, de-
signs a mechanical calculator, called the Pascaline, to help his father perform busi-
ness transactions. Pascal develops improved versions of the device, patenting his cal-
culating machine, and putting it into production in 1642. Despite its ability to add
and subtract up to eight-figured sums, Pascal’s calculator never becomes a financial
success.

1643 The Italian physicist and mathematician, Evangelista Torricelli, designs the first
mercury barometer and makes initial measurements of atmospheric pressure, which
he observes decreases with altitude. Torricelli’s simple barometer—an inverted glass
tube filled with mercury at a height of about 75 centimeters at sea level—also contained
the first human-made vacuum in the space at the top of the upended tube (except for a
tiny amount of mercury vapor). His pioneering experiments stimulated other scientists,
including Blaise Pascal, to further investigate the nature of atmospheric pressure and
the concept that the atmosphere contains a finite, exponentially decreasing mass of gas
(air), beyond lay the vacuum of space.

1647 The French physicist and mathematician, Blaise Pascal, demonstrates how atmo-
spheric pressure can support a 12-meter high column of wine in an arrangement of
interconnected, vertical glass tubes tied to the mast of a ship.

1654 The German scientist and politician, Otto von Guericke, who invented the air
pump several years earlier, provides a dramatic public demonstration of atmospheric
pressure in the city of Magdeburg. Two teams of eight horses each could not pull apart
two evacuated metal hemispheres, each about half a meter in diameter, once von Guer-
icke had joined them and pumped the air out. Yet, the spheres easily separated without
the need for horsepower when von Guericke turned a valve and let air back into the
hollow sphere. With this simple experiment, which he repeated to amazed audiences
elsewhere in Germany, von Guericke disproved the long-standing hypothesis of natu-
ral philosophy that nature abhors a vacuum (“horror vacui”). Science historians regard
this dramatic demonstration as the start of vacuum physics.
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1665 SirIsaac Newton returns to the family farm to avoid the plague, which had broken
out in London. During the next two years, he ponders over mathematics and physics.
This self-imposed exile establishes the foundation for his brilliant contributions to sci-
ence. By his own account, one day on the farm he saw an apple fall to the ground and
began to wonder if the same force that pulled on the apple also kept the Moon in its
place.

1678 The British scientist Robert Hooke studies the action of springs and reports that
the extension (or compression) of an elastic material (such as a spring) takes place in
direct proportion to the force exerted on the material. Today, physicists use Hooke’s
law to quantify the displacement associated with the restoring force of an ideal spring.

1687 British physicist and mathematician Sir Isaac Newton publishes Philosophia Nat-
uralis Principia Mathematica (Mathematical principles of natural philosophy). Building
upon the earlier work of Galileo Galilei and Johannes Kepler, Newton’s monumen-
tal work, commonly referred to as simply the Principia, establishes the scientific basis
for understanding the motion of all objects in the realm of classical physics. His work
codifies such important physical concepts as force, inertia, velocity, acceleration, and
momentum.

1737 The French engineer and inventor, Jacques de Vaucanson, constructs his first au-
tomaton, called The Flute Player. This life-size mechanical device of a shepherd plays
12 tunes. Later this year, de Vaucanson constructs two other famous automatons: The
Tambourine Player and his famous Digesting Duck. He constructs the mechanical duck
out of copper and other materials and uses it as a fund-raising entertainment device.
The duck reportedly bathes, quacks, drinks water, eats grain, and even excretes.

1745 Responding to a royal appointment, Jacques de Vaucanson tries to reform the
French textile industry by inventing the world’s first completely automated loom. Al-
though his automated loom pioneers the use of operating instructions stored on punch
cards, his invention is not well received by master French weavers, who regard the
automated loom as a clear and present threat to their jobs. So, de Vaucanson’s sugges-
tions on how to automate the French weaving industry are generally ignored and the
automated loom is overlooked for about 50 years. Then, in 1801, another Frenchman,
named Joseph Marie Jacquard, achieves more success in getting his automated loom
(called the Jacquard loom) accepted.

1748 The American statesman and scientist, Benjamin Franklin, while performing ex-
periments with a simple capacitor-like array of charged glass plates, coins the term
battery.

1764 While repairing a Newcomen steam engine, the Scottish engineer, James Watt,
comes upon the idea of adding a condenser—a separate chamber to capture some of
the energy in the exhaust steam. Watt’s invention makes the steam engine much more
efficient.

1768 In this year, and continuing until about 1774, the Swiss watchmaker, Pierre
Jaquet-Droz (in collaboration with his son, Henri-Louis) constructs several elaborate
automata, including The Writer—a boy scribe, who dips his pen in an inkwell and writes
aletter. His other elaborate mechanical devices include The Musician and The Draughts-
man. Jaquet-Droz’s automata are popular among members of high class European soci-
ety in the eighteenth and nineteenth centuries. His automata are some of the most com-
plex and elaborate mechanical systems ever constructed for entertainment. A surviv-
ing example of The Writer is on display in the Museum of Art and History in Neuchatel,
Switzerland.
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1775 The Italian physicist, Count Alessandro Volta, invents the electrophorus, an early
form of electrostatic generator. Volta’s work anticipates the modern electrical con-
denser.

1785 The French military engineer and scientist, Charles Augustin de Coulomb, pub-
lishes his experimental observations that lead to the important law of electrostatics,
now called Coulomb’s Law. Coulomb uses a special torsion balance to investigate the
relationship between the magnitude of an electrostatic force (F) exerted by one point
charge on another point charge. Coulomb discovers that this electrostatic force is di-
rectly proportional to the magnitudes of the charges (say, q; and q,) and inversely pro-
portional to the square of the distance (r) between them.

1790 Theimproved steam engine designed and manufactured by the Scottish engineer
James Watt becomes the dominant steam engine in the United Kingdom—completely
displacing the less efficient Newcomen engine and powering the First Industrial
Revolution.

1800 Count Alessandro Volta, an Italian physicist, invents the voltaic pile, the world’s
first electric pile and the forerunner of the modern electric battery.

The British physician and physicist, Thomas Young, advocates the wave theory of
light in his paper, “Outlines of Experiments and Enquiries respecting Sound and Light.”

1801 The French textile manufacturer Joseph Marie Jacquard introduces a punch-card
system for programming the pattern of a carpet as it is being made on a loom.

The German physicist Johann Wilhelm Ritter, while working at the University of
Jena, discovers the existence of ultraviolet radiation by observing its darkening and
decomposing effect on silver chloride (AgCl).

1802 Extrapolating his research involving electrolytic cells, the German physicist Jo-
hann Wilhelm Ritter creates the world’s first dry cell battery. Engineers call the dry cell
battery a primary battery because once the cell is discharged it cannot be recharged
and must be discarded. In contrast, a secondary battery is rechargeable.

1804 The American engineer and inventor, Eli Whitney, introduces the concept of mass
production, using interchangeable parts and the organized construction of subassem-
blies into complex manufactured items. In his factory in Connecticut, Whitney pio-
neers the mass production of rifles for the new post-Revolutionary War American gov-
ernment. His innovative approach to manufacturing creates the American system of
mass production and leads to the assembly line.

1805 The Swiss clockmaker and mechanician Heni Maillardet constructs an elabo-
rate automaton (a life-sized mechanical doll) that can draw pictures and write letters.
Maillardet’s creation, called The Draughtsman-Writer, is restored and at the Franklin
Institute in Philadelphia.

1820 The Danish physicist Hans Christian Oersted discovers that there is a relationship
between magnetism and electricity, when he notices a current carrying wire causes a
nearby compass to twitch. This event is the birth of the important discipline known as
electromagnetism.

1821 The British experimental scientist Michael Faraday publishes a paper describing
his experiments that demonstrate the phenomenon of electromagnetic rotation—the
operating principle of an electric motor.

The Estonian-born, German physicist Thomas Johann Seebeck discovers
thermoelectricity—the conversion of thermal energy (heat) directly into electric-
ity when two different metals are joined at two different places, and the two junction
points are maintained at different temperatures. The Seebeck effect is the principle
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behind the use of thermocouples in making temperature measurements and the use
of radioisotope thermoelectric generators (RTGs) to provide electric power for robot
spacecraft on missions in deep space.

1824 The French military engineer, Sadi Carnot, publishes Reflections on the Motive
Power of Fire. In this pioneering document, Carnot identifies the general thermody-
namic principles that govern the operation and efficiency of all heat engines, including
the steam engine, which at this time is powering the First Industrial Revolution. It is not
until about a decade after Carnot’s death in 1832 (due to cholera) that other scientists
and engineers begin to discover the great importance of his work. The Carnot principle
establishes the maximum thermal efficiency of a heat engine.

1826 The French mathematician and physicist Andre-Marie Ampere publishes his pre-
cise mathematical formulation of the relationship between electricity and magnetism
in a report entitled Notes on the Mathematical Theory of Electrodynamic Phenomena,
Solely Deduced from Experiment. This formulation becomes know as Ampere’s Law.

1827 The German physicist George Simon Ohm publishes the results of his experi-
ments with electricity that indicate a fundamental relationship between voltage, cur-
rent, and resistance. Initially, his scientific colleagues dismiss these important findings,
but Ohm’s pioneering work defines the fundamental relationships that represent the
beginning of electrical circuit analysis. Ohm states that the resistance (R) in a material
may be defined as the ratio of the voltage (V) applied across the material to the current
(I) flowing through the material, or R = V/I. Today, physicists and engineers call this
important relationship Ohm’s law.

1830s British mathematician Charles Babbage conceives the idea for an analytical en-
gine. Unfortunately, without modern electronics and despite years of effort, Babbage
is never able to successfully construct his mechanical computing device.

1831 Working in London, the British experimental scientist Michael Faraday discovers
the principle of electromagnetic induction. This principle is the basis for the electric
dynamo, the technical ancestor and foundation of modern electric power generators.

Independent of Faraday, the American physicist, Joseph Henry, had made a similar
discovery about a year earlier, but teaching duties prevented Henry from publishing his
results. So credit for this discovery goes to Faraday. However, in 1831, Henry publishes
a seminal paper describing the electric motor (essentially a reverse dynamo) and its
potential applications.

1840 The British physicist James Prescott Joule discovers an important mathematical
relationship between the energy of an electric current and the amount of energy pro-
duced as resistance heating by that flowing current. One form of Joule’s Law is that the
power (P), rate of energy transfer per unit time, is equal to the square of the current
(1?) times the resistance (R). Physicists consider this law as a special way of writing the
conservation of energy principle in which electric energy is transformed into thermal
energy (heat), in a process often referred to as Joule heating.

1843 The British mathematician Ada (Augusta) Byron, Countess of Lovelace, writes
Sketch of the Analytical Engine, which is an important source of information about
Charles Babbage’s proposed advanced-design mechanical computing machine, called
the Analytical Engine. This work includes Lady Lovelace’s innovative insights on pro-
gramming a computing machine. Her invention of the subroutine and the programming
loop make her the world’s first software engineer.

1847 The British physicist James Prescott Joule announces the results of experiments in
which he has carefully determined the mechanical equivalent of heat (thermal energy).
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Joule’s work on the mechanical equivalence of heat is a major step in the formation of
the science of thermodynamics in the mid-nineteenth century.

The British mathematician George Boole publishes the pamphlet The Mathematical
Analysis of Logic—a seminal work in which he proposes a system of propositional cal-
culus. Boole’s system allows mathematicians to manipulate assertions that might be
either true or false. Seven years later, he publishes a more comprehensive treatment
on logic entitled An Investigation into the Laws of Thought (1854). About a century later,
Boolean algebra becomes the foundation of digital computer logic.

1874 The French telegraph engineer, ]J. M. Baudot, introduces the Baudot code, a spe-
cial character set for use in teleprinters. The Baudot code may be viewed as a distant
ancestor to ASCII used in modern digital computers.

1875, June 5—The first intelligible telephonic transmission by the Scots-born American
inventor Alexander Graham Bell to his laboratory assistant. Bell’s simple statement:
“Mr. Watson, come here—I want you,” launches the field of telephony, a critical element
of the information age.

1883 While pursuing the development of an enduring incandescent light bulb, the
American inventor, Thomas Edison and members of his research staff, observe and
record the phenomenon of thermionic emission (boiling electrons off a hot filament).
Although Edison patents this phenomenon, which becomes known as the Edison effect,
neither he nor other contemporary researchers are able to develop practical applica-
tions of the phenomenon—since the existence of the electron as a subatomic particle
is not known at this time.

The British engineer Osborne Reynolds publishes a milestone paper in hydrodynam-
ics, in which he introduces a dimensionless number (later named the Reynolds number
in his honor) that characterizes the dynamic state of a fluid. Three years later he for-
mulates a theory of lubrication and then goes on to create the empirical framework by
which engineers model turbulent fluid flow.

1886 George Westinghouse founds Westinghouse Electric Company in Pittsburgh,
Pennsylvania. The company’s primary mission is to promote commercial use of alter-
nating current electricity.

1888 The Croatian-born, Serbo-American electric engineer Nikola Tesla (1856-1943)
receives U.S. patents for his polyphase alternating current (AC) machinery, including
generators, motors, and transformers.

U.S. industrialist George Westinghouse purchases Tesla’s AC machinery patents and
then engages in bitter competition with Thomas Edison concerning AC or direct current
(DC) power generation. Tesla’s technical genius and Westinghouse’s business support
make AC power more commercially viable and help electrify the world.

The German physicist Heinrich Hertz oscillates the flow of current between two
metal balls separated by an air gap. He observes that each time the electric potential
reaches a peak in one direction or the other, a spark jumps across the gap. Hertz applies
James Clerk Maxwell’s electromagnetic theory to the situation and determined that the
oscillating spark should generate an electromagnetic wave that travels at the speed of
light. He also uses a simple loop of wire, with a small air gap at one end, to detect the
presence of electromagnetic waves produced by his oscillating spark circuit. With this
pioneering experiment, Hertz produces and detects radio waves for the first time.

1890 Westinghouse Electric and Manufacturing Company installs the first high-
voltage transmission line connecting San Antonio Canyon with Pomona and San
Bernardino, California. The 10,000-volt project introduces oil-filled transformers.
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American inventor and early computer scientist Herman Hollerith uses electrome-
chanical counters to assist in the processing of data as part of the 1890 U.S. Census.
1891 Nikola Tesla invents the Tesla coil, a high frequency transformer useful in radio

and television transmission.

Irish physicist George Johnston Stoney suggests the name electron for the elemen-
tary charge of electricity.

1893 George Westinghouse uses Nikola Tesla’s AC machinery to provide electric light
to the World’s Columbian Exhibition held in Chicago. With more than 250,000 electric
lights this display is the most dazzling installation of its time.

1894 Westinghouse Electric and Manufacturing Company introduces the world’s first
practical polyphase induction motors, providing convenient power for industry.

1895, November 8—German physicist Wilhelm Konrad Roentgen discovers X-rays. The
discovery ushers in the age of modern physics, revolutionizes the practice of medicine,
and earns him the first Nobel Prize in physics (awarded in 1901).

The Italian electrical engineer, Guglielmo Marconi, demonstrates radio wave com-
munications over a distance of more than one and one half kilometers.

George Westinghouse’s Niagara Falls Power Project uses Nikola Tesla’s AC machin-
ery (generators and transformers) to produce electricity from falling water. The elec-
tricity produced is then transmitted to Buffalo, New York, a city about 35 kilometers
away.

1896 The tempestuous battle of AC versus DC electricity ends. With 95 percent of pub-
lic electricity switching to the AC system, even General Electric (an Edison company)
decides to cross-license Westinghouse Electric and Manufacturing Company’s AC sys-
tem patents.

1897 The British physicist, Joseph John (J.J.) Thomson discovers the electron—the fun-
damental atomic particle that lies at the heart of many modern machine, information
technology, and energy applications.

Believing the U.S. military might be interested in a radio-controlled torpedo-like
weapon, the Croatian-born, Serbo-American engineer Nikola Tesla develops a sub-
mersible boat that is remotely controlled by radio wave signals. His innovative device
anticipates by about 60 years many of the remotely controlled smart weapons, which
would start appearing in the space age.

1904 Applying the Edison effect, the British engineering physicist, Sir John Ambrose
Fleming, invents the thermionic valve or two-electrode vacuum tube rectifier (later
called the diode by William Henry Eccles in 1919). His device is the first vacuum tube
and proves important in developing the field of electronics. Fleming’s diode is a sim-
ple electron tube that regulates the flow of current from the cathode to the anode and
therefore acts like a one-way valve or rectifier. Science historians often regard the in-
vention of the diode as the start of the field of modern electronics.

1905 Swiss-German-American physicist Albert Einstein presents his special relativity
theory. In another amazing contribution to science, he also explains the photoelectric
effect by suggesting that electrons (called photoelectrons) are emitted from a metal sur-
face when light (regarded as consisting of photons) impinges on the surface. According
to Einstein’s photoelectric theory, the photon (of light) interacts with an electron in the
metal, causing that electron to be ejected if the photon has energy in excess of a certain
work function (the minimum work needed to eject the electron).

1906 American physicist Lee De Forest makes very practical use of the Edison effect by
inventing the audion—a triode vacuum tube. He adds a third electrode, configured like
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a grid, between the cathode and anode of a diode. De Forest’s triode controls the flow
of electrons and permits the amplification of a radio frequency signal. The triode be-
comes an essential element in vacuum tube-based electronics of the twentieth century,
including radio, television, and the first generation of electronic computers.

1908 Henry Ford focuses the production efforts of the Ford Motor Company on making
an affordable automobile, the Model T.

1911, On March 7, New Zealand-born British physicist Baron Ernest Rutherford an-
nounces the concept of the atomic nucleus, based upon the results of his alpha particle
gold-foil-scattering experiment.

1913 To lower the price of the Model T Ford and thereby make his car affordable to
many more people, Henry Ford introduces the first moving automobile assembly line
in his factory in Highland Park, Michigan.

1915 Albert Einstein presents his general theory of relativity.

1918 Charles E Kettering of Dayton, Ohio, invents an unmanned aerial torpedo for
the U.S. Army Signal Corps. The Kettering Aerial Torpedo, or “Bug” as it is nicknamed,
takes off using a dolly-track arrangement, flies to the target, and, after a predetermined
amount of time sends an electrical signal to shut down its engine. Following engine
shut down, the Bug releases its wings causing the unpiloted aerial vehicle to dive to
the ground. An innovative combination of pneumatic and electrical controls keeps the
Bug on course during the flight to the target. The robot aircraft has an explosive charge
of about 80 kilograms, which detonates on impact. While initial testing in the United
States proves successful, World War [ ends before the Bug can enter combat.

1919 British physicist Francis Aston uses his invention, the mass spectrograph, to iden-
tify more than 200 naturally occurring isotopes.

1920 New Zealand-born British physicist Baron Ernest Rutherford suggests the pos-
sibility of a proton-sized neutral particle (later called the neutron) in the atomic
nucleus.

The Czech playwright Karel Capek introduces the word robot in his satirical play,
R.U.R. (Rossum’s Universal Robots). Taken from the Czech word for forced labor, the
word was used to describe electronic servants who turn on their masters when given
emotions.

1925 American electrical engineer and inventor, Vannevar Bush begins work on his
Differential Analyzer at MIT. Bush’s Differential Analyzer serves as the forerunner for
modern analog computers.

1927 The Austrian film director Fritz Lang’s famous movie, Metropolis, introduces silent
movie audiences to the robot, Maria, who becomes an exotic dancer in nightclubs and
causes discord among the rich young men of Metropolis. In a Frankenstein-like theme,
the robot Maria tries to punish and destroy humanity by encouraging the human work-
ers to rebel against their employers.

1939 The American mathematician and computer engineer Howard Hathaway Aiken
with funding from International Business Machine (IBM) begins to develop the Auto-
matic Sequence Controlled Calculator (ASCC), later known as the Harvard Mark L. It
would take about seven years for Aiken’s team (including Grace Hopper) to complete
this huge electromechanical computer device, which is 15.5 meters long, 2.4 meters
high, and has 8-meter long panels extending out of its back. Consisting of thousands
of switches, the Harvard Mark I automatic calculator carries out five operations:
addition, subtraction, multiplication, division, and reference to previous results.
The world’s first program-controlled calculator, Aiken’s Harvard Mark [ machine is
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a sequential calculator that can only perform operations in the order specified, since
there is no program nor any instructions stored in memory.

1939-1945 World War Il is a big catalyst that stimulates the development of two impor-
tant robot components: artificial sensing and autonomous control. Radar is essential
for tracking the enemy. The U.S. military also creates radar-based automatic-control
systems tracking enemy aircraft and also automatic sensors for mine detection that
ride in front of a tank as it crosses enemy lines. When a mine is detected, the control
system automatically stops the tank before it reaches the mine. The Germans develop
guided robotic bombs, such as the V-1 buzz bomb, that are capable of correcting their
trajectory.

1941 On February 24, American nuclear chemist Glenn T. Seaborg and his associates
synthesize plutonium (atomic number 94) by using the cyclotron at the University of
California, Berkeley, to bombard uranium. Over the next three months, Seaborg
demonstrates that the newly discovered transuranic element plutonium is more fis-
sionable than uranium-235; this suggests that plutonium (specifically the isotope
plutonium-239) is a superior material for making atomic bombs. Within two years, the
large-scale production of plutonium in nuclear reactors will stimulate the development
of a variety of teleoperated manipulators so human workers can safely handle large
quantities of highly radioactive materials.

1942, January 19—American President Franklin Delano Roosevelt approves production
of an American atomic bomb during World War II. The enormous effort, involving a
variety of widely dispersed secret laboratories and production facilities, is called the
Manhattan Project. This multi-billion-dollar effort stimulates numerous technology de-
velopments and sets the stage for the nuclear arms race of the cold war.

March—Science fact and fiction writer Isaac Asimov introduces the three laws of
robotics, essentially his postulated set of three rules of humanoid robot behavior, in the
science fiction story “Runaround,” which appears in Astounding magazine. These laws
become part of the cult and culture of modern robotics.

October 3—The modern military ballistic missile is born when German scientists
successfully launch the A-4 rocket (later named the V-2). Powered by an advanced lig-
uid propellant rocket engine, this early robot rocket weapon heralds the arrival of the
intercontinental ballistic missile—an awesome robot weapon system that will reshape
geopolitics and completely revise strategic military planning.

1943 Completed, after years of construction effort, Howard Aiken’s Automatic Se-
quence Controlled Calculator (ASCC) is donated by IBM and moved to Harvard Uni-
versity. The following year (in mid-1944), the electromechanical, programmable cal-
culator, renamed the Harvard Mark I, demonstrates the value of large-scale automatic
computation on a variety of military-related problems during the remainder of World
War II.

Scientists working on the American atomic bomb project (the Manhattan Project)
need something better and safer than tongs to handle intensely radioactive materials.
Engineers at the U.S. Atomic Energy Commission’s (USAEC’s) Argonne National Lab-
oratory (ANL) in Illinois and other project facilities design the first generation of uni-
lateral remote manipulators. A unilateral manipulator is an electromechanical device
(often with a small electric motor to operate the mechanical arms fingers or grippers)
that does not provide force feedback to the human operator. The operator can see what
the mechanical arms are doing but does not have a sense of touch or feel with respect
to the ongoing mechanical actions. Despite the lack of force feedback, a wide variety
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Figure 2-1 A V-2 rocket takes flight at the U.S. Army’s White Sands Missile Range,
New Mexico (1947). Many of the German engineers and scientists who developed the V-2
rocket at the Peenemuiinde complex on the Baltic Sea came to the United States at the end
of World War II and continued rocket testing under the direction of the U.S. Army. As part
of this post-war technology transfer effort, the U.S. government supported the launch of
more than 60 captured V-2 rockets. (Credit: Photograph courtesy of the U.S. Army.)
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Figure 2-2 Within the American nuclear weapons program, plutonium operations
have been conducted in specialized hot cell facilities that protect workers and the sur-
rounding environment. Here, a weapons facility worker (circa 1980) uses a teleopera-
tor to remotely perform complicated mechanical operations on a piece of plutonium-
contaminated equipment. Starting with the Manhattan Project, an assortment of ever-
more sophisticated robotic devices have allowed nuclear workers to safely and comfort-
ably handle materials that are dangerously radioactive and toxic. (Credit: Photograph
courtesy of the U.S. Department of Energy.)

of well-engineered manipulators support the development of the first nuclear reactors
and first atomic weapons, especially the processing of intensely radioactive materials
in special shielded facilities, called hot cells. The unilateral manipulators of the nuclear
program demonstrate two important principles of teleoperation: first, the mechanical
arm/hand can be a significant distance away from the human operator; second, the
force exerted by the mechanical arm/hand can greatly exceed human capabilities.

1944 On September 27, The Manhattan Project’s 100-B plutonium production reactor at
Hanford, Washington, achieves criticality and begins operation. Two months later con-
struction workers at Hanford complete the chemical separation plants in which human
workers will use a variety of teleoperated manipulator systems to process the highly
radioactive irradiated fuel from the Hanford production reactors and provide the plu-
tonium used in the implosion-design atomic bombs.

1945 While working on the ENIAC (Electronic Numerical Integrator And Calcula-
tor) project for the U.S. government, the Hungarian-American mathematician John
von Neumann proposes the concept of an internally stored program, where the
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step-by-step directions for computations (called instructions) are stored within the
computer and so computations can progress without the need for external (human)
guidance.

1946 Supported by the U.S. Army, the ENIAC (Electronic Numerical Integrator And
Calculator) is completed by John Presper Eckert and John W. Mauchy at University of
Pennsylvania. ENIAC is considered by science historians as the world’s first electronic
digital computer, and at the time of its completion, the world’s most complex electronic
machine. ENIAC is a massive machine containing over 18,000 vacuum tubes. But the
device can only handle numbers. The UNIVAC I (Universal Automatic Computer) will
become the first device to deal with letters.

American inventor George C. Devol Jr. develops a controller device, which can
record electrical signals magnetically and play them back to operate a mechanical ma-
chine. A U.S. patent is issued for this device in 1952.

1947 American mathematician and computer engineer Howard Hathaway Aiken re-
places mechanical relays with vacuum tubes and introduces the Hark Mark II, all elec-
tronic, programmable calculator.

The American physicists John Bardeen, Walter Houser Brattain, and William Brad-
ford Shockley, while collaborating at Bell Laboratories invent the transistor. The tran-
sistor is a solid-state device that exponentially increases the use of electronic devices,
including the rise of high-speed digital computers. Ten years later, the creation of sili-
con microchips reinforces this amazing pattern of growth in which the cost of comput-
ing dramatically decreases, while the capability of the digital computer increases.

1948 The American mathematician Norbert Wiener establishes the field of cybernetics
with the publication of his book Cybernetics or Control and Communication in the Animal
and the Machine.

1949 Raymond C. Goertz and his coworkers at the U.S. Atomic Energy Commission’s
(USAEC’s) Argonne National Laboratory (ANL) in Illinois publicly demonstrate the first
mechanical, bilateral master-slave manipulator device for the remote handling of haz-
ardous materials, such as the highly radioactive materials associated with the rapidly
expanding American civilian and military nuclear programs. Goertz’s first bilateral
master-slave manipulator has a crude sense of touch, which means that when the me-
chanical fingers (grippers) of the slave manipulator arm close on a glass beaker, the hu-
man operator handling the master manipulator arm can feel resistance of the beaker’s
glass wall to the pressure of the machine’s mechanical fingers. This sense of touch (in
reality a form of force feedback) greatly improves the deftness of the human-machine
combination in teleoperation and also prevents the greater-than-human mechanical
advantage of a machine manipulator from breaking delicate objects.

1951 American computer scientist and U.S. Navy officer Grace Murray Hopper con-
ceives of a new type of internal computer program (the compiler) that can perform
floating-point operations and other tasks automatically.

During OperationGreenhouse (April to May 1951), the United States conducts its
third series of nuclear weapons tests in the Marshall Islands in the Pacific Ocean.
This test series includes an important experimental program involving the use of un-
manned, radio-controlled drone aircraft for nuclear debris cloud sampling. Eight B-17
drones are flown close to the detonation to measure blast and thermal effects and then
into the nuclear cloud to collect highly radioactive samples.

American movie audiences encounter the alien emissary (played by Michael Rennie)
and Gort (hislarge and powerful robot companion) in the classic science fiction-fantasy
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Figure 2-3 The invention of the transistor precipitated a revolution in microelectronics
and enabled the development of the tiny computers, microcircuits, and microprocessors
found in modern robot systems. This photograph shows a scientist at the Sandia National
Laboratories, Albuquerque, in protective gear examining a modern microelectronics chip
(microscope view on left). Today’s integrated circuits contain millions of transistors with
features as small as a tiny virus. Sandia specializes in the development of microelectronic
circuits that are resistant to large doses of ionizing radiation—making such devices very
useful in robot space systems that orbit Earth or travel to the farthest reaches of the solar
system. (Credit: Photograph courtesy of the U.S. Department of Energy/Sandia National
Laboratories, Albuquerque.)

thriller, The Day The Earth Stood Still. Based on Harry Bates’ short story, “Farewell to the
Master,” this movie uses the arrival of an alien spaceship in Washington, DC, to warn
the world about the perils of a spiraling nuclear arms race. The giant metallic android
Gort has the technology punch to back up Klaatu’s warning.

1952 The Hungarian-American mathematician John von Neumann builds the MANIAC
(Mathematical Analyzer, Numerical Integrator and Computer) at the Institute for Ad-
vanced Study at Princeton, New Jersey. This digital computer embodies von Neumann'’s
landmark idea of storing-instructions (as distinct from data) in the computer’s memory.
With stored instructions the computer can perform its computations without the need
for external (human) guidance.

1954 American inventor and robot pioneer George C. Devol, Jr. designs a device that
involves “programmed article transfer.” A U.S. patent is issued for this design in 1961.
Devol originally calls the device universal automation, but later shortens the term to
unimation. Devol’s unimation is the first industrial robot, a system designed specifically
to pick and place objects in a factory environment.
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Raymond C. Goertz and his coworkers at the USAEC’s Argonne National Laboratory
apply the principles of cybernetics to manipulator design and construct the first elec-
tric master-slave manipulator system. The new device represents a major milestone in
teleoperation and robotics. Electric wires that carry control signals in one direction and
force feedback in the other direction replace the cables and metal tapes, which connect
the master arms and hands to the slave counterparts. Now, when the human operator
uses his hand to close the grips on the master manipulator, the action sends electric sig-
nals to a servomotor in the remote slave manipulator. As a result of this breakthrough,
the bilateral teleoperator, like its unilateral cousin, conquers distances with wires, ra-
dio frequency signals, or laser beams. Goertz’s device establishes the principle of the
teleoperation of objects (robots) at great distance.

Founded formally in 1954, the European Organization for Nuclear Research (Conseil
Européen pour la Recherche Nucléaire [CERN]) represents one of the first joint ventures
of post-World War II Europe. Today, the facility still serves as a shining example of inter-
national cooperation in scientific research. Straddling the border between France and
Switzerland (near Geneva), CERN eventually becomes the world’s largest high-energy
physics laboratory. In the late 1980s and early 1990s, this international facility will also
play a major role in the development of the World Wide Web.

1955 John McCarthy and Marvin Minsky coin the term “artificial intelligence” (Al) to
describe modern computers with some ability to think like human beings. They then
proceed to establish an Al laboratory at MIT.

1956 George C. Devol, Jr. meets Joseph E. Engelberger and the two decide to form
the world’s first industrial robot company, called Unimation, Inc. For his keen engi-
neering insights, Devol is often called the “Grandfather of Industrial Robotics,” while
Engelberger frequently receives the title “Father of Industrial Robotics” because of
his extensive marketing efforts both in the United States and overseas (especially
Japan).

The affable “Robby the Robot” steals the scenes in the science fiction movie Forbidden
Planet. Robby’s ability to manufacture all sorts of items on request (from beverages to
clothing) anticipates the Santa Claus machine concept proposed in 1978 by the Amer-
ican physicist Theodore (Ted) Taylor.

1957 On October 4, the space age dawns, as the former Soviet Union launches the first
artificial satellite, called Sputnik 1.

1958, January 31—The United States successfully launches Explorer 1, the first Ameri-
can satellite. From this point forward, the U.S. government sponsors numerous robot
spacecraft to study Earth from space as well as to explore the solar system.

1959, January 2—The Soviet Union launches a massive campaign to the Moon with the
liftoff of Luna 1. Although the robot spacecraft misses the Moon by between 5,000 and
7,000 kilometers, it becomes the first human-made object to escape Earth’s gravitation
and orbit the Sun.

September 14—Luna 2 successfully impacts the Moon, becoming the first robot
space probe to impact (actually, crash-land) on another world.

October 4—The Soviets launch Luna 3, a robot spacecraft that circumnavigates the
Moon and takes the first images of the lunar farside.

December 29—American physicist and Nobel laureate Richard P. Feynman delivers
an inspiring lecture entitled “There’s Plenty of Room at the Bottom.” Feynman presents
this lecture at the California Institute of Technology (Caltech) to members of a Califor-
nia chapter of the American Physical Society during their annual meeting. In the course
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Figure 2-4 This photograph shows a Pac-Man-like mechanized microfluidic device de-
veloped by the Sandia National Laboratories, Albuquerque. The device’s silicon micro-
teeth bite in a channel that is just 20 micrometers wide. For comparison, a human hair is
approximately 70 micrometers in diameter. The little balls that appear in the horizontal
channel are red blood cells. When the jaws of the device close, they trap a red blood cell—
one of the many being pumped through the tiny research device. (Credit: Photograph
courtesy of the U.S. Department of Energy/Sandia National Laboratories, Albuquerque.)

of his talk, Feynman speculates about such interesting possibilities as micromachines
that can perform useful functions at the atomic level. Science historians often treat this
lecture as the beginning of nanotechnology.

General Motors becomes the first American automobile manufacturer to opera-
tionally test the use of an industrial robot. Encouraged by Joseph F Engelberger and
George C. Devol, Jr., officials for General Motors approve installation of a test model
Unimate industrial robot in a die-casting plant. However, it will be another two years
before specific commercial orders are placed for Unimate robots.

The deployment of first generation of operational intercontinental ballistic missiles
(ICBMs) and the submarine-launched ballistic missiles (SLBMs) completely transforms
the nature of strategic warfare. Nuclear-armed ICBMs and SLBMs are unstoppable
robot weapons that travel through space and can strike any point on the globe in less
than an hour. The threat of nuclear Armageddon becomes an integral part of modern
civilization.

1960 The United States launches Pioneer 5, the first American space mission to success-
fully place a robot spacecraft into orbit around the Sun.

The Condec Corporation purchases Unimation, Inc. and starts development of the
Unimate family of industrial robots.

1961 As the demand for cars grows, automobile manufacturers look for new ways to
increase the efficiency of the assembly line through telecherics. This new field focuses
on robots that mimic the operator’s movements from a distance. General Motors installs
the applied telecherics system on their assembly line. The one-armed Unimate robot
unloads hot die casts, cools the components, and delivers them to a trim press.
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Figure 2-5 First launch of the Trident ICBM by the United States at Cape Canaveral,
Florida, on January 18, 1977. The modern nuclear-powered ballistic missile submarine
armed with a complement of nuclear-weapon carrying submarine launched ballistic mis-
siles (SLBMs) serves as an integral portion of the American strategic triad. Once launched,
the Trident ballistic missile is an enormously powerful robot weapon. A single American
ballistic missile submarine carries enough nuclear firepower to devastate any region or
nation on Earth. (Credit: Photograph courtesy of the U.S. Navy.)

1962 NASA launches the Mariner 2 spacecraft to the planet Venus on August 27 from
Cape Canaveral, Florida. This far-traveling robot spacecraft becomes the world’s first
successful interplanetary probe.

1963 Australian neurophysiologist Sir John Carew Eccles receives the 1963 Nobel Prize
in medicine for his discoveries concerning the functioning of nervous impulses. The
human brain’s basic unit of operation is the neuron. Connected in networks, neurons
send and receive signals by combining electricity and chemistry over a complex net-
work of fibers within the body. Machine intelligence experts soon start attempting to
develop artificial neural networks that function in a manner loosely based on how the
human brain functions with its network of neurons.
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October 17—The U.S. Air Force successfully places the first pair of Vela nuclear-
detonation-detection spacecraft into a high Earth orbit. These robot spacecraft serve
as automated sentries, monitoring Earth and outer space for violations of the Limited
Nuclear Test Ban Treaty signed in August by the Soviet Union, the United Kingdom, and
the United States—at the time, the world’s three nuclear weapons states.

1964, July 14—NASA’s Mariner 4 encounters Mars and becomes the first robot spacecraft
to fly by the Red Planet.

July 28—NASA sends the Ranger 7 spacecraft to the Moon. About 68 hours later this
robot probe successfully transmits more than 4,000 high-resolution television images
of the lunar surface before crashing into the Sea of Clouds. The Ranger 7, 8, and 9 space-
craft greatly advance scientific knowledge about the lunar surface and help prepare the
way for the Apollo Project’s lunar landing missions.

1966, February 3—The Soviet Luna 9 robot spacecraft transmits the first panoramic tele-
vision pictures ever received from the Moon’s surface.

March 31—The Soviet Union launches Luna 10 robot spacecraft, which becomes the
first human-made object to achieve orbit around the Moon.

May 30—NASA sends the Surveyor 1 spacecraft to the Moon. The versatile robot
spacecraft successfully lands on the lunar surface on June 1, becoming the first Amer-
ican spacecraft to achieve a soft landing on another celestial body.

August 10—NASA sends the Lunar Orbiter 1 robot spacecraft to the Moon to perform
high-resolution photography of the lunar surface in preparation for landings by the
Apollo Project astronauts.

Industrial institutions in Japan take notice of the commercial industrial robots start-
ing to appear in the United States. American Machine and Foundry’s (AMF’s) Versatran
robot becomes the first American industrial robot imported into Japan.

The artificial intelligence laboratory at SRI International in Menlo Park, California,
begins work on Shakey the Robot—the first mobile robot capable of using artificial in-
telligence to “reason” about its own actions.

1967, October 30—Two Soviet robot spacecraft, Cosmos 186 and 188, perform the first
automated rendezvous and docking operation in space. The Soviets will use such au-
tomated operations to assist in the assembly and resupply of future space stations.

Japanese industries continue to expand their interest in the design of American-
made robots. For example, Kawasaki purchases a hydraulic robot from Unimation and
then begins producing this system in Japan under license. Within less than two decades
industries in Japan become the largest users of robots in the world.

1968 Motion picture producer Stanley Kubrick and science fiction writer Sir Arthur
C. Clarke introduce audiences around the world to the rascally and mischievous fic-
tional computer/character HAL 9000 in the film 2001: A Space Odyssey. In this highly
acclaimed motion picture, HAL 9000 is the advanced on-board computer designed to
essentially run the interplanetary ship Discovery, which is carrying a team of human
astronauts to the vicinity of Jupiter on a mysterious mission. HAL 9000 represents the
apex of artificial intelligence and is quite capable of fully interacting with the human
crew. However, the potential perils of truly advanced machine intelligence also appear
in this movie, when the HAL 9000 departs from its programmed behavior and begins to
exercise a malicious mind of its own by engaging in a deadly conflict with the humans
onboard.

1969, July 20—American astronaut Neil Armstrong cautiously descends the steps of
the lunar module’s (LM’s) ladder and contacts the lunar surface. A variety of robot
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DEUTS!

1.MOBILES MONDLABOR -LUNOCHOD 1-

Figure 2-6 This 1971 postage stamp from the former German Democratic Republic (East
Germany) depicts the Soviet Lunokhod 1 robot rover departing the lander spacecraft. Dur-
ing the Soviet Luna 17 mission to the Moon in 1970, the mother spacecraft soft-landed
on the lunar surface in the Sea of Rains and deployed the Lunokhod 1 robot rover ve-
hicle. Controlled from Earth by radio signals, the eight-wheeled mobile robot traveled
for months across the lunar surface, transmitting more than 20,000 television images of
the Moon’s surface and performing more than 500 soil tests at various locations. (Credit:
Photograph courtesy of author.)

spacecraft paved the way for this historic moment, during which human beings (Arm-
strong and Edwin “Buzz” Aldrin) walk on another world for the first time.

1970, August 17—The Soviet Union launches its Venera 7 mission to Venus. When the
robot spacecraft arrives at Venus on December 15, it ejects a capsule that transmits data
back to Earth as it descends through the Venusian atmosphere and survives landing on
the inferno-like planet. The accomplishment represents the first successful transmis-
sion of data from the surface of another planet.

November 10—The Soviet Union launches Luna 17 to the Moon, where it achieves
the first successful use of a mobile, remotely controlled (teleoperated) robot vehicle,
called Lunokhod 1, in the exploration of another celestial body.

1975, August 20—NASA begins a major scientific assault on Mars with the launch of the
Viking 1 robot spacecraft (consisting of an orbiter and lander combination). Its identical
twin, Viking 2, is launched on September 9. Viking 1 reaches the Red Planet in June
1976 and on July 20, 1976, becomes the first American robot spacecraft to successfully
soft-land on another planet. The primary objective of both the Viking 1 and 2 lander
spacecraft is to determine whether microbial life exists on Mars. Both landers return
inconclusive evidence.

1976 The American computer engineer Seymour Cray delivers the first Cray 1 super
computer, at the time, the world’s most powerful computer system.

1977, May 25—Writer/director George Lucas introduces audiences to his science fic-
tion/fantasy universe with the release of the film Star Wars (later retitled Star Wars
Episode IV: A New Hope). Stretching almost three decades, the six motion pictures in
this sprawling “space-opera” will make an enormous impact on the popular culture.
For example, the antics of two fictional robots: the steadfast, get-the-job done pudgy
“droid” called R2-D2, and the frequently whining, constantly appeasing protocol an-
droid, called C-3PO, delight millions of people around the world and suggest what the
future might be like with very intelligent robots.

August 20—NASA launches the Voyager 2 spacecraft on an epic “grand tour” mis-
sion in which this hardy robot explorer will successfully encounter all four gaseous
giant outer planets and then leave the solar system on an interstellar trajectory.
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Figure 2-7 NASA’s Viking 1 robot lander spacecraft obtained this image of the Martian
surface on July 24, 1976. (Credit: Photograph courtesy of NASA.)

1978 Unimation introduces the PUMA (Programmable Universal Machine for Assem-
bly). This industrial robot quickly becomes the standard for commercial telecherics.
1983, January 25—NASA launches the Infrared Astronomy Satellite (IRAS). Unhindered
by the absorbing effects of Earth’s atmosphere, this robot astronomical observatory
completes the first all-sky scientific survey of the universe in the infrared portion of

the electromagnetic spectrum.

1984 The Microsoft Corporation introduces the company’s Windows software.

1985 Dr.Yik San Kwoh invents the robot-software interface used in the first robot-aided
surgery, a stereotactic procedure. The surgery involves a small probe that travels into
the skull. A CT scanner is used to give a three-dimensional image of the brain, so that
the robot can plot the best path to the tumor.

The Royal Swedish Academy of Sciences later awards the 1996 Nobel Prize in Chem-
istry for the discovery of carbon atoms bound in the form of a ball. Robert E Curl, Jr.
(Rice University), Sir Harold W. Kroto (University of Sussex), and Richard E. Smalley
(Rice University) discovered these new forms of the element carbon in 1985. Called
fullerenes, the number of carbon atoms in the close shell can vary. Scientists often
refer to spherical fullerenes as buckyballs and cylindrical fullerenes as nanotubes or
buckytubes—after the noted architect, Richard Buckminster Fuller, who promoted the
geodesic dome.

1986 A team of engineers at Honda Motor Company begins working on the creation of
an advanced humanoid robot, using the human body as a design guide with which to
build this two-legged robot. Their overall mission is to create a people-friendly, intelli-
gent, bipedal robot that can autonomously navigate and interact in the world of human
beings. Getting a single robot mobile in a variety of work and living environments has
always been an engineering challenge. But by studying feet and legs, the Honda team
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Figure 2-8 This photograph shows a sequenced series of actions by a PUMA robotic arm
during studies (circa 1989-1990) at the NASA Ames Research Center in Mountain View,
California. (Credit: Photograph courtesy of NASA/Ames Research Center.)

will eventually create a humanoid robot capable of climbing stairs, kicking a ball, and
pushing a cart. In 2000, the team’s persistence and hard work pays off when Honda
debuts its ASIMO (Advance Step in Innovative Mobility) humanoid robot. ASIMO is the
eleventh in a series of walking robots created by Honda engineers in this focused de-
velopment effort to create a two-legged humanoid robot that can walk and pleasantly
perform useful functions in human society.

Upon termination of the licensing agreement with Unimation, Kawasaki expands
its activities in industrial robotics by developing and producing its own line of electric
robots.

The American scientist and futurist, K. Eric Drexler, publishes the book Engines of
Creation: The Coming Age of Nanotechnology. This popular book provides the first gen-
eral treatment of molecular engineering, micromachines, and the potential of nan-
otechnology.
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Figure 2-9 This computer-drawn image shows two Fullerene nano-gears with multiple
teeth. Researchers have simulated attaching benzyne molecules to the outside of a nan-
otube to form gear teeth. Nanotubes are molecular-sized pipes made of carbon atoms. A
laser could serve as the motor to drive or spin the nano-gears. The laser creates an electric
field around the nanotube. A positively charged atom is placed on one side of the nan-
otube and a negatively charged atom on the other side. The electric field then drags the
nanotube around like a shaft turning. Such molecular-sized devices are part of an emerg-
ing new field called nanotechnology. (Credit: Computer-drawn illustration courtesy of
NASA/Ames Research Center.)

1988 The Staubli Group purchases Unimation from Westinghouse.

1989, November 18—NASA launches the Cosmic Background Explorer (COBE) into polar
orbit around Earth. The scientific payload on this robot spacecraft carefully measures
the spectrum of cosmic microwave background and helps scientists answer some of
their most pressing questions concerning the ancient explosion (big bang) that started
the expanding universe.

British computer scientist Sir Timothy John Berners-Lee, while working at CERN,
proposes a computer-based, global hypertext project, which will allow people and or-
ganizations to more easily work together and share information. His concept becomes
known as the World Wide Web. In December 1990, the Web becomes available within
CERN and by the summer of 1991 becomes available on the Internet.

1990, January 1—NASA officially begins the Voyager Interstellar Mission (VIM). In
this extended mission, both nuclear-powered Voyager spacecraft search for the
heliopause—the location in deep space that forms the boundary between the outer-
most extent of the solar wind and the beginning of interstellar space.

April 24—NASA uses the space shuttle Discovery to deploy the Hubble Space Tele-
scope (HST) into orbit around Earth during the STS-31 shuttle mission. Hubble is a so-
phisticated robotic observatory that represents the most powerful optical telescope
ever placed into space. For more than a decade, the HST revolutionizes how as-
tronomers view the universe.

The National Institutes of Health (NIH) provides SRI in Menlo Park, California,
funding to perform the engineering necessary to demonstrate the feasibility of us-
ing robots to enhance the performance of minimally invasive surgery (MIS) and re-
mote surgical tasks. The SRI research team develops a prototype, eventually called the
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Figure 2-10 A tiny BEAM robot called the Bitman robot. The acronym BEAM stands for
biology, electronics, aesthetics, and mechanics. BEAM robots, developed by Los Alamos
scientist Mark Tilden, are modeled on the simple, repetitive biological processes of in-
sects. (Credit: Photograph courtesy of the U.S. Department of Energy/Los Alamos National
Laboratory.)

“SRI system.” This pioneering effort in the medical use of robotics successfully com-
bines improvements in remote manipulation (teleoperation) with force feedback, mul-
timodal sensory feedback, stereoscopic imaging, and physician-friendly (ergonomic)
design.

Starting in about 1990, humanoid robots begin to more closely mimic human behav-
ior, while other mobile robots appear that resemble lower life forms. At the Los Alamos
National Laboratory in New Mexico, for example, Mark Tilden’s BEAM robots look and
act like big bugs. The name BEAM is an acronym for biology, electronics, aesthetics, and
mechanics. BEAM robots are simple robots constructed out of discrete components; the
use of integrated circuits, as found in most other robots for some level of artificial in-
telligence, is avoided. This effort is part of an overall idea to create inexpensive, solar-
powered mobile robots, which would prove ideal for dangerous missions such as land-
mine detection.

1991, August 6—The British computer scientist, Sir Timothy John Berners-Lee, who cre-
ated the World Wide Web concept while working as a computer specialist at CERN,
establishes the world’s first Web site at the international research facility.

1993, April 30—Officials at CERN issue a formal statement declaring that the World
Wide Web software developed by Sir Timothy John Berners-Lee is in the public do-
main. CERN'’s actions allow the Web to become an indispensable tool of the Internet
and accelerates growth of the contemporary global information infrastructure.

1994 The Carnegie-Mellon University (CMU) Field Robotics Center sends Dante II, a
tethered walking robot to explore Mt. Spurr in Alaska. Dante II aids in the dangerous
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Figure 2-11 This photograph shows a United States Air Force RQ-1 Predator from the
46th Expeditionary Reconnaissance Squadron landing at Tallil Air Base, Iraq. The Preda-
tor isaremotely piloted vehicle that provides real-time surveillance imagery in support of
Operation Iraqi Freedom. (Credit: U.S. Air Force Photo by Staff Sgt. Suzanne M. Jenkins.)

recovery of volcanic gases and samples. In other applications of such emerging modern
combinations of robotic arms with microprocessors, environmental sensors, and mobil-
ity systems (wheels)—a development called mobile applied telecherics—robots begin to
save human lives by assisting in the safe detection and defusing or disposal of bombs,
by investigating hazardous accident sites, or by performing dangerous reconnaissance
operations in urban warfare environments.

1995 The company, Intuitive Surgical®, forms and has the strategic vision to develop
the commercial medical technology necessary to apply modern telerobotic technolo-
gies to minimally invasive surgery (MIS) and microsurgery. The company’s da Vinci
Surgical System® finds applications in hospitals around the world that sponsor robot-
assisted surgery.

1996, December 4—NASA successfully launches the Mars Pathfinder mission to the Red
Planet. The robot lander spacecraft touches down on the surface of Mars on July 4, 1997.
Teleoperated and guided by human controllers at NASA’s Jet Propulsion Laboratory
(JPL), a robot minirover deploys from the lander spacecraft and explores the planet’s
surface. The minirover is the first mobile robot teleoperated on another planet. Mars
Pathfinder also demonstrates the first use of a new airbag technology to deliver modest-
sized robot spacecraft safely to a planetary surface.

1999, July 23—The space shuttle Columbia (during the STS-93 mission) carries NASA’s
Chandra X-Ray Observatory (CRO) into space. This powerful new robotic observatory
is designed to observe and image X-rays from high-energy sources throughout the uni-
verse, such as remnants of exploded stars. Data from CXO produces a revolution in
high-energy astronomy and astrophysics.
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Figure 2-12 This artist’s rendering shows NASA’s New Horizons robot spacecraft dur-
ing its encounter with the planet Pluto (foreground) and its relatively large moon Charon
(circa 2015). Launched successfully from Cape Canaveral on January 19, 2006, the far-
traveling robot spacecraft will explore one or more icy planetoid targets of opportunity
in the Kuiper Belt after accomplishing its scientific reconnaissance of the Pluto system.
(Credit: Artist’s rendering courtesy of NASA/JPL.)

Sony introduces its AIBO line of entertainment robots that prove quite popular
as robotic pets. For example, AIBO ERS-7 resembles a small dog and can interact
with its owner (through suitable software) as it develops from a puppy (with typi-
cal puppy behavior) to a mature adult dog. At maturity, an AIBO ERS-7 robot dog
understands (though not necessarily always obeys) about 100 of its owner’s voice
commands.

2000 The Honda Motor Company introduces its ASIMO humanoid robot. ASIMO is ac-
tually the eleventh in a series of walking robots created by Honda engineers in a fo-
cused development effort (starting in 1986) to create a two-legged (bipedal) humanoid
robot that can walk and perform useful functions in human society alongside people.

2001, March 1—The U.S. Air Force’s Global Hawk unmanned aerial vehicle (UAV) enters
the engineering, manufacturing, and development phase of the Defense Department’s
acquisition cycle. Global Hawk is an extremely high altitude, long-duration mission
robot aerial vehicle that is capable of providing battlefield commanders with near-real-
time, high-resolution, intelligence, surveillance, and reconnaissance imagery.

2003 The School of Computer Science at Carnegie Mellon University in Pittsburgh,
Pennsylvania, establishes the Robot Hall of Fame—a virtual museum Web site intended
to honor physical achievements in the real world of robotics technology, as well as
robots from science fiction that have provided a creativity stimulus to the engineers and
scientists working in the field of robotics. For example, one of the real world inductees
in 2003 was NASA'’s Pathfinder minirover (also called Sojourner), which explored the
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surface of Mars in 1997. One of the 2003 fictional inductees is the ever-dependable
robot, R2-D2 from George Lucas’s Star Wars motion picture series.

2004 NASA sends twin robot rovers, Spirit and Opportunity, to explore the surface of
Mars.

2005, March 1—the United States Air Force announces that the MQ-1 Predator un-
manned aerial vehicle (UAV) has achieved initial operational capability (IOC). The
Predator is a medium-altitude, long-endurance, remotely piloted aircraft, which has
the primary mission of interdiction and armed reconnaissance against critical, perish-
able targets.

July 4—NASA'’s Deep Impact robot spacecraft performs a complex experiment in
space that probes beneath the surface of a comet and helps reveal some of the secrets
of its interior. A larger flyby mother spacecraft releases a smaller self-guided robot im-
pactor, which strikes Comet Tempel 1.

December 13—Honda debuts the newest version of the company’s ASIMO hu-
manoid robot. This bipedal robot has many improved features, including the ability
to pursue key tasks in a real-life office or home environment. The well-engineered hu-
manoid robot has a height of 1.3 meters and a mass of 54 kilograms. The new ASIMO
can autonomously act as a receptionist or even deliver drinks on a tray.

2006, January 19—NASA successfully launches the New Horizons Pluto-Kuiper Belt Flyby
spacecraft from Cape Canaveral. The robot spacecraft is now traveling on its way to the
dwarf planet Pluto. This reconnaissance-type exploration mission will help scientists
understand the interesting, yet poorly understood, icy worlds at the edge of the solar
system. If all goes well over the next nine years, the first spacecraft flyby of Pluto and
its large moon Charon will take place in the summer of 2015.
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Profiles of Robot Technology: Pioneers,
Visionaries, and Advocates

In this chapter we meet some of the most interesting and important people who
developed the basic scientific concepts or invented the fundamental techni-
cal devices that helped provide the foundation of modern robotics technology.
However, just like the digital computer, so many innovative ideas and technical
advances converged to enable the creation of modern fixed and mobile robots
that it is impossible to give just one or two persons the credit for inventing the
robot. For example, in this chapter we discuss some very creative literary peo-
ple who created enduring fictional accounts of smart machines, robots, androids,
cyborgs, and other artificial life forms. While these writers did not engineer
any of the key technical advances that enabled the physical arrival of mod-
ern robot systems, they established the long-range vision and cultural climate
within which robot systems are anticipated rather than being sources of society-
wide techno-shock. Technically accurate or not, these fictional accounts helped
shape the modern cultural environment within which advanced robot systems
are viewed as an inevitable part of the future by millions of human beings.

However, some of these fictional perceptions, now deeply embedded in the
human psyche, are obviously either vastly premature or completely out of pro-
portion to what the current state of robotics technology offers to the human
race this century. Other cultural perceptions overlook the true impact of modern
robots on space exploration, hazardous national defense and law enforcement
operations, and automated manufacturing. But for all the inherent limitations of
these fictional representations, they contribute to the maintenance of a popular,
widely held, cultural view of what future robots (especially those designed as
androids and cyborgs) might do and how they might behave.

The British writer Mary Wollstonecraft Shelley produced the immortal hor-
ror story Frankenstein: The Modern Prometheus—a fictional tale that indelibly
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established the notion of well-intended science gone astray in matters of cre-
ating artificial life forms. The Czech writer Karel Capek gave the world the term
robot when he wrote the play Rossum’s Universal Robots (R.U.R.). Finally, the in-
comparable science fiction writer Isaac Asimov popularized the word robotics
and formulated his now-famous three laws of robotics. Asimov introduced these
(postulated) rules of robot behavior in the science fiction story “Runaround,”
which appeared in the March 1942 issue of Astounding magazine. Since then,
Asimov’s so-called laws of robotics have become part of the cult and culture of
modern robotics. These ethical precepts are: (1st Law) “A robot may not injure
a human being, or, through inaction, allow a human being to come to harm.”
(2nd Law) “A robot must obey the orders given it by human beings except where
such orders would conflict with the first law.” (3rd Law) “A robot must protect
its own existence as long as such protection does not conflict with the first or
second law.”

Several of the persons highlighted in this chapter were the great engineers
of antiquity, while others were the physicists and mathematicians associated
with the emergence of modern science during the late Renaissance in Western
Europe. This chapter also includes some of the key persons responsible for the
machines that brought about the first or second Industrial Revolutions—setting
the stage for today’s modern industrialized world.

In the twentieth century early robots were pressed into service for repeti-
tive or hazardous jobs in manufacturing industries, the nuclear industry, and se-
lected military applications. Starting in the mid-1950s, two individuals, George
C. Devol, Jr. and Joseph E Engelberger, promoted the development of indus-
trial robots. Government projects in space exploration, national defense, and
environmental cleanup stimulated companion developments in other types of
robot systems. In the case of many modern mobile robot systems developed un-
der government projects and sponsorship, individual champions and technical
visionaries were generally blended into the project teams that brought these
amazing machines into service. Although often overlooked by treatments that
focus too narrowly on just industrial robots, some of the most spectacular and
successful applications of modern robotics involve national defense or space
exploration.

Unlike more conservative business environments bounded by rigid cost-
benefit guidelines, government projects related to national defense or space ex-
ploration generally have more flexibility and latitude in committing resources to
higher risk technology projects that, if successful, will move the state of robotics
technology in a revolutionary manner rather than at a stepwise conservative
pace. Consider for example the focused engineering effort and technical risks
successfully undertaken by the U.S. Air Force in developing and deploying the
MQ-1 Predator unmanned aerial vehicle (initial operational capability in March
2005). The American civilian space agency, NASA, engaged in similar pioneer-
ing efforts and technical risk-taking when the agency developed and success-
fully landed two sophisticated robot rover vehicles (Spirit and Opportunity) on
the surface of Mars in 2004. While both the Predator and the Mars exploration
rovers (MERs) represent outstanding examples of leading-edge robotics, no in-
dividual person can be credited or acknowledged as the champion of either of
these fascinating robot systems.
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Many of the scientists and engineers featured in this chapter have made
the fundamental technology breakthroughs, which contributed—directly or
indirectly—to the rise of the intelligent machines that we today collectively re-
fer to as “robot systems.”

Although modern interest and fascination with robots started about a century
ago with Karel Capek’s play, some of the developments supporting robot tech-
nology have roots that extend back into antiquity. Recognizing the diversity and
complexities of these technology developments, it is easy to understand how a
person might get confused about what is and is not related to the development
of robotics. At this point, it is important to recognize that the field of robotics in-
volves the confluence of many different advances in technology. Some of these
developments and events may seem trivial and commonplace by current stan-
dards. In fact, in viewing such technologies, people often do not even regard
them as related to robots. For example, the work of the early Greek engineer
and inventor, Archimedes, influenced the application of many simple mechani-
cal devices found in modern robots. Similarly, the development of the first elec-
tric cell (forerunner of the modern battery) by Count Alessandro Volta provided
the basis for portable electric power—so essential for the operation of many mo-
bile robots.

Perhaps the most intriguing philosophical question involved with advanced
robot systems is the question of machine intelligence and machine conscious-
ness. Simply stated: Is a machine that thinks conscious and aware of its ex-
istence? The first great modern philosopher René Descartes believed that the
bodies of humans and animals are complex automata. In his treatise Discourse
on Method, published in 1637, Descartes discusses how humans, who have the
power of reason, and animals, which cannot reason, can be distinguished from
one another and machines. His most famous quote (as found in Discourse on
Method) is: “Cogito, ergo sum” (which means, “I think, therefore Iam”). This state-
ment highlights some of the deep philosophical arguments Descartes raised in
developing his mind-body dualism. The nature of consciousness and the mind is
an issue that has intrigued philosophers for ages. The issue arises again from an
interesting new perspective as robot specialists speculate about endowing very
smart machines with a sense of consciousness and cognition. At what point does
a so-called “thinking machine” become truly conscious?

In 1950, the British mathematician and computer science pioneer Alan
Mathison Turing raised a similar question in his intriguing paper, “Computing
machines and intelligence.” As part of his pioneering discussion on artificial
intelligence, Turing gave the world a test, now called the Turing test, for judg-
ing whether a machine is successfully simulating the thought processes of the
human mind.

Finally, in his posthumously published book Theory of Self-Replicating Au-
tomata, the brilliant Hungarian-American mathematician, John von Neumann,
shares some of his ideas about truly advanced robots (automata), which are ca-
pable of making copies of themselves and performing all manner of construction
tasks. If ever created, these self-replicating systems (SRSs)—sometimes referred
to as von Neumann machines—would have a profound impact on how human
beings manipulate and control energy and matter resources both here on Earth,
throughout the solar system, and beyond.
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Archimedes of Syracuse (c. 287-212 B.C.E.)

The Greek mathematician, inventor, and engineer Archimedes of Syracuse
was one of the greatest technical minds in antiquity, if not all history. As a gifted
mathematician, he perfected a method of integration that allowed him to find the
surface areas and volumes of many bodies. This brilliant work anticipated by al-
most two millennia the independent codevelopment of the calculus by Sir Isaac
Newton and Gottfried Wilhelm Leibniz in the middle of the seventeenth cen-
tury. In mechanics, Archimedes discovered fundamental theorems and physi-
cal relationships that described the center of gravity of plane figures and solids.
These relationships lie at the very heart of modern mechanics and engineering
dynamics. He designed and constructed a variety of potent war machines in de-
fense of his birth city of Syracuse against sieges by the Roman Army during the
Second Punic War. These military devices, not his brilliant mathematical con-
tributions, made Archimedes famous in his own lifetime. Today, science histori-
ans consider the affable, absentminded Greek genius as a mathematician com-
parable in brilliance to Isaac Newton, Leonhard Euler, or Johann Karl Friedrich
Gauss. Archimedes was born (about 287 B.C.E.) in the Greek city-state of Syra-
cuse on the island of Sicily. His father was an astronomer, named Phidias, about
whom very little else is known. As a young man, Archimedes studied, like most
other gifted Greeks, at the great library in Alexandria. But, as a distant relative
of Hieron II, King of Syracuse, Archimedes elected to return to his birth city
and pursue his interests in mathematics, science, and mechanics. Although he
personally regarded mathematics as a much higher level of activity than his ef-
forts involving the invention of various mechanical devices, it was these engi-
neering efforts and not his mathematics that earned him great notoriety in his
own lifetime. Most historians call Archimedes the greatest of the Greek antiquity
engineers.

For example, Archimedes designed an endless screw device that ended up
being used throughout the Roman Empire as an irrigation device. Originally de-
signed to help Egyptian peasants draw water out of the Nile River to irrigate their
fields, the Archimedes screw quickly found use throughout the Mediterranean
Basin and the Middle East. This device is still in use today in certain underdevel-
oped regions of Africa and Asia.

One of the most famous stories about Archimedes involves a challenge ex-
tended to him by the king of Syracuse. Hieron II wanted to determine whether
a goldsmith had made a requested crown by using the proper amount of pure
gold (as instructed). There was some suspicion that the goldsmith had cheated
by using a less expensive combination of silver and gold. So, the king asked
Archimedes to give him the right answer, but without damaging the new crown
in any way.

Archimedes thought for days about this problem. Then, as often happens to
creative people, inspiration struck when least expected. As Archimedes stepped
into a full bath, he observed the water spill over the sides. Immediately, he knew
how to solve this intriguing problem. So he jumped up naked out of the bath and
ran enthusiastically to the palace, shouting “Eurekal” This Greek exclamation
means, “I have found it!” Today, when an engineer or scientist experiences a
similar insight or breakthrough, the event is often called a “eureka moment.”
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What Archimedes had discovered in a flash of genius was the principle of
buoyancy. Today, physicists refer to this phenomenon as the Archimedes’ princi-
ple. The principle states that any fluid applies a buoyant force to an object when
that object is partially or completely immersed in it. The magnitude of this buoy-
ant force equals the weight of the fluid the object displaces. Since the shape of
an object is of no consequence, Archimedes was able to use this phenomenon to
test the king’s crown without damaging it.

Archimedes first carefully submerged the crown in water and measured the
weight and the volume of water that the crown displaced. He next submerged
an amount of pure gold equal in weight to the displaced water. He noted the
volume of water displaced by pure gold. If the volume displaced by pure gold
was equal to the volume of water displaced by the submerged crown, both could
be assumed to have the same density and consist of identical material, namely
pure gold. If the volume of water displaced by the crown was different than the
volume of water displaced by an identical weight of gold, then there was some
other metal, possibly lead or silver, in the crown along with the gold.

In antiquity (as now), silver was much cheaper than gold, so it was often used
as a paste-up substitute for gold by unscrupulous jewelry merchants. Since sil-
ver has a significantly different (lower) density than gold, a crown fraudulently
pasted up with some silver in its interior, would be bulkier than a crown of iden-
tical weight made of only pure gold. In ancient Syracuse, the crime scene in-
vestigator (CSI) was none other that the multitalented Archimedes. He carefully
tested the suspicious crown and discovered that the volume did not match the
anticipated result. Archimedes concluded that the king’s crown contained both
gold and some other metal, possibly silver. The unwise goldsmith, who tried to
cheatKing Hieron II, was executed. Today, scientists consider Archimedes’ prin-
ciple as one of the basic laws of hydrostatics.

Archimedes developed a number of important fundamental machines, in-
cluding the lever and the compound pulley. With respect to the lever princi-
ple, Archimedes is reputed to have said: “Give me a place to stand on and I can
move the Earth.” Challenged by his friend, King Hieron II, to move something
really large, Archimedes developed a system of compound pulleys and levers
and (according to legend) single-handedly pulled a fully loaded ship (contain-
ing crew and cargo) up out of the water and onto the shore with a single rope.
Archimedes conducted other studies of force and motion. He discovered that ev-
eryrigid body has a center of gravity—a single point at which the force of gravity
appears to act on the body.

Many of Archimedes’ surviving documents portray his wide-ranging inter-
est in engineering and machines. These surviving works include: “Theory of
Levers,” “On Floating Bodies,” “On the Method of Mechanical Theorems,” and
“The Water Clock.” He also had many other engineering-themed works, which
today are known only from cross references and prefaces in surviving books.
Some of his missing works include “On Odometers,” “Winches, Hydroscopes,
Pneumatics,” “On Balances or Levers,” “Centers of Gravity,” “Elements of Me-
chanics,” “On Gravity and Buoyancy,” and “Burning by Mirror.”

In addition to his genius for engineering, Archimedes was an incredibly gifted
mathematician, who resolved many important mathematical problems. For ex-
ample, he made the most precise estimates of the value of m (the ratio of a
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circle’s circumference to diameter) of his day. He was also a prolific writer in the
field of mathematics and some of his most important (surviving) works include:
“On the Sphere and Cylinder,” “Measurement of the Circle,” “On Spirals,” “On
Tangential Circles,” “On Triangles,” “On Quadrangles,” and “On Conoids and
Spheroids.” Despite achieving great fame through his mechanical inventions,
Archimedes preferred to delve into mathematical problems, often getting ab-
sorbed for days and becoming oblivious of the world around him. Unfortunately,
his lost-in-thought behavior, much like an absentminded professor, would even-
tually prove fatal.

During his lifetime, Rome and Carthage fought for control of the Mediter-
ranean Basin. This power struggle resulted in a number of bloody conflicts called
the Punic Wars. Rome waged three wars against Carthage: the First Punic War
(264-241 B.C.E.), the Second Punic War (218-201 B.c.E.), and the Third Punic War
(149-146 B.C.E.). Carthage was defeated and totally destroyed in the Third Punic
War, leaving Rome in complete control of the world around the Mediterranean
Sea.

Archimedes became famous as a result of the many machines he developed
for the defense of Syracuse during the First and Second Punic Wars. Specifically,
he designed a variety of intricate machines to repulse attackers. Historians of-
ten place his military machines into three basic categories. First, there were the
Archimedes claws—cranes that could lift enemy ships up out of the water and
smash them against the rocks. Next, there were a variety of catapults that could
hurl rocks and other missiles over varying distances at enemy troops and ships.
Finally, there was a collection of mirrors arranged to focus sunlight in such a way
so as to set enemy ships on fire. This last development is open to a great deal of
technical speculation concerning its efficacy.

Whether Archimedes successfully used mirrors to set Roman ships on fire
during the prolonged siege of Syracuse in the Second Punic War is not known
for certain. But his other machines are known to have inflicted a great number of
casualties on the attacking Romans. After Syracuse fell and the city was sacked,
Archimedes was killed in 212 B.C.E. by a Roman soldier. The soldier slew the ag-
ing Greek engineer despite standing orders from the Roman general, Marcellus,
that the brilliant man be taken alive and treated with dignity.

The Roman historian Plutarch reported several accounts concerning the
death of Archimedes. Two of these accounts are mentioned here. In the first
account, Archimedes is murdered by a Roman soldier out of retribution, since
the soldier wanted payback for so many of his comrades, who were killed by
Archimedes’ machines. The other account suggests that, as the city fell, a Roman
soldier suddenly came upon Archimedes sitting on the ground drawing circles
and other geometric figures in the sand. When told to move, the absentminded
Archimedes ignored the order and asked for time to finish the geometry
problem. The impatient Roman gave him a fatal thrust with a short sword
instead.

”

Ctesibius (c. 285-222 B.C.E.)

In ancient times, the spectacular devices and discoveries of the legendary
Greek engineer, Archimedes, generally overshadowed the technical accom-
plishments of another famous Greek inventor and engineer, Ctesibius of
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Alexandria. Often regarded as the second most important engineer of antiquity,
Ctesibius made many contributions to the fledgling disciplines of pneumatics,
hydraulics, mechanics, and machine design.

He published an important work, entitled On Pneumatics in which he dis-
cussed the elasticity of the air and enumerated various applications of com-
pressed air in such devices as pumps, musical instruments, and even an early
(air-powered) cannon. Some science historians regard his efforts in this area as
the start of the science of pneumatics. Unfortunately, this particular work along
with all his other writings perished in the chaos of ancient times, when great
libraries like that of Alexandria were destroyed and their contents scattered.

What is specifically known about the engineering accomplishments of
Ctesibius comes down to us from other Greek inventors and engineers, like
Hero of Alexandria and the first-century (B.C.E.) Roman military engineer and
architect, Marcus Vitruvius Pollio. Ctesibius is credited with the invention of the
siphon. He is also considered as the creator of a small pipe organ (called the hy-
draulis), which was supplied with air by a piston pump.

His greatest technical accomplishment was a vastly improved version of
the water clock (clepsydra) of ancient Egypt. Ctesibius’s improved water clock
became the best timepiece in antiquity and remained unrivaled in accuracy
until the seventeenth century. As a historic note, mechanical clocks were de-
veloped in Europe during the Middle Ages. These devices were based on
falling weights and proved to be more convenient than, but not as accurate as,
Ctesibius’s improved clepsydra. It was only the pendulum clock, introduced in
the mid-seventeenth century by the Dutch astronomer and physicist Christiaan
Huygens, which surpassed the accuracy of the water clock and ushered in a new
era in timekeeping. Few mechanical devices have so dominated an area of tech-
nology for almost two millennia.

Hero of Alexandria (first century C.E.: c. 20 to c. 80) (a.k.a. Heron)

Hero was the last of the great Greek engineers of antiquity. He invented many
clever mechanical devices, including the device for which he is most commonly
remembered the aeolipile—a spinning, steam-powered spherical apparatus that
demonstrated the action-reaction principle, which forms the basis of Sir Isaac
Newton’s third law of motion.

Not much has survived from antiquity about the personal life of Hero. Histo-
rians estimate that the Greek inventor and early engineer was born in about 20
C.E., because his own writing indicates that he observed a lunar eclipse, which
was observable in Alexandria in 62 C.E. Hero had a strong interest in simple ma-
chines, mechanical mechanisms (like gears), and hydraulic and pneumatic sys-
tems. His inventions and publications reflect the influence of Ctesibius, another
great engineer of antiquity. Several of Hero’s works have survived including
Pneumatics (written about 60 C.E.), Automata, Mechanics, Dioptra, and Metrics.

His most familiar invention is the aeolipile. He placed a hollow metal sphere
on pivots over a charcoal grill-like device. When water placed inside the
metal sphere was heated over the brazier, steam formed, and escaped through
the tubes, which acted like crude nozzles. The sphere would spin freely as
steam escaped from two small opposing tubes connected to the sphere. This
whirling sphere delighted children and became a popular toy. However, for some
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inexplicable reason, the last great Greek engineer of antiquity never connected
the action-reaction principle exhibited by the aeolipile with a concept of steam-
powered machines for performing useful work.

- The aeolipile is an example of a clever device
p 32, invented well ahead of its time. Such devices
AW

sometimes need to be “rediscovered” or “rein-
vented” decades or centuries later, when the
social, economic, and/or technical conditions
are just right for full engineering development
and application. Since the aeolipile embodies
the action-reaction principle, it is the techni-
cal ancestor of the steam turbine, which helped
industrialize (and later electrify) the world, as
well the power rocket vehicles that send robot
spacecraft to explore distant worlds in the solar
system.

Despite this oversight, Hero was a skilled en-
gineer and creative inventor. He also receives

7

Figure 3-1 This drawing shows the basic compo-
nents of Hero of Alexandria’s steam engine or ae-
olipile. The simple reaction engine clearly demon-
strated the action-reaction principle embodied in
Sir Isaac Newton’s third law of motion. Yet, the last
great Greek engineer of antiquity appeared more in-
terested in using the device as a toy to amuse chil-
dren rather than in developing machines that har-

credit for a variety of feedback control de-
vices that used fire, water, and compressed air
in different combinations. He developed a ma-
chine for threading wooden screws and con-
structed an automated puppet theater. He also
receives credit for designing an early odometer,
a primitive form of analog computer (involv-
ing gears, spindles, weights, pegs, trays of sand,

nessed the power of steam to perform useful work.  and ropes), and a compressed-air fountain.
(Credit: Drawing courtesy of NASA.)

Galileo Galilei (1564-1642)

The brilliant Italian scientist Galileo Galilei is most often remembered as
the first astronomer to use a telescope to view the heavens and conduct early
astronomical observations that helped inflame the Scientific Revolution of the
seventeenth century. But he was also the physicist who founded the science
of mechanics and provided Sir Isaac Newton the underlying data and ideas
upon which Newton could construct the laws of motion and the universal law
of gravitation. No study of the evolution of machine technology is complete
without paying homage to the work of this amazing man, whose insightful
experiments gave rise to organized science and engineering and thus changed
the course of history.

Galileo Galilei was born in Pisa on February 15, 1564. (Scientists and as-
tronomers commonly refer to Galileo by his first name only.) When he entered
the University of Pisa in 1581, his father encouraged him to study medicine.
But, because of his inquisitive mind, Galileo soon became more interested in
physics and mathematics than medicine. While still a medical student, he at-
tended church services on Sunday. During the sermon, he noticed a chande-
lier swinging in the breeze and began to time its swing using his own pulse as
a crude clock. When he returned home, he immediately set up an experiment
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thatrevealed the pendulum principle. After just two years of study, Galileo aban-
doned medicine and focused on mathematics and science. His change in career
pathways also changed the entire trajectory of science.

In 1585, Galileo left the university without
receiving a degree and focused his activities on
the physics of solid bodies. The motion of falling
objects and projectiles intrigued him. Then, in
1589, he became a mathematics professor at
the University of Pisa. Galileo was a brilliant
lecturer and students came from all over Eu-
rope to attend his classes. This circumstance
quickly angered many senior, but less capa-
ble, faculty members. To make matters worse,
Galileo often used his tenacity, sharp wit, and
biting sarcasm to win philosophical arguments
at the university. His tenacious and argumenta-
tive personality earned him the nickname “The
Wrangler.” AR R 2 i

In the late sixteenth century, European & v e T
professors usually taught natural philosophy ‘ { 5‘:& : 4 ‘
(physics) as metaphysics—an extension of Aris- f
totelian philosophy. Before Galileo’s pioneer- 70
ing contributions, physics was not seen as POSTE iTALlAN E L'

vaL 108 &

o

an observational, experimental science. But,
through his skillful use of mathematics and in-
novative experiments, Galileo changed thatap-  Figure 3-2 This 1964 Italian postage stamp honors
proach and established an important approach  the 400th anniversary of the birth of Galileo Galilei
now called the scientific method. Galileo’s ac- (on February 15, 1564). A brilliant physicist, math-
tivities constantly challenged the two thou- ematician, and astronomer, Galileo Galilei founded
sand year tradition of ancient Greek learn- the science of mechanics, promoted the scientific
ing. For example, Aristotle stated that heavy method, and fanned the flames of the Scientific
objects would fall faster than lighter objects. Revolution by vigorously supporting the Coperni-
Galileo disagreed and held the opposite view can hypothesis—for which a.stronomlcal advoc‘:icy
. . . he was eventually found guilty of heresy and im-
that, except for air resistance, the two objects . . -
. . prisoned (house arrest) for the remainder of his life.
would fall at the same time regardless of their (Credit: Photo h . f author)
. ) graph courtesy of author.
masses. It is not certain whether he personally
performed the legendary musket ball versus
cannon ball drop experiment from the Leaning Tower in Pisa to prove this
point. However, he did conduct a sufficient number of experiments with ob-
jects on inclined planes to upset Aristotelian “physics” and create the science of
mechanics.
During his lifetime, Galileo was limited in his motion experiments by an
inability to accurately measure small increments of time. No one had yet de-
veloped a timekeeping device capable of accurately measuring tenths, hun-
dredths, or thousandths of a second. Despite this severe impediment, Galileo
conducted many important experiments that produced remarkable insights into
the physics of free fall and projectile motion. Less than a century later, Sir Isaac
Newton would build upon Galileo’s pioneering work to create the universal law
of gravitation and three laws of motion—the pillars of classical physics.
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By 1592, Galileo’s anti-Aristotelian research and abrasive behavior had suf-
ficiently offended his colleagues at the University of Pisa to the point that they
not so politely “invited him” to go elsewhere to teach. So later that year, Galileo
moved to the University of Padua. This university had a more lenient policy of
academic freedom, encouraged in part by the progressive government of the Re-
public of Venice. In Padua, Galileo wrote a special treatise on mechanics to ac-
company his lectures. He also began teaching courses on geometry and astron-
omy. At the time, the university’s astronomy courses were primarily for medical
students who needed to learn about medical astrology.

In 1597, the German astronomer, Johannes Kepler (1571-1630), provided
Galileo a copy of Copernicus’s book (even though the book was officially banned
in Italy). Although Galileo did not previously have a keen interest in astronomy,
he immediately became fascinated with and embraced the Copernican model.
Galileo and Kepler, the founders of modern astronomy, continued to correspond
until about 1610.

Between 1604 and 1605, Galileo performed his first public work involving as-
tronomy. He observed the supernova of 1604 (in the constellation Ophiuchus)
and used it to refute the cherished Aristotelian belief that the heavens were im-
mutable (unchangeable). He delivered this challenge on Aristotle’s doctrine in
a series of public lectures. Unfortunately, these well-attended lectures brought
him into direct conflict with the university’s pro-Aristotelian philosophy profes-
SOTS.

In 1610, he announced some of his early telescopic findings in the publica-
tion Starry Messenger, including the discovery of the four major moons of Jupiter
(now called the Galilean satellites in his honor). Their behavior like a miniature
solar system stimulated his enthusiastic support for the heliocentric cosmology
of Nicholas Copernicus (1473-1543). Unfortunately, this part of Galileo’s scien-
tific work led to a direct clash with ecclesiastical authorities, who insisted on
retaining the Ptolemaic system (with its geocentric cosmology) for a number of
political and social reasons. This conflict eventually earned the fiery Galileo
an Inquisition trial at which he was found guilty of heresy (for advocating the
Copernican system) and confined to house arrest for the remainder of his life.

In 1613, Galileo published “Letters on Sunspots.” He used the existence and
motion of sunspots to demonstrate that the Sun itself changes, again attack-
ing Aristotle’s doctrine of the immutability of the heavens. In so doing, he also
openly endorsed the Copernican model. This inflamed Galileo’s long and bitter
fight with ecclesiastical authorities. Above all, Galileo believed in the freedom
of scientific inquiry. Late in 1615, Galileo went to Rome and publicly argued for
the Copernican model. This public action angered Pope Paul V, who immediately
formed a special commission to review the theory of Earth’s motion.

Dutifully, the (unscientific) commission concluded that the Copernican the-
ory was contrary to Biblical teachings and possibly a form of heresy. Cardinal
Robert Bellarmine (an honorable person who was later canonized) received the
unenviable task of silencing the brilliant, but stubborn, Galileo. In late Febru-
ary 1616, ecclesiastic authorities officially admonished Galileo to abandon his
support of the Copernican hypothesis. In the process, Cardinal Bellarmine (un-
der direct orders from Pope Paul V) made Galileo an offer he could not refuse.
Galileo must never teach or write again about the Copernican model, or he
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would be tried for heresy and imprisoned, and quite possibly executed, like Gior-
dano Bruno (1548-1600), who was burned at the stake in Rome on February 17,
1600.

Apparently Galileo got the message—at least so it seemed for a few years.
In 1623, he published Il saggiatore (The Assayer). In this book, he discussed the
principles for scientific research, but carefully avoided support for Copernican
theory. He even dedicated the book to his lifelong friend, the new pope, Urban
VIIL. However, in 1632 Galileo pushed his luck with the new pope to the limit by
publishing Dialogue on the Two Chief World Systems. In this masterful (but satiri-
cal) work, Galileo had two people present scientific arguments to an intelligent
third person, concerning the Ptolemaic and Copernican worldviews. The Coper-
nican cleverly won these lengthy arguments. Galileo represented the Ptolemaic
system with an ineffective character he called Simplicio. For a variety of reasons,
Pope Urban VIII regarded Simplicio as an insulting, personal caricature. Within
months after the book’s publication, the Inquisition summoned Galileo to Rome.
Under threat of execution, the aging Italian scientist publicly retracted his sup-
port for the Copernican model on June 22, 1633. The Inquisition then sentenced
him to life in prison, a term that he actually served under house arrest at his villa
in Arceti (near Florence). Church authorities also banned the book, Dialogue, but
the supporters of Galileo smuggled copies out of Italy and the Copernican mes-
sage again spread across Europe.

While under house arrest, Galileo worked on a less controversial area of
physics. He published Discourses and Mathematical Demonstrations Relating to
Two New Sciences in 1638. In this seminal work, he avoided astronomy and sum-
marized the science of mechanics—including the very important topics of uni-
form acceleration, free fall, and projectile motion.

Through Galileo’s pioneering work and personal sacrifice, the Scientific Rev-
olution ultimately prevailed over misguided adherence to centuries of Aris-
totelian philosophy. Galileo never really opposed the Church, nor its religious
teachings. He did, however, come out strongly in favor of the freedom of scien-
tificinquiry. Blindness struck the brilliant scientistin 1638. He died while impris-
oned at home on January 8, 1642. Three and a half centuries later on October 31,
1992, Pope John Paul I formally retracted the sentence of heresy passed on him
by the Inquisition.

René Descartes (1596-1650)

The French philosopher, mathematician, and inventor of analytic geometry,
René Descartes, was a mechanist who believed that the bodies of humans and
animals are complex automata. In his treatise Discourse on Method, published
in 1637, Descartes discusses how humans, who have the power of reason, and
animals, which cannot reason, can be distinguished from one another and ma-
chines. Descartes is often regarded as the first modern philosopher. His most
famous quote (as found in Discourse on Method) is: “Cogito ergo sum” (which
means, “I think therefore I am.”) This statement highlights some of the deep
philosophical arguments Descartes raised in developing his mind-body dual-
ism. The nature of mind is an issue that has intrigued philosophers for ages.
The issue arises again from an interesting new perspective as robot specialists
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speculate about endowing very smart machines with a sense of consciousness
and cognition. At what point does a so-called “thinking machine” become truly
conscious?

Descartes was born on March 31, 1596, in La Haye, France. His father was a
counselor of the government of Britanny, while his mother died shortly after he
was born, but left Descartes a sufficient quantity of money to make him finan-
cially independent. When he was about six years old, Descartes began his ed-
ucation at the Jesuit school in La Fléche. He remained at this school until 1612.
Because of his sickly nature, he received permission to remain in bed until late
morning each school day. This established Descartes’ unusual lifelong custom
of remaining in bed until about 11:00 A.M. each day, thinking and working on
mathematical problems.

Descartes attended the University of Poitiers and received a law degree
in 1616, after which he enlisted in private military service, first with Mau-
rice of Nassau (the Prince of Orange), and later with Maximilian (the Duke
of Bavaria). From 1620 to 1628, Descartes used his army service to travel
extensively throughout Europe, including Hungary, Germany, Holland, and
France. He returned to France on several occasions and made contact with the
French mathematician and natural philosopher, Marin Mersenne (1588-1648).
Mersenne served an important role because he corresponded with all the leading
scientists of the day (including Descartes, Fermat, and Pascal), thus serving as an
informal clearing house for scientific information. By 1628, Descartes grew tired
of traveling and settled down in Holland, where he resided for the next twenty
years. Little is known about Descartes’ private life. He fathered an illegitimate
daughter (named Francine) whose death at age five was a terrible tragedy for
him. He also continued to enjoy thinking in bed until the late morning and pub-
lished most of his major works in French (the more popular ones) or Latin (the
more scholarly ones).

Right after he settled in Holland, he started work on Le Monde, ou Traité de la
Lumiére, an attempt at Copernican-based natural philosophy, which he quickly
abandoned (near completion) when he learned that Galileo Galilei was con-
demned to house arrest for the heresy of supporting Copernican cosmology.
(The incomplete manuscript was posthumously published in 1664). Le Monde
was Descartes’ attempt at developing a physical theory of the universe, but he
chose to avoid the martyr’s life and refocused his efforts on composing a trea-
tise on universal science, called Discourse on Method. This work contained three
appendices: La Dioptrique (dealing with optics), Les Météores (the first work that
attempts to discuss meteorology/weather on a scientific basis), and the very im-
portant La Geométrie. In La Geométrie, Descartes introduces the Cartesian coor-
dinate system, an innovative union of algebra and geometry that he combines
into an important new discipline called analytical geometry. Descartes’ work
provides the mathematical framework allowing Sir Isaac Newton to develop the
calculus.

In 1641, Descartes published a work entitled Meditationes Descartes. He
published his most comprehensive work Principles of Philosophy (Principia
Philosophiae) in Amsterdam in 1644. In this four-part work, Descartes attempted
to describe the universe in mechanical terms. The four parts were: The Principles
of Human Knowledge, The Principles of Material Things, Of the Visible World, and
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The Earth. However, Descartes did not believe in action at a distance (as later
postulated by Sir Isaac Newton) nor could he accept the concept of a vacuum
in space (as suggested by his contemporary, Blaise Pascal). In order to explain
motions in the universe, Descartes came up with an elaborate, though incorrect,
vortex theory, which other French scientists championed for about a century,
despite the obvious validity of Newton’s universal law of gravitation.

In 1647, the French court awarded Descartes a pension to honor his scien-
tific discoveries and acknowledge his influential works. Then, in 1649, Descartes
made a fatal mistake by accepting an invitation to tutor Queen Christina of
Sweden. When he arrived in Stockholm, he encountered the shock of a lifetime.
The energetic queen wanted to be tutored on mathematics at 5:00 A.M. After only
a few months of rising early in the cold Swedish winter, Descartes caught pneu-
monia and died in Stockholm on January 11, 1650. Descartes had gone against
his lifetime custom of staying in bed until the late morning and the result was
fatal. The body of the first great modern philosopher was eventually returned to
France and buried in Saint-Germain-des Prés.

At the dawn of the Age of Science, René Descartes began revisiting the con-
cept of mind as it had wandered down through Western civilization from the an-
cient Greek philosophers, like Plato and Aristotle, and the great medieval Chris-
tian theologians, like Thomas Aquinas. In his Principles of Philosophy, Descartes
proposed the philosophical concept that mind (soul) and body (matter) are sep-
arate and distinct entities. His postulation represents the birth of modern dual-
ism and the start of the famous mind/body problem. For Descartes, the rational
mind (soul) was an entity (substance) distinct from matter (the body). Within his
model of mind, there were two very different kinds of substances: an invisible,
unextended thinking substance (which he called the res cogitans) and a phys-
ical, extended substance (labeled the res extensa) that could be measured and
divided. According to Cartesian dualism, the human mind (soul) was responsi-
ble for such invisible activities as thinking, willing, desiring, and so forth. It rep-
resented the res cogitans (the thinking substance) of a human being. In contrast,
the human body (including the brain and the entire nervous system) was a phys-
ical, extended substance (that is, the res extensa). At death, the soul (mind) would
leave the body (which subsequently decays) and then continues to exist in some
transformed (invisible) state of consciousness. Within the context of Christian
theology, Descartes’ dualism further suggested that the soul (as the immortal,
spiritual seat of human consciousness) experiences an afterlife—a state of con-
tinual happiness (heaven) or perpetual pain (hell).

From at least as far back in human history as wandering Neanderthal tribes
and their primitive burial ceremonies, human beings in almost every civilization
and culture have expressed anticipation of some kind of life after death. The
survival of personal human consciousness has been and still remains a press-
ing question in philosophy and theology. No study of mind is complete without
exploring this issue. That is why the numerous terms and concepts associated
with consciousness and possible conditions of postmortem survival form one of
the major themes of this entry. The following statement introduces a major mile-
stone on the journey through mind-space: the mind (as a conscious personal en-
tity) either survives the death and destruction of the body, or it doesn’t. More bluntly
stated, your mind either knows who you are after death, or else you simply no
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longer personally exist as you. If personal consciousness survives the biological
death, then where does it “go,” what does it “do,” and perhaps most interesting of
all, can it still interact on some level with the physical world and normal (living)
human beings who reside there? On the other hand, if personal consciousness
terminates with biological death, then a person’s “mind” is no more.

Descartes himself recognized many of the philosophical difficulties he cre-
ated in trying to explain how an invisible (spiritual) mind could influence physi-
cal matter (the body) to perform voluntary physical actions and how a distinctly
separate body could affect the mind through such conscious sensations as pain
and pleasure. Yet, following in the philosophical footsteps of Plato and Aristo-
tle, Descartes vigorously rationalized his own existence as a thinking being. As
previously mentioned, this important connection between mind (consciousness)
and existence he eloquently summarized in his famous quotation: “Cogito, ergo
sum” (“Ithink, therefore lam”). Descartes’ dualistic model of the mind, presented
during the great Scientific Revolution of the seventeenth century, greatly influ-
enced subsequent philosophers and the debate about mind-matter interactions
continues to the present day.

Today, neuropsychologists and other “mind” scientists, recommend the ac-
ceptance of a monist versus dualist model of mind. This modern position, often
referred to as emergent materialism (and sometimes as emergent psychoneural
monism or monistic materialism), rejects Descartes’ hypothesis that the mind and
body are different substances and proposes, instead, that all mental activities
and states are actually the result of collective processes occurring within the
(physical) brain. Under the concept of emergent materialism, consciousness and
mental states exist, but as an interactive, integral part of the brain and not as
a separate, invisible entity. However, proponents of this model also point out
that mind is not just a simple result of the brain’s complex composition of cells,
but rather mind comes from a special collection and association of emergent
biophysical activities. Neuropsychologists suggest that functions like thinking,
perceiving, feeling, and willing arise from a currently unexplained collective
(“emergent”) property of the brain’s overall physical structure and not just the
electrochemical or mechanical responses of brain cells to stimulations by the
body’s nervous system. In other words, within this model, a mind is definitely
much greater than the sum of its numerous biological parts. This particular col-
lection of living tissues, cells, and energy gives rise to a very special biophysical
property: intelligent consciousness.

But exactly where in the brain does this consciousness reside? Unfortunately,
even with all the tools and skills of modern science, no one can now say for sure.
Does this elusive intelligent consciousness, this “mind,” survive and transcend
the physical death of the body? If “mind” is just an emergent property of the
brain, and the brain needs a living body to survive, then the logical answer is:
no! But this represents a most uncomfortable conclusion that flies in the face of
millennia of collective human thinking and belief. How can scientists hope to
reconcile such neuroscientific models of mind (as centered in the brain) with
philosophical and theological models (which treat mind and consciousness as
manifestations of an eternal human soul)? The creation of smart machines that
achieve some level of consciousness only amplifies this already complicated
philosophical issue.



Profiles of Robot Technology

Blaise Pascal (1623-1662)

The French physicist, mathematician, and philosopher, Blaise Pascal, per-
formed key experiments with fluids that led to the establishment of the science
of hydraulics. In 1641, Pascal designed a mechanical calculating machine, called
Pascaline, which could add and subtract up to eight-figured sums. Working with
Pierre de Fermat (1601-1665), he wrote a fundamental treatise on the outcome
of games of chance that served as the foundation of probability theory. In his
honor, the SI unit of pressure is called the pascal (Pa). Scientists define one pas-
cal (Pa) as the pressure that results from a force of one newton acting uniformly
over an area of one square meter.

Pascal was born on June 19, 1623, in Clermont, France. His mother passed
away when Pascal was only three years old and this left his father, a mathemati-
cian and minor government official, responsible for his care as well as that of
his two young sisters. Recognized early as a child prodigy, his father moved the
family to Paris in 1623 to further his young son’s education.

Atage 12, Pascal became interested in mathematics and by age 16, published
a prominent essay on conic sections that many mathematicians, including René
Descartes, refused to believe was the work of a 16-year-old. Years later, Pascal
was able to return the favor by experimentally demonstrating the validity of the
concept of a vacuum to Descartes’ strong objections.

In 1641, at the age of 18, Pascal designed a mechanical calculator, called
the Pascaline, to help his father perform business transactions. At the time the
French money system was not based on a decimal system (involving factors of
100). Rather, it was a complicated arrangement in which 12 deniers made up one
sol and 20 sols made one livre. Nevertheless, Pascal’'s machine was reasonably
accurate, when adding or subtracting up to eight-figured sums. Pascal continued
to improve the device, patented it, and put it into production in about 1642. But
because of the high cost of manufacturing, Pascal’s calculators never became
a commercial success. Despite its economic failure, Pascal’s work with the me-
chanical calculator does represent an important milestone in the history of cal-
culating machines and devices intended to augment the human ability to think
quantitatively.

Starting in about 1645, Pascal conducted a series of important experiments
and developed several devices that applied the pressure of fluids. One of the
main scientific products of his efforts was the important principle of hydrostat-
ics, now called Pascal’s principle. This principle states that any change in the
pressure applied to a completely enclosed fluid is transmitted undiminished to
all parts of the fluid and the enclosing container’s walls. This basic principle gov-
erns the operation of hydraulic presses and elevators, air compressors, syringes,
and similar fluid mechanics devices. He also confirmed and expanded the pi-
oneering work of the Italian physicist, Evangelista Torricelli (1608-1647), con-
cerning the decrease of atmospheric pressure with altitude and the existence of
a vacuum. Pascal wrote strongly in defense of the scientific method and refuted
Descartes’ position about the impossibility of a vacuum.

In 1654, a friend and gambler, the Chevalier de Méré, asked Pascal to
mathematically examine an optimum strategy for a particular gaming house
scenario. Pascal communicated with Fermat and their correspondence allowed
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Pascal to develop the principles of the theory of probabilities. The real signifi-
cance of this work is that mathematics now began to address phenomena that
were not precise and exact, but rather statistical in nature. In addition to game
theory, Pascal’s work set the stage for such important areas of physics as statis-
tical thermodynamics and quantum mechanics (based on the Heisenberg uncer-
tainty principle).

Following a mystical experience in 1654, involving a nearly fatal horse-
drawn carriage accident at the Neuilly Bridge, Pascal turned his attention to phi-
losophy and theology. His intensely popular, though quite satirical, Provincial
Letters represent his most famous works from this period. Pascal’s other influ-
ential theological effort was an incomplete work, entitled Pensees. Considered a
masterpiece in French prose, the book was published after his death. He wrote
his last mathematical work (on the cycloid) in 1658. Pascal had been of ill health
his entire life. In 1659, he became very seriously ill and never recovered. He
died in Port Royal on August 19, 1662—just two months after his thirty-ninth
birthday.

Sir Isaac Newton (1642-1727)

Sir Isaac Newton was the brilliant though introverted British physicist, math-
ematician, and astronomer, whose law of gravitation, three laws of motion,
development of the calculus, and design of a new type of reflecting telescope
make him one of the greatest scientific minds in human history. Through the
patient encouragement and financial support of the British mathematician Sir
Edmund Halley, Newton published his great work The Principia (or, Mathemati-
cal Principles of Natural Philosophy) in 1687. This monumental book transformed
the practice of physical science and completed the scientific revolution started
by Nicholas Copernicus, Johannes Kepler, and Galileo Galilei. Newton’s three
laws of motion and universal law of gravitation are the foundation of classical
mechanics.

Newton was born prematurely in Woolsthorpe, Lincolnshire, on December
25,1642 (using the former Julian calendar). His father had died before Newton'’s
birth and this event contributed to a very unhappy childhood. In order to re-
marry, hi