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Introduction

In the 1690s in all the Italian cities where the Inquisition operated,
repression of thought deemed heretical rose to a crescendo. People
stood trial for beliefs that had surfaced decades earlier. Since the
1630s and the time of Galileo, the Roman Catholic Inquisition had
accused the Church’s enemies of promoting atomism and other
doctrines associated with the new science. It believed that the no-
tion of atoms sanctioned the triumph of blind matter over spirit,
hence of atheism over trust in the power of God. If all nature was
formed through the result of the blind action of the minuscule parti-
cles of matter, then life, even God, would be replaced by nothing
but matter and motion. As the prosecutor at the Venice trial said, if
“the first man was composed of atoms like all other animals, every-
thing resides in nature, God does not exist and neither does hell,
purgatory or heaven, and the soul is mortal.”1 These were powerful
arguments against the adoption of the new science, and believing in
atomism could land someone in prison, or worse. In such a reli-
gious climate, how could matter, if defined by the new science as
atomic, be embraced as having all sorts of practical and potentially
progressive applications?

The innovative natural philosophy that so appealed to Galileo
was heliocentric and atomistic. It had arisen in the seventeenth cen-
tury partly inspired by Copernicus’s claim, first made in 1543, that
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the sun was at the center of the universe. Many factors worked to
make the Copernican model of the heavens attractive. Galileo’s ex-
periments with falling bodies and his discoveries made through the
telescope seemed to suggest that all of nature is uniform. If Saturn
has moons that orbit around it, might not the earth orbit the sun?
Copernican mathematics was more elegant and Copernicus’s sys-
tem actually simpler than its geocentric rival, which was first pro-
claimed in the second century by Ptolemy. But more was at work
here than just new discoveries. The ideas that so vexed the Church
and led it to put Galileo under house arrest, and two generations
later to instigate the trials in the 1690s, occurred at a time of great
social and economic change, the result of the enormous commercial
expansion experienced throughout the Western world.

New and distant places, recently discovered, licensed new ideas,
the experimental exploration of nature, and even new approaches
to mathematics. Natural philosophers argued that the great discov-
eries made by exploration licensed new philosophies. Indeed, a re-
cent historian has argued that overseas exploration unleashed new
and compelling metaphors for change, for seeking and actually
finding the previously unknown: “The imagery of mathematics as a
voyage of discovery was closely associated with the development of
the new and controversial infinitesimal techniques.”2 In the new
mathematical practices of the day, the space of geometrical forms
came to be divided into increasingly small units, and their relation
to one another could explain the symmetry of the whole of nature.
With such a method, rather than with the old deductive system of
Euclidian geometry, space came to be seen as capable of infinity, no
longer simply something occupied by squares and triangles. Bodies
moving through such space suggested that their trajectories should
be plotted. Turning away from Euclid led ultimately to the calcu-
lus—simultaneously and independently discovered in the 1670s by
Newton and Leibniz. The indivisible atoms could be imagined as
moving in a continuum with knowable trajectories. In the seven-
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teenth century, in the worlds celestial and terrestrial, everything
seemed up for grabs; none of the old certainties about the land
masses of our planet, or about the way space and bodies should be
described, could be taken as given. All these changes were im-
mensely threatening to anyone who valued order, orthodoxy, and
assent to traditional authority. Much was at stake in the Italian tri-
als of the 1690s.

This book examines why and how, despite the opposition of
the Inquisition and countless other powerful guardians of tradi-
tion, a scientific understanding of the world gained acceptance and
application throughout much of the Western world. The book also
places particular emphasis on Great Britain, where, before many
other places, science was made practical and put into the service of
industry and empire. The science that proved so fertile relied on a
set of interlocking assumptions put in place gradually in the course
of the seventeenth century. Matter was composed of indivisible at-
oms, some said corpuscles; all motion in the universe resulted from
one body’s impact upon another; rest meant simply the absence
of contact between bodies (not some preexisting state of inertia);
and all the bodies seeable by the human eye, from planets to the ob-
jects newly revealed by the microscope, partook of the same physi-
cal matter, differently configured. The configurations and motions
could be expressed mathematically, particularly by the introduction
of the new algebraic symbols joined to the method of indivisibles.
Last, but far from least, the sun was at the center of the universe.
Now conceived as physical bodies, the planets revolved about the
sun, not the earth. Any one of these assumptions might be said
to contradict the Bible, and especially the writings of the ancient
philosopher Aristotle, as reworked by his medieval interpreter St.
Thomas Aquinas. The potential for controversy and, in the eyes of
the Church, heresy, lurked everywhere.

For reasons discussed in Chapter 1, in the 1690s Protestant, but
not Catholic, Europe became more congenial to the new science.
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Just when the Italian heretics were being tried, hundreds of miles to
the north, English Protestant clergymen rose in their London pul-
pits to explain atoms and invisible forces to their well-heeled con-
gregations—all to assist their coming to terms with Newton’s scien-
tific laws. In general, south of the Alps in Catholic Europe, science
found fewer comfortable settings than in the cities of England, the
Low Countries, France, and a few places in Germany. Even in St.
Petersburg, Russia, new ways of thinking about nature could be
found in books, and most importantly, at learned societies and
academies where experiment and discussion flourished. So too in
the Atlantic colonies of Europe, from Boston to Saint Dominique
(today Haiti), new ways of thinking about nature traveled with ed-
ucated European settlers and traders. Where the Inquisition had lit-
tle influence, gradually atomism became commonplace and so too
did the assumption that the sun lay at the center of the infinite uni-
verse. This was true even in Catholic France where, outside of the
Papal territory of Avignon, the king would not allow the Inquisition
to exercise its power.

Early in the seventeenth century, Francis Bacon, the English
statesman with an eye toward the practical, pleaded with the edu-
cated to imitate the voyagers, to explore nature, to collect, classify,
and experience. As his writings were translated into every European
language, the Baconian message spread. By 1798, when the French
revolutionaries opened the first-ever industrial exposition in Paris,
the minister in charge invoked the memory of Francis Bacon. Lec-
turing just a few years earlier in the German university town of
Jena, the professor of physics introduced the course with a brief his-
tory of science that began with the ancient Greek philosophers,
Plato and Aristotle, and then jumped to all the major books by Ba-
con and Isaac Newton.3 In the 1790s the once-embattled new sci-
ence had achieved ascendancy from Philadelphia and Dublin to
Berlin and Moscow. In the mid-nineteenth century Hebrew writers
borrowed from these many explications of the new science and
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gave a quick history of science. As you will see at the opening of
Chapter 2, they also jumped straight from the ancients to Galileo,
as if the Middle Ages and the Renaissance had never existed. The
Hebrew writers used scientific learning to help make their language
more secular and less exclusively for use in explicating the sacred.
By 1800 the race was on to test the usefulness of any science. Entre-
preneurs and industrializing nation states benefited from the ensu-
ing profits as mechanical principles and experimental habits were
applied to mining, manufacturing, and transportation. The race for
industrial development fueled the contest for empire.

By 1800 British industrial innovation and expansion set the eco-
nomic pace in the West. Fired by their own nationalism, Continen-
tal Europeans worried obsessively about their ability to compete
with developments across the Channel, to be found in the factories
of Birmingham and Manchester. Early in the nineteenth century as-
piring British industrial entrepreneurs, needing to understand steam
engines, owned manuals that taught mechanics as well as the politi-
cal economy of Adam Smith. In piously Protestant Britain, cotton
mill owners could believe that “the greater the improvement in ma-
chinery or any other science . . . then the greater good to all human
beings.”4 But in the factories, their badly paid workers might not
have been so convinced that their condition represented progress.

In the Western world during the nineteenth century, a faith in
capital and industry emerged and appeared unshakeable: “We are
now more industrious than our forefathers, because our capital,
destined for the encouragement of industry, is greater.”5 Science
wedded to technology—their union sanctioned by capital invest-
ment—had produced new wealth and techniques that would rev-
olutionize human productivity and eventually, slowly, even the
wealth and life expectancy of workers. The message of progress ap-
pealed to mechanically inclined artisans as well as to entrepreneurs
with money. Along with lessons in geometry and mechanics, they
read potted biographies of Newton, Bacon, and Benjamin Franklin,
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and they even learned of young artisans who transformed them-
selves from being conjurers into serious mathematics instructors.6

Household manuals promoting applied sciences taught men and
women everything from chemistry and the latest mechanical inven-
tions to domestic economy, right down to how to get rid of bedbugs
and cook potatoes.7 Textbooks led to the habit of “looking up
things” and the assumption that expert knowledge could improve
life and promote prosperity. By the 1820s French engineers, in their
haste to narrow the British lead, were being exhorted in their own
manuals on mechanics to assist the needs of both the state and
commerce. They were further instructed on the steam engine, “the
greatest party to the riches of industrial England,” an object, ac-
cording to the manuals, not sufficiently understood in France.8

This book examines a profound transformation. Gradually from
1687, when Newton published his great book on mechanics and ce-
lestial dynamics, to 1851, at the largest industrial exhibition ever
seen, which was held at the specially built Crystal Palace in Lon-
don, science became central to Western thought and economic de-
velopment. We look at the myriad ways and means science began to
be understood, and in the process became so fundamental to West-
ern culture, integrated and applied to everything from the study of
the heavens, rocks, and plants to the making of industrial devices.
The book is short and the topic vast. There is no space or inclina-
tion to look at technology per se, although one of our claims is that
mechanical science as articulated by the British Newtonians had a
profound impact on early industrial development. Our focus is al-
most entirely on the uses of mechanics, by far the most commonly
taught and widely read form of post-Principia science. We examine
its uses, its effect on the imagination, and ultimately on the wealth
of Westerners. The rise to prominence of a science aimed at appli-
cation accelerated markedly during the lifetime of Isaac Newton
(1642–1727). Within a hundred years, the benefits derived from its
application became incontrovertible as people marveled at the great
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industrial expositions of the nineteenth century. By the middle of
that century, taking the famous exposition of 1851 as our closing
point, of all the approaches to the varieties of nature, only medicine
remained relatively “unscientific,” but that too was changing very
rapidly with the new chemistry and the discovery of germs and an-
esthesia.

In beginning our story with Newton and his legacy, we leave
out the thousands of philosophical practitioners who preceded
him; and in the opening chapter we reference his great predecessor
Descartes only in passing. But we must start somewhere. Newton
opened up an entirely new phase in the assimilation of science:
Mechanical science based on his discoveries became the foundation
for religious thought, for what Protestants called natural religion.
Within a century of his death in 1727, the laws of Newtonian phys-
ics also provided the model for the mathematization of random-
ness. Laws of error and probability could be calculated by the new
science of statistics, and pioneers like the Belgian Apolphe Quetelet
said that even social change could be quantified. He articulated the
mathematically supported concept of l’homme moyen—the aver-
age man who was “in a nation what the center of gravity is in a
planet.”9 He claimed that the social—like the natural—could be
known scientifically and statistically. Only in Chapter 2 do we, as it
were, go backward and give some hint of the science that Newton
had to overthrow, first that of Aristotle and even that of Descartes.

As Chapters 3 and 4 make clear, throughout the eighteenth and
early nineteenth centuries, a vast army of lecturers, experimenters,
engineers, schoolteachers, and professors made the new science ac-
cessible to practical goals and applications. Chapter 5 examines one
place, Manchester, where applied science created a new industrial
and social order. It also demonstrates the enormous efforts made
by the French to catch up with British industrial development. By
1851, at the time of the great London exhibition of industry and
science, a brave new world had come to pass, first in Britain, and it
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could be put on triumphant display. That Victorian setting was less
fettered and more optimistic than the one later shattered by the
world wars of the twentieth century, or after Hiroshima by the le-
thal by-products of atomic science. Science in the service of Western
industry and imperial expansion seemed in 1851 so obviously to
benefit those who possessed it. The have-nots lacked the power that
came with such knowledge. Yet for all the injustice associated with
Western imperial expansion, even with the efforts to make racial in-
feriority appear to have a scientific foundation—a favorite sport of
American and European scientists of the mid-nineteenth century—
there was nothing preordained or inevitable about the centrality
awarded to science in the West. The contingency of the award, the
steps along the way, require our attention. It is easy to forget that
modern science might have been stillborn, or have remained the es-
oteric knowledge of court elites, or in a darker scenario, limited to
the thinking of heretics persecuted whenever the authorities had the
opportunity. Instead—for better and occasionally for worse—in the
lifetime of Newton, matter turned practical and scientific knowl-
edge became a centerpiece of Western culture, a partner with indus-
try, war-making, and, in budgetary terms, the largest component of
any modern Western university.
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C H A P T E R 1

The Newtonian Revolution

Born in 1642 in Lincolnshire in England, in the year Galileo died,
Isaac Newton grew up in the midst of civil wars. He was a country
boy whose father died before he was born and whose mother ap-
pears to have had little time for him once she remarried. At Cam-
bridge University, he waited on student tables to pay his way. This
boy with an unsettled passage became a philosopher and mathema-
tician who revolutionized our understanding of the heavens. Yet
probably his first love throughout his long, celebrated life—he died,
world famous, in 1727—was theology. This man of the Bible, who
believed that God would end the world and usher in a millennial
paradise, all to be preceded by the conversion of the Jews, ironically
did more than any other mortal to make the world seem like an or-
dered, rational, certain place, bounded by mathematically know-
able laws that would stay in place forever.

The private Newton whose fantasies about the end of the world
endlessly fascinate us today stayed largely hidden in his own life-
time, known only to a select few of his very small circle of friends.1

We know that he wrote his most famous book, Mathematical Prin-
ciples of Natural Philosophy (1687, hereafter, his Principia), to
make humankind believe more deeply in the deity. But that purpose
does not leap out when the reader first approaches the text. How
readers prior to the mid-nineteenth century read the Principia, what
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they could take from it, synthesize, or rework, how its legacy en-
twined with other ideas and institutions—that process vitally con-
cerns us in this and subsequent chapters.

At the foundation of Newton’s science—and all subsequent
Western science—rested one bedrock assumption. Put in Newton’s
own words, “nature is exceedingly simple and conformable to her-
self” and that means whatever “holds for greater motions, should
hold for lesser ones as well.”2 The rules, Newton said in the Prin-
cipia, were universal. In other words, the laws that hold for the
physics of local motion, or mechanics, also hold for planetary mo-
tion, even for the movement of the invisible forces that Newton saw
as electric and aethereal. With similar assumptions, neuroscientists
in our day can work on the hippocampus in the brain of mice
knowing that its molecular structure is almost indistinguishable
from that found in the human brain. By analogy, they work on the
first in order to elucidate the second.

Similarly, when Newton tackled the problem of why bodies on
the surface of our planet are not thrown into space by its rotation
and annual orbital revolution, he rigged up a swinging device that
was analogous, “a conical pendulum 81 inches long, at an incline of
45 degrees to the vertical.”3 By measuring its swing and the hold
that earthly gravity exacted on it, Newton could show how the cen-
trifugal pressures on bodies on the planet held them in check de-
spite the earth’s rotation. The forces at work on a tabletop pendu-
lum could also be extrapolated to the gravitational pull between
planets. This example illustrates why Newton’s style of reasoning
and his examples organized mechanics of everyday bodies just as
much as they did celestial mechanics. The principle of universal
gravitation that holds the heavenly planets in their orbits around
the sun also works on bodies here on earth.

In the Principia Newton provided a basic set of definitions: The
mass, or quantity of matter, of a body is proportional to its weight.
This axiom was proven by a set of experiments using identical
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pendula hung from cords of equal lengths to which were attached
bodies of various sizes and substances but of equal weights. As they
swung, the different bodies wound up at the same place at the same
time. What this means in practice is that bodies compressed, or
bent, or heated, or taken up a mountain, or out into space retain the
same mass (although not the same weight as they move further
from the earth). In the generation just prior to Newton, the great
French natural philosopher René Descartes had defined mass as
simply that which occupies space. For Newton and all his follow-
ers, this definition was too simplistic. For them the quantity of mat-
ter is measured by its density and magnitude, and the focus must be
experimental or experiential if the researcher or engineer is to know
how much mass is present at a site. In effect, density is used to mean
the specific gravity of a body. Newton is demanding experimental
proof, but he is also arguing and proving that mathematics can be
applied to mechanics. As he put it in the preface to the Principia,
“geometry is founded on mechanical practice.”

Newton often said that he stood on the shoulders of giants. As
we will see in greater detail in the next chapter, two generations of
natural philosophers preceded him. Self-consciously Newton built
on the mechanical experiments of Galileo and explained that, as
early as 1610, Galileo “found that the descent of heavy bodies is the
squared ratio of the time and the motion of projectiles occurs in a
parabola, as experiment confirms, except insofar as these motions
are somewhat retarded by the resistance of the air.”4 Again Newton
illustrated the phenomenon by oscillating pendula and noted the
analogy that it “is supported by daily experience with clocks.”
Newton aimed at every turn to provide universal, testable rules, “in
the motions of machines those agents (or acting bodies) whose ve-
locities . . . are inversely as their inherent forces are equipollent and
sustain one another by their contrary endeavors.” The principle by
which force is increased by decreasing velocity can then be illus-
trated by resort to clocks and similar devices in which “the contrary
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forces that promote and hinder the motion of the gears will sustain
each other if they are inversely as the velocities of the parts of the
gears upon which they are impressed.” Similarly such forces are at
work when a hand turns a screw into wood and “the same is the
case for all machines.”5 Newton could not have been more con-
crete: “If machines are constructed in such a way that the velocities
of the agent or acting body and the resistant are inversely as the
forces, the agent will sustain the resistance and, if there is a greater
disparity of velocities, will overcome that resistance.”

Just when the new principles might have become interesting for
men who had been hauling and pushing all their lives—and the pos-
sibility of rationalizing what they did presented itself—Newton an-
nounced that he was after a far bigger, cosmic picture: “My purpose
here is not to write a treatise on mechanics. By these examples I
wished only to show the wide range and the certainty of the third
law of motion,” namely, all things being equal (which they seldom
are), “the action and reaction will always be equal to each other in
all examples of using devices or machines.”6 In two generations
from Galileo to Newton, natural philosophy had moved from the
study of local motion to the search for universal laws of motion at
work in the heavens and on earth.

Incontrovertibly, Newton’s purpose in writing the Principia was
to provide the mathematical laws at work in the heavens, and he
ended complex sections of his great work almost offhandedly: “So
much for the finding of orbits. It remains to determine the mo-
tions of bodies in the orbits that have been found.”7 With a mathe-
matical complexity that dumbfounded even the learned philoso-
pher John Locke (who had to write to a friend in The Netherlands
for assistance), Newton explicated the law of universal gravitation.
Throughout the text, Newton proves mathematically that the force
keeping the planets in elliptical, orbital motion around the sun op-
erates from their centers uniformly as inversely the square of the ra-
dius being traversed. He postulates that the centripetal forces at
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work are attractions without ever telling his readers what attraction
is. Famously, he dismisses that question by saying, “I do not frame
hypotheses.”

We now believe that he privately thought of universal attraction
as the will of God operating in the universe. The force of gravita-
tion acts on all the heavenly bodies through “action at a distance.”
“Wherever matter is, there gravity is also.”8 No mechanism, con-
tact, or push-pull encounter between bodies, however minuscule, is
needed to effect the attraction and repulsion that holds the universe
in place. For purposes of his mathematics, Newton postulated a
vacuum in space through which the attractive forces act. But grav-
ity is not inherent or essential to matter. For reasons that were
deeply religious, Newton could not imagine a universe possessed
of the power to move itself without recourse to its supernatural
source. Left to its own devices, matter possesses only inertia or, as
Newton put it, matter is “brute and stupid.” Newton, the atomist,
rejected the notion that the doctrine eliminated supernatural life or
will from the universe. Perhaps the judges in the Naples trials of the
1690s should have brought him over and taken his testimony. But
just as the Italian judges feared, over the course of the eighteenth
century many of Newton’s readers found no need for such a pious
prohibition against force as inherent in the nature of matter.

Historians often repeat the tale about Newton being spotted by a
couple of students in the lanes of Cambridge before he moved to
London. One undergraduate says to the other, “There goes the man
who wrote that book that no one can understand.” This has a ring
of truth to it, if only because the newly invented calculus as well
as the geometry of the Principia was difficult even for those well
versed in mathematics. But Newton also promoted elusive philo-
sophical principles like attraction across an utterly void space—
thus worked gravity or even magnetism—that mechanical theory
had long thought imaginary. If the witty undergraduate accurately
reflected the considered Cambridge opinion of Newton, then how
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could it be that his philosophy was not simply dismissed or ig-
nored? Why did it create not merely a great debate but also a wide-
spread admiration by the end of his life? In 1727, following the
honor of a state funeral, among great statesmen and poets, Newton
was buried in Westminster Abbey.

Newton also wrote a more readily intelligible and nonmathemat-
ical work on the nature of light. The publication of his Opticks,
first in 1704 and then in two subsequent and enlarged editions,
put in circulation a much more approachable book for the edu-
cated reader than the forbidding Principia. But one relatively easy
book can hardly explain Newton’s reputation. Nor is it sufficient to
claim that Newton’s remarkable mathematical brilliance suffices
as a justification for the enthusiasm with which the British, at the
very least, embraced his philosophy. One of the most striking facts
of the early eighteenth century was the way Newtonian science
achieved public status even when Newton himself deliberately dis-
tanced himself from those whom he called “vulgar smatterers in
mathematicks.”

An examination of Newton’s reputation throughout the eigh-
teenth century ultimately reveals a strain between, on the one hand,
a wide and growing public acceptance of science and, on the other,
a converse reliance on exclusivity in a culture long defined by rank
and social status. At least since the time of the Elizabethan courtier
Francis Bacon, there had been a vexed issue about the role of crafts-
men and artisans in the natural philosophical world populated by
gentlemen and university scholars. That tension is displayed in the
distinction drawn in Elizabeth’s reign by the compass maker Robert
Norman between what he then saw as the imaginative “conceits”
of learned scholars and the worldly experience of mechanics and
mariners. In other words, running through the history of the scien-
tific revolution from Bacon to Newton lies a nearly instinctive di-
vergence of interests between practical utility and gentlemanly cu-
riosity. The practical and the artisanal were segregated from the
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genteel by social standing.9 That segregation is explored more thor-
oughly in Chapter 3. Right now we need to address how, despite
this segregation, Newton’s science achieved relatively early success
in England and Scotland. In those places after 1700, the paradigm
decisively shifted away from Aristotle and Descartes toward New-
ton as the authoritative guide to physical nature.

Because Newton’s achievements in celestial mechanics were so
spectacular, historians have invariably focused on his discussions of
this topic, particularly in Books 1 and 3 of the Principia. But in this
book we wish to read the text as did many of Newton’s immediate
followers, and most of his explicators for at least three generations
into the early nineteenth century. They focused on the mechanics
of earthly bodies and, in so doing, aided immensely in the triumph
of Newtonian science. They found in Book 2 of his masterpiece
the foundations for the study of fluids in motion and at rest, of hy-
drodynamics and hydrostatics. The Principia made extensive use of
experimental evidence. Its appeal to engineers became immediately
obvious—indeed, the next generation of Newtonian engineers, in-
cluding men like John Smeaton, invented civil engineering as a pro-
fession and distinguished it from military engineering. In alliance
with entrepreneurs, often themselves schooled in applied Newto-
nian mechanics, the engineers laid the foundations for early indus-
trial development in Britain. The Principia will always remain a
great book, possibly the greatest ever published in science. But it
was the practitioners, the audience, the new public, the buyers and
consumers of the new science, who made it the cornerstone of
Western economic development.

Book 2 of the Principia reveals its practical side, while Book 3
features propositions that were intended to popularize and simplify
Newton’s discoveries. In so doing, Newton himself may be said to
have laid down a template for what became in the eighteenth cen-
tury a vast industry of Newtonian textbooks. Like Book 3, the text-
books moved from generalization about the heavens to experiments
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on earth that illustrate the principle. For example, Newton tells his
readers “the falling of all heavy bodies toward the earth (at least on
making an adjustment for the inequality of the retardation that
arises from the very slight resistance of the air) takes place in equal
times, and it is possible to discern that equality of the times, to a
very high degree of accuracy, by using pendulums. I have tested this
with gold, silver, lead, glass, sand, common salt, wood, water and
wheat.”10 Newton rigged up two boxes of equal weight and, in the
center of each, put different substances that weighed the same. The
boxes were suspended from eleven-foot cords and put in oscilla-
tion. They moved in exact symmetry, and Newton concluded that
“there is no doubt that the nature of gravity toward the planets is
the same as toward the earth.”11

Next comes a discussion of the satellites of Jupiter and how “in
equal times in falling from equal heights toward Jupiter they would
describe equal spaces, just as happens with heavy bodies on this
earth of ours.” Corollaries followed: The weights of bodies do not
depend on their forms and textures and “the weights of all bodies
that are equally distant from the center of the earth are as the quan-
tities of matter in them. This is a quality of all bodies on which ex-
periments can be performed.”12 Always Newton turns the reader’s
attention toward the heavenly planets and explains, for instance,
that planets closer to the sun are denser in their matter. If our planet
were in the orbit of Mercury, water “would immediately go off in a
vapor.” As we now in 2004 find traces of water on Mars, we are
still operating with assumptions about what the planets must be
like that first appeared in the Principia.

Reading the range of measurements available to Newton, from
the seconds of a pendulum swing in Paris versus its length of arc on
the islands of Gorée, Guadeloupe, and Martinique, and elsewhere
in the Americas and Africa, we realize that Newton’s achievement
can be tied to the vast increase in general knowledge that over-
seas trade and exploration had brought to Europeans.13 The cour-
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age to generalize, to arrive at universals about the natural world,
owes much to the immense quantity of information—and self-con-
fidence—that European mastery of the seas gave land-bound think-
ers like Isaac Newton. Measurement of tidal changes in the seas
of the world made it easier to be precise about the moon’s effect
on the tides, a subject also elucidated in Book 3 of the Principia. It
ends with a discussion of comets and a demonstration that within
the framework of their apparent eccentricity lay traceable, hence
knowable, orbits. Only when the labor of natural philosophy and
mathematics had been laid to rest did Newton turn to the meaning
of it all.

At the end of the Principia, Newton placed a General Scholium
that was deeply religious in purpose and tone: “The most elegant
system of the sun, planets, and comets could not have arisen with-
out the design and dominion of an intelligent and powerful being
. . . He rules all things, not as the world soul but as the lord of all.
And because of his dominion he is called Lord God Pantokrator
[that is, universal ruler].”14 One more time, Newton refused to
speculate about the exact nature of gravity. Instead he set forth the
principles on which all science should proceed, and first among
them: “In this experimental philosophy, propositions are deduced
from the phenomena and are made general by induction. The im-
penetrability, mobility, and impetus of bodies, and the laws of mo-
tion and the law of gravity have been found by this method. And it
is enough that gravity really exists and acts according to the laws
that we have set forth.”15

The Principia was an exercise of deep devotion to the Deity, a
paean of praise that made nature the servant of God’s will and
power. Once explicated, nature’s mathematical order, Newton be-
lieved, would bring humans to their knees in adoration of the cre-
ator. In part, that was wishful thinking. The entire trend of the cen-
tury after Newton’s death in 1727 was toward the secular, the here
and the now, the enjoyment of this world, and the lessening of in-
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terest in the next. The trend was far from clear, however, when in
the 1690s English clergymen rose in their pulpits and, in an unprec-
edented step, took up Newton’s natural philosophy for the purpose
of shoring up Christian belief.

Newtonian Science, Politics, and English Protestantism

Isaac Newton countenanced few close friends. One of them, the
Anglican cleric and apologist Samuel Clarke, became a leading Brit-
ish intellectual of the early eighteenth century. During the highly
unstable period of English politics ushered in by the Revolution
of 1688–1689, Clarke lectured in the great London pulpits of St.
Paul’s and St. Martin-in-the-Fields on matters directly germane to
the political situation. He lived in a setting that had been destabi-
lized by the “rage of party,” by factionalism between Whigs and
Tories, and by perceived threats to the legal and moral status of
the Anglican Church. In addition, treason lurked in the ranks of
extreme Tories, embittered supporters of the exiled and defeated
king, James II. Clarke was a supporter of the Revolution Settlement
and a churchman willing to countenance a limited degree of non-
Anglican Dissent from the official doctrines of the Church. Sig-
nificant to the political setting, Clarke’s lectures legitimated human
liberty and the necessity for change while asserting the need for har-
mony and uniformity. Armed with the lessons he derived from his
understanding of Newton’s science, Clarke sought a via media, one
that gave its blessing to the revolution but not to the republican,
freethinking, and reformist elements that it unleashed. James II
would have imposed both absolutism and Catholicism, and Angli-
cans like Clarke supported the revolution of 1688–1689 that de-
posed him and brought a new Protestant king, William III, to the
throne by vote of Parliament. The events of that time period also
saved the Church of England as established by law; and with it
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an Anglican establishment, both lay and clerical, retained political
dominance.

Clarke’s most famous set of lectures, delivered in an Anglican
church in 1704, was entitled A Demonstration of the Being and
Attributes of God: More Particularly in Answer to Mr. Hobbs,
Spinoza, and Their Followers.16 The lectures began by asserting the
usefulness of theism. These were Clarke’s Boyle lectures, an annual
series endowed by the last will and testament of the great natural
philosopher Robert Boyle. From their outset in 1692, the Boyle lec-
tures were monopolized by Newtonians like Richard Bentley, Wil-
liam Derham, William Whiston, and, most famously, by Clarke.
The lectures seem an unlikely vehicle for a meditation on the foun-
dations of political order and stability. But in the clerical mind,
stability required Protestant orthodoxy and the defeat of freethink-
ing. More than any other faction within the Anglican Church, the
Newtonians labored to bring Newton’s science into service against
atheism, more precisely against the materialism associated with
Spinoza, Hobbes, and the alive and well John Toland. In response
to the revolution of 1688–1689 and the salvation it offered to Prot-
estantism in England, Anglican clerical ambition entailed laying a
new foundation for political order and its handmaiden, religious
orthodoxy.

Order and orthodoxy came to rest on an unprecedented medita-
tion on the law-like, but divinely instituted, structure of the physi-
cal universe. The key to the success of this new theology that rested
upon Newton’s physics lay in theism. People had to believe that
only a divine will could have established the laws of celestial me-
chanics as Newton had discovered them. In his lectures Clarke ban-
ished doctrines that asserted the independence of the material by
noting that “if there be a vacuum as Newton maintained, it follows
plainly that matter is not a necessary being . . . If an atheist will yet
assert that matter may be necessary, though not necessary to be
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everywhere, I answer this is an express contradiction. For absolute
necessity is absolute necessity everywhere alike.”17 Hence, many
hours into his demonstration of God’s existence, Clarke asserts, “it
is impossible there should be two different self-existent independent
principles as some philosophers have imagined, such as God and
matter.”18 Clarke equates independence of movement with human
liberty; and once communicated by God to “created beings,” they
too have the freedom to exercise their will “in its proper place.”19

To deny free will, Clarke maintains, is to deny the human power to
effect meaningful change, to begin a motion that “is a plain in-
stance of liberty.”20 Without the will to move themselves, human
beings become brute matter.

The following year in 1705, speaking from the pulpit of St. Paul’s
Cathedral, Clarke drew out the full implications of human liberty
and the necessity for lawfulness: “The frame and order of the world
is preserved by things being disposed and managed in a uniform
manner.”21 And in case anyone missed the political implications of
preserving things in a uniform manner, Clarke said it plainly: “Even
the greatest enemies of all religion, who suppose it to be nothing
more than a worldly or state-policy, do yet by that very supposition
confess thus much concerning it. . . . For the practice of moral vir-
tue does as plainly and undeniably tend to the natural good of the
world; as any physical effect or mathematical truth, is naturally
consequent to the principles on which it depends, and from which it
is regularly derived.”22 Clarke’s theism was as old as Christianity,
but his recourse to the “laws of gravitation,” the motion of the
planets on their axes uniformly east to west, seemed to afford in-
controvertible proof derived from Newton of the divine will at
work in the universe. Clarke and his fellow Newtonians effected the
marriage of two discourses, one scientific and the other religious,
and their union was meant to be politique, to render the new consti-
tutional structure into a providentially guided set of events. More
than any other single factor in the rise to prominence of Newton’s
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science, the postrevolutionary politics of the 1690s set the stage for
its acceptance. Newton’s science did ideological work in shoring up
belief in a broad, liberal Christianity and in the providential order
of a state sanctioned not by the divine right of kings but by a vote in
Parliament. Not surprisingly, the leading Newtonian of the 1720s
and 1730s, Jean Desaguliers, could speak about the “Newtonian
System of Government.”

Before Clarke rose in his pulpit, earlier English clergymen had
sought to effect a marriage between science and religion. During the
restoration of the monarchy following the civil wars of the 1640s
and 1650s, Thomas Sprat, writing on behalf of the newly founded
Royal Society, described experiment as a means of challenging the
idolatry associated with radical sects. The hard work of experiment
he and his Royal Society friends thought would suppress the ten-
dency to sectarian madness that many saw at the root of the civil
wars. Religious zeal had to be tamed and orthodoxy sustained.
They initiated several decades of preaching and writing aimed at
making science pious and religion, more scientific.

A generation later, Clarke’s exact contemporary and close friend
of Newton, William Whiston, made his reputation on speculations
about the early state of the earth and the intercession of comets
in his New Theory of 1696. One critic described his “snuff of a
comet” as a hardly credible explanation of alterations in the earth’s
orbit and the creation of seasons.23 But early in his career, Whiston
was simply attempting to assert that physical evidence sustained the
Christian account of creation. Hence, when he took employment in
the Whig Richard Steele’s “Censorium” in London, part of his mis-
sion as a public lecturer was to challenge those sectarians who be-
lieved that they had personal access to the true meaning of scrip-
tural prophecy, a sentiment labelled “enthusiasm” and one that
befuddled British politics before and during the civil wars.

Both Whiston and Clarke did battle against enthusiasm. It sur-
faced again in 1715 when the Protestant succession was contested
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in Britain as the crown passed, on the death of Queen Anne, from
Stuarts to Hanoverians. Disturbances in the streets followed
strange portents in the skies over early eighteenth-century London.
Contemporaries related the prophetic signs to the uncertain sur-
vival of the new German monarchy. And new Protestant sects like
the French Prophets took full advantage to read into eclipses, mete-
ors, and northern lights over London alarming fears of Catholic
assaults on the Protestant throne. Thus, the Newtonian lectures
of Whiston and the pamphlets of the astronomer Edmund Halley
ridiculed the sectarian pretenses that provoked unrest in the streets.
A generation earlier, Sprat, it turned out, had been right about
the usefulness of philosophers. The precarious nature of the Hano-
verian succession in 1715 made the public lectures on astronomical
phenomena seem more urgent. The Newtonian lecturers bent the
weight of their science against “enthusiasm” and against prophets
generally from the lower classes who thought they could “read” na-
ture’s signs by intuition alone.

Yet not everyone moved by the pious sense of order inspired by
Newtonian science wanted just to sit in church pews. This was the
age of pubbing and clubbing, and there was also a felt need to get to
know men different from one’s self. Into this propitious setting
came the new Masonic lodges, which evolved out of the guilds of
stonemasons. The Newtonian involvement in the new lodges was
distinctive. Jean Desaguliers had unbounded energy and something
of a common touch. By 1720, if not earlier, his imagination was
captured as freemasonry sprang up in Scotland and England. Once
entirely the precinct of working stonemasons, the lodges had begun
to admit local men with an interest in architecture or investment in
building projects. The lore of the workers had medieval roots and
emphasized the unravelling of the mysteries of nature. The new sci-
ence of Desaguliers fitted the aura of ancient wisdom rediscovered
and a powerful, new form of socializing began. By 1730 it had been
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transmitted to the Continent and by 1735 to Philadelphia, brought
there from London by Benjamin Franklin.

Throughout the eighteenth century, thanks to the efforts of
Newtonians like Desaguliers, Franklin, and the antiquarian Wil-
liam Stukeley, the Masonic lodges became associated with progress
in science and the advocacy of the modern. Outside of Scotland,
stonemasons disappeared from the lodges as aristocrats became
Grand Masters and professional men (on the Continent, also
women) became brothers. Some lodges even sponsored lectures in
mechanics and natural philosophy. By midcentury, there were prob-
ably about 50,000 Freemasons in Europe, of which several hundred
were women. They worshiped the Grand Architect, the God of the
new science, and linked an interest in science with cosmopolitan
fraternizing. The lodges became one of the few sites where the so-
cial gap between the elite and the middling and professional classes
could be bridged. In some Scottish lodges literate artisans also be-
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longed (indeed, they had started the Masonic movement); and by
the middle of the eighteenth century, they were being given admis-
sion tests in mathematics and architecture by their more learned
brothers.24 The lodges allowed men of many different faiths to ex-
press a more general belief in the God of Newtonian order.

Throughout the eighteenth century, the British ideology that tied
Protestantism to science, and used both to argue for order in soci-
ety and government, had a European appeal. Decade by decade,
Clarke’s stature rose. He became more than just another smart Eng-
lish curate, a heresy hunter read by other curates on Saturdays
when they were desperate to find something interesting to say the
next morning. His Boyle lectures of 1704 went through seven edi-
tions in his lifetime, and they were translated into several European
languages. As late as the 1760s, the great French political philoso-
pher Jean-Jacques Rousseau ignored Clarke’s polemics, as well as
his deeply hierarchical politics, in order to use his natural religion
for other purposes. Rousseau cited Clarke’s lectures as laying the
foundation for the natural religion that he would have his Savoyard
vicar preach to maintain the peaceful and democratic state. In the
next decade the archenemy of Christianity, the French atheist Baron
d’Holbach, charged after Clarke as if he were alive and well, plagia-
rizing into French in 1770 a portion of a work by Clarke’s enemy
from the left, an English republican active in Newton’s lifetime,
John Toland.25 Natural theology in the course of the eighteenth cen-
tury had many uses, but all were intended to promote order and
harmony. Society should mirror the stability of the heavens as re-
vealed in Newton’s Principia, and the promoters of change and re-
form from Toland to d’Holbach wanted to unsettle the established
churches and the clergy that championed them.

Allied to Christian orthodoxy, by the 1720s Newtonian science
in the hands of its many explicators was poised to effect a massive
paradigm shift in the way Westerners thought about and related to
nature. Experiment promised incremental knowledge, and mathe-
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matics had proven the possibility of laws. What no one foresaw—
except the handful of first-generation Newtonians who pioneered
applications in engineering—was how the new ways of thinking
about nature would have economic consequences.

In the next chapter we move back in time, before Newton, and
see how his precursors prepared the way for the triumph of Newto-
nian science. We examine how the paradigm shifted decisively in
the direction of applied mechanical science of Newtonian inspira-
tion. We also need to explore the nature of the public who emerged
around science, who listened to its teachers, who bought the text-
books, and, most importantly, who met with groups of like-minded
and commercially talented men who spied in the new knowledge a
way to make a living, even a way to become rich and famous.
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C H A P T E R 2

The Western Paradigm Decisively Shifts

By the middle of the nineteenth century, Hebrew-speaking Jews in
central and eastern Europe had developed strong interests in sci-
ence, and they sought to make scientific learning accessible in the
language of their communities. We may treat these Hebrew texts as
if they were written by anthropologists who want to not only de-
scribe a different culture accurately but also translate it into terms
familiar and comfortable. Russian Jews also formed a society “to
broaden the education of Israel in Russia.”1 This effort at scientific
education entailed explaining experimental physics, cosmology, as-
tronomy, meteorology, chemistry, and some basic mathematics. All
the information was derived from other textbooks and framed to
illustrate “the wisdom of the Creator.” The scientists mentioned
were French and English, and the Hebrew texts even ended with a
brief survey of time in the history of science up to the electrical ex-
perimenter Michael Faraday. These texts serve as testimony to a
profound paradigmatic shift in the way Western cultures under-
stood and approached physical nature.

In the Hebrew texts concepts that are absolutely basic to all sci-
ence—atomism, force, momentum, gravity, equilibrium, the poros-
ity of bodies, and the weight of air—are intermingled with draw-
ings of machines. A Hebrew reader of one of these texts would have
received a good account of the basic physics of the day and, by mas-
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tering that information, could have developed a reasonable scien-
tific literacy. One Hebrew text emanating from Berlin in 1858 ex-
tolled the life of Alexander von Humboldt and explained that now
“mankind has broken the boundaries of time and place and ex-
panded its knowledge in every direction.”2 The terms used for von
Humboldt are reverential; and when his work in geology is dis-
cussed, the language becomes almost Biblical: “The science of geol-
ogy is like the book of Chronicles . . . in the layers of the earth are
written with the hand of God the history of the world . . . and the
scientist is reading this book of God and understands its signs.”3 By
the 1850s in every Western language and in every urban corner—
from St. Petersburg to Chicago—mechanical science and its ever-
growing branches dominated the received wisdom of the learned.

This chapter outlines the beginnings of this process. It pauses
in the 1730s, when in Britain Newtonian physics was tied to a
Protestant (as well as Masonic) form of Christianity, and ends with
the French Revolution. The shifting of the Western paradigm to a
mechanical model of nature commenced in the seventeenth century,
though in Chapter 1 we began our story not with Descartes, who
died in 1650, but with Newton, who died in 1727. Now we want to
step back in time to the ancient Aristotelian and modern Cartesian
alternatives, both alive and well in 1650, and in this and subsequent
chapters trace the process by which Newtonian science in all of its
branches became dominant. The sciences that the Hebrew texts of
the 1850s extolled owed their foundation to the concepts set forth
nearly two centuries earlier in the Principia. Chapter 1 examines
Newton’s masterpiece; now let us look back at the alternatives
available before 1687 when the book first appeared.

Let us suppose that some of the Hebrew readers were learn-
ing the scientific concepts for the first time, that they were in effect
like European readers of the seventeenth century. What conceptual
apparatus did they and their seventeenth-century predecessors have
to discard in order to accept the new science that came to promi-
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nence with Galileo’s 1633 confrontation with the Catholic Church?
If they had received a classical education in Hebrew, Latin, and
Greek, they would have revered nature as God’s creation, like their
Christian counterparts, particularly in Protestant Europe; and the
new physics and its attendant science were presented with that reli-
gious tradition in mind. Nothing would have had to be discarded
from such a religious orientation. These readers might have been
familiar with atoms and various machines known to Archimedes
from classical, pre-Christian texts. It is interesting for the larger
story of paradigm conflicts in the West that the Hebrew textbooks
cut out everything from ancient Alexandria to Galileo: “For ap-
proximately 1800 years there was no important discovery relevant
to mechanics until the year . . . 1603 [when] the sage Galileo discov-
ered three important laws.”4

Would that the history of science had been so simple. The experi-
mental and mathematical model associated with Galileo, rendered
mechanical by Descartes and perfected by Newton, seemed the
obvious way to do science only decades after the founders had
slowly put it in place. For at least two generations, from the 1630s
to the 1690s, competing scientific languages, scholastic or Aristote-
lian, Cartesian, alchemical, and Newtonian, resulted in a babble of
tongues that could sometimes be spoken almost simultaneously by
the same person. In addition, there remained the dogged opposition
of the Church to the notion that the earth moved. Heliocentricity
was to be treated only as an hypothesis and not as the reality of the
sun resting and the earth moving. General piety about nature as
God’s creation still stood; but in general in Catholic Europe, the Bi-
ble could only be interpreted as putting the earth in the center with
the sun moving around it.

For centuries in the West, until the time of Galileo, the privileged
philosophical approach to nature owed its origins to Aristotle, as
reworked by the medieval scholastics. It was well into the seven-
teenth century before Galileo’s contemporary, the French philoso-
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pher Descartes, offered a comprehensive alternative to this version
of nature. He insisted that all motion occurred because of contact
between bodies and that clear thinking aided by mathematics gave
the study of nature a new future. Within a generation after Des-
cartes’s death in 1650, yet a third understanding of nature came
from Newton and the Newtonians. They laid far greater emphasis
on experimentation, and Newton did not shrink from asserting that
invisible forces, and not the push and pull of bodies, caused move-
ment in the heavens.

Both the Cartesian and Newtonian models faced major obstacles.
Since the Middle Ages, the Catholic Church had embraced a Chris-
tianized version of Aristotle and taught it in every school under
its control. Many Christian devotees of the new science compart-
mentalized their minds and simply observed that scripture and na-
ture said different things and both required admiration.5 Most such
thinkers knew little about Jewish learning, so we can understand
why, by the mid-nineteenth century, a Hebrew textbook could re-
pay the compliment and block out the nearly eighteen hundred
years of largely Christian and scholastic thinking about nature that
preceded Galileo. Hebrew scholars may also have known little
about the Church’s favored form of philosophical learning, scholas-
ticism.

As taught by the schoolmen known as scholastics, Aristotle di-
vided nature into matter and forms and approached the first by de-
scribing the second. Matter possessed no underlying conceptual
unity such as it received from notions like the atom, force, gravity,
and so on. Similarly, motion resulted from tendencies implanted in
the form. It was in the nature of heavy bodies to fall downward to
the heaviest of all bodies, namely the earth. Scholastic textbooks
began with types or forms of matter; by contrast, modern physics
and chemistry began with basic definitions of atomic structure and
forces.

It took over a hundred years, from roughly the 1650s to the
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1750s, to dethrone Aristotle—or more precisely, to remove scholas-
ticism from every nook and cranny of the European educational
system. By the 1650s scholasticism had become an obstacle to the
acceptance of the new atomic science. But that negative assessment
should not obscure its positive contributions, and the debt to Aris-
totle’s role in the development of modern science must be acknowl-
edged. His Physics promised that it was within the human capacity
to know “the principles, causes, or elements” of nature and that
there was “a natural way of doing this” by moving “from what is
more obscure by nature, and clearer to us, towards what is more
clear and more knowable by nature.”6 Aristotelianism possessed re-
markable resilience. Many of its practitioners wanted to make nat-
ural philosophy autonomous; and, although always tied to Catholic
doctrine, Aristotle’s physics stood as its own discipline within the
curricula of the universities. Some scholastics also took in new in-
fluences, the revival of neo-stoicism and hermeticism in the six-
teenth century being but two examples.7 The neo-stoics wanted the
scholastics to think more about human nature and the nature of the
state while the hermeticists, strongly attracted to alchemy, wanted
to reform medicine. It was as if Aristotle provided a mantle under
which various branches of learning developed and referenced the
tools he provided, particularly logic and rhetoric.

By the thirteenth century, Thomas Aquinas had purged Aristotle
of his pagan beliefs. God was defined by the scholastics, follow-
ers of Aquinas, as the creator of the universe, which was not eternal
as Aristotle had asserted. By the fifteenth century, the mathemat-
ics needed for accounting, mapmaking, and calendars had be-
come commonplace. Alchemy and astrology were also widespread.
Though both have now been defined as forms of magic, at that time
alchemy helped create pharmacology while astrology aided doctors
who cast horoscopes to intuit details of a person’s life that might ac-
tually help in a diagnosis. All these practices could find a place
within the scholastic vision. Matter was to be approached through
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its qualities, its appearances, and shapes; and it was to be imagined
as possessing inherent tendencies to rise or fall. Numbers could re-
cord debts and credits, but they could also be seen to possess mysti-
cal significance.

As late as 1687, the year of the Principia, an author making an
alphabetical list of all the known branches of learning put astrology
after arithmetic.8 At that time (despite the title of Aristotle’s great
masterpiece), there was still nothing that could have been called
physics as we know it (in English, “physic” meant medicine). The
many aspects of that discipline were separate arts, the closest to
modern physics being what was then called mechanics. In Paris the
new Academy of Sciences devoted one day a week to physics. In the
late 1660s and 1670s, this time was largely spent applying alchemi-
cal concepts to the distillation of vegetables and plants as a way
to establish their essences and medical usefulness.9 The leader of
the effort, Samuel Duclos, also wrote about the transmutation of
base metals into gold, the holy grail sought by all believing alche-
mists. Within an Aristotelian framework, mechanics “consider[ed]
the quantity of moving forces . . . the gravity of a body is a certain
capacity of falling downwards.”10 The richness of scholastic ap-
proaches to nature gave a wide berth to a variety of medical, engi-
neering, and artisanal practices—the arts and sciences flourished in
tandem. They would begin to diverge once a new and revolutionary
matter theory—what we call the atomic and mechanical—came to
prevail.

Galileo, Descartes, and Newton each contributed mightily to the
revolution that made matter mechanical, that is, atomic, unmoved
unless acted upon by other matter, and best understood because
capable of mathematical and experimental explication. In the new
understanding of nature, much of what the scholastics taught was
discarded—qualities, forms, tendencies, the incorporeality of the
heavens, the stationary earth—and replaced forever by atoms and
forces and the uniformity of terrestrial and celestial matter. By 1650
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in England, France, The Netherlands, and Italy, clusters of natu-
ral philosophers had become convinced that the way forward lay in
the new conceptual structure known as the mechanical philosophy,
best described by Descartes. Matter in motion, the “spring” of the
air as it was pumped out of sealed glass containers, the weight of
water and the speed of its descent compared to the fall of other bod-
ies became the stuff of experiments and calculations. By the 1670s
it had become possible to think of light as a body with weight and
hence with a finite speed. The Danish astronomer Olaüs Roemer,
working in L’Académie royale des sciences in Paris and sharing
space with the alchemists, made that discovery.11

By the time of Newton’s death in 1727, alchemy (in which he be-
lieved) and astrology (in which his great rival, the German philoso-
pher Leibniz, believed) had begun to appear quaint. Still very popu-
lar, the magical arts no longer commanded the attention of the
trained, practicing experimenter. They required unique insight that
was difficult, if not impossible, to replicate by experiments. Yet
alchemy remained popular among the less learned well into the
mid-eighteenth century, especially in France and Germany.12 In the
Dutch republic during Newton’s lifetime, the committed mechanist
Christiaan Huygens ground lenses for microscopes and telescopes
so as to better see nature. This was the same Huygens who in Paris
worked in the library of the king, discussed the working of can-
nons, and shared space with the alchemists also active in the first
decade or more of the new Academy. Across the Channel, Robert
Hooke lectured on earthquakes as if they were natural phenomena,
and not primarily signs of divine wrath.13 All mechanists assumed
that the matter being studied possessed the same atomic structure
and all phenomena obeyed a set of natural laws, most still largely
unknown. Invisible forces abounded in nature—hence the intense
interest in electricity and the nature of light; but the way forward
toward understanding them lay in experimentation and demonstra-
tion, not in magical claims to special mental powers and secret reci-
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pes. In 1728 the maker of one of the first encyclopedias, Ephraim
Chambers, remarked that at the time there were still three schools
of natural philosophy: the Cartesians, the “peripateticks (that is,
the Aristotelians), and the Newtonians.”14 Within a dozen or so
years, at least in Britain, as the paradigm decisively shifted, the first
two largely disappeared. There the alchemists had first absented
themselves from the public view after 1660. Indeed the English civil
wars of the 1640s and the radicalism of the 1650s had tainted the
magical arts with threat of social upheaval. By the 1660s at the
Royal Society of London, no one talked openly about alchemy
while across the Channel in Paris, no such stigma had yet blighted
the future of alchemical work. Only in the 1680s did alchemical
language disappear from the proceedings of the Academy of Sci-
ence, gradually replaced by the mechanical and the Cartesian.

In France Newtonian assumptions and methods took longer to
achieve dominance. Take the Royal College in the beautiful cathe-
dral town of Chartres, today about an hour’s train ride from Paris.
It was old and respected, and in the 1730s the college had a priest,
M. Morin, as the professor of philosophy. His Cartesian text-
book tells us a great deal about the cultural posture of the new sci-
ence in early eighteenth-century France. Boldly he called the book
Mécanisme universel, and he advertised on the title page that it was
based on observations and experiences made at L’Académie royale
des sciences in Paris and the Royal Society in London, as well as his
own inventions. Lectures, he proudly noted, had also been given be-
fore the Archbishop and “all the town.” By the 1730s, throughout
Europe public lecturing in science had begun in earnest.

Morin put his hand on machines and used them to explicate
physical principles, including the vacuum, which was first shown to
exist by Robert Boyle using an air pump and a bell jar. At the same
time Morin began by explaining the usefulness of scientific work
for theology and the value to be placed on the logic exercises so be-
loved by the followers of Aristotle.15 After the flattery, Morin
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damned the scholastics by faint praise: “If our brothers would in-
vestigate nature, not by authority or imagination, but by reason
and experience, they will advance [physics] mightily in the knowl-
edge of the truth.” Aristotle, he went on to say, proved things out of
philosophy, but Morin proudly proclaimed experimental demon-
stration as the way forward. He invoked the spirit of Robert Boyle,
the founder of the experimental method and Newton’s friend.

Boyle can be said to be the inventor of experimental techniques
that he explicated in such a way that they could be copied. By creat-
ing a vacuum with his air pump, Boyle disproved Aristotle’s claim
that nature abhorred emptiness. Morin used Boyle to attack sorcer-
ers, magicians, and diviners by associating them with the devil.
Cautiously, he endorsed Copernicus’s claims but only as a “proba-
ble” hypothesis, a distinction that the Church required. Newton’s
discussion of universal gravitation also received a mention in this
early French textbook on mechanical philosophy; but the existence
of gravity was treated as only an hypothesis regarding how the
heavens move, and not as good an explanation as Descartes’s con-
tact action. Newton had offered mathematical proof for the action
of universal gravitation, but he had asserted no mechanical hypoth-
esis to explain how it worked. Next Morin offered a lengthy trea-
tise on the human body seen as a mechanism. He introduced a
theme that would remain constant in the early assimilation of sci-
ence: It must be relevant to the ways we understand the human
body and medicine, although how relevant was by no means clear.
Finally, elaborate attention was paid to instruments, magnets, and
pumps.

Morin’s book passed the French censors, which was no mean
feat. The Jesuits opposed the science of both Descartes and Newton
and they were powerful. As a foremost historian of French higher
education in the period puts it, “If Newton finally triumphed in
France it was probably over the corpse of the Jesuit Order.”16 The
Jesuits only accepted Newton in the 1750s. Morin perfectly re-
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flected the wide scope of academic science in France by the 1730s,
just as his book displayed the eclecticism needed to soothe the
Church, which still espoused Aristotelianism, address Newtonian
science, and still hold on to a Cartesian framework. Anyone who
wanted to champion Newton to the detriment of the scholastics
and the Cartesians had to have something novel to say, and Morin
tried to be a state-of-the-art mechanist while still keeping his Cath-
olic critics at bay. As the paradigm shifted away from Aristotle, and
finally away from Descartes, resting then on Newtonian science, the
French followed the British and the Dutch as exponents of universal
gravitation and everything that it implied.

The French Newtonians

Interestingly enough, by the 1730s only Newton’s law of universal
gravitation remained among the laws for which no physical or ex-
perimental demonstration had yet been provided. Aside from his
brilliant mathematics, Newton relied on analogies to local motion,
weights, pendula, and so on. But how could one measure gravita-
tion at work on the earth itself and then prove its physical exis-
tence? Ironically, the physical evidence that confirmed Newton’s
law came not from work done in England, but in France, by Pierre-
Louis de Maupertuis. He rose in the learned circles in which the Pa-
risian Académie royale des sciences reigned supreme. Getting the
Académie’s attention required originality as well as good fortune.
Maupertuis had both; and on an expedition financed by the king of
France, he got a golden opportunity.

As Morin’s textbook demonstrated, pockets of resistance existed
all over learned France to the acceptance of Newton’s principles.
The naysayers who followed Aristotle demanded a vacuum. Des-
cartes had insisted on a plenum, on a universe filled with a fine mat-
ter or aether as well as the large bodies of the stars and planets. The
Newtonians assumed action at a distance in a void with gravity op-
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erating from planets and the sun through the emptiness of space.
Descartes, and indeed all Continental mechanists, required con-
tact action between bodies for motion to occur. Maupertuis recog-
nized that demonstrating the shape of the earth would be “of very
great importance,” not only for navigation but also because that
achievement would prove—or disprove—one of the key postulates
of Newtonian science. If the earth flattened at the poles, Newton ar-
gued, it would be because of the centrifugal force at work at the
earth’s center; this force was strongest at the equator, where the
earth experienced the “crushing” effects of increased gravitational
forces at its exterior. But how to prove such an hypothesis? To make
his mark on the science of his day, Maupertuis had to get very cold.

Journeying toward the north pole in the wastes of Finland,
Maupertuis used an elaborate pendulum device to show that, when
controlled for temperature changes, a pendulum swung more
quickly near the pole. He used pendula of different substances, each
with a different specific gravity, and the same quickening occurred.
Maupertuis also used a telescope to measure a flattened arc of the
earth. Triumphantly, warmer and back in Paris, Maupertuis an-
nounced that “all the experiments which the Academicians, sent by
the King . . . conspire with ours, to make the increase of gravitation
towards the pole, greater than according to Sir Isaac Newton’s Ta-
ble, and by consequence the earth flatter than he has made it.”
Maupertuis claimed that he even outdid Newton in the accuracy of
his measurements. In addition the increase possesses uniformity,
“the Gravitation increases toward the Pole as the Square of the
Sine of the Latitude.”17 With a single expedition, Maupertuis had
brought innovative science to Paris and tied it to the star of Newto-
nian natural philosophy.

At the same time Maupertuis demonstrated the importance of in-
stitutional and royal sponsorship. “If I might be allowed to do jus-
tice to the courage and talents of the rest of my companions, it
would appear that the work we were engaged in, difficult as it was,
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must become easy in such company and with such assistance.”18 In
1737 before a meeting of L’Académie royale des sciences, Mau-
pertuis announced his findings and set in motion what would be-
come nearly a century of brilliant Newtonian physics that would
call Paris its home. In the process he added more evidence that
served to defeat the Cartesian model of the universe. Maupertuis
went on to pioneer the application of Newtonian ideas and sophis-
ticated mathematics to the study of the heavens—or geodesy, as it
was called. As the leading historian of his work, Mary Terrall, puts
it, “[Maupertuis’s] commitment to the natural philosophy of grav-
ity cannot be separated either from his desire to spearhead a distinc-
tively French Newtonian physics, of which geodesy would be a
part, or from his personal ambition.”19 By 1750 in France Morin’s
textbook would be obsolete as new reputations were made and
Newtonianism gradually triumphed. The first clear breakthrough
came with the appointment in 1740 of Pierre Sigorgne to the chair
of philosophy at the College du Plessis in Paris.

The Formal Institutions of Science

Maupertuis’s success also illustrates the power of scientific societies
and academies to promote and underwrite learning. Indeed we now
take it for granted that the appearance of the new science in Europe
from the time of Galileo onward implied the formation of clubs, so-
cieties, or academies. They turned up whenever and wherever inter-
est in natural philosophy surfaced, and they played a decisive role
in turning the attention of the learned away from Aristotle, toward
Descartes and finally Newton. The Lincei in Florence, L’Académie
royale des sciences in Paris, the Royal Society in London, and the
Academy of Sciences in St. Petersburg provide dates when interest
in the new science took hold: in 1610 in Florence, in the 1660s in
Paris and London, and in 1725 in Russia. The fluidity of borders,
between the mechanist and the anatomist, between the optician and
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the geometer, required social interaction and so too did experimen-
tal demonstration. One of the first acts of the St. Petersburg society
was to send out letters in Latin to all the other scientific societies in
Europe. As a result, a series of communications and collaborations
began between St. Petersburg and the Royal Society in London. The
same letter sent to Sweden—just recently an enemy of Russia—pro-
duced a good response from its university in Uppsala.

Membership in, or even just association with, a scientific society
also suggested, if not confirmed, a minimum competence in matters
both technical and scientific. In 1731 the French Department of the
Marine got a report on the work of an English company hired to
drain a mine in Spain. In the same decade the English engineer
Richard Newsham tried to find employment with the same French
ministry, and he sent a certificate from Jean Desaguliers, official ex-
perimenter for the Royal Society, who attested to his training and
abilities. Newsham’s pumps were so good, Desaguliers wrote, that
they were used to bring water into the house of the Royal Society.
Around the same time, yet another English engineer recommended
himself as approved by the Society and as being skilled in mathe-
matics and mechanics.20 The prestige of British mechanical science
was beginning to be recognized, and having an affiliation with a
formal scientific society aided the rise to prominence of any career.

By the 1730s the interests of the Royal Society had turned reso-
lutely toward the physical, mechanical, and mathematical, and Fel-
lows interested primarily in natural history (and, by implication,
agriculture and the land) were not being elected to positions of
leadership.21 This interest in mechanisms augured the shift that oc-
curred within British society after 1760 as more and more entrepre-
neurs become interested in mechanical devices and ultimately in
power technology. Yet we should not make the Royal Society seem
too business oriented. In the 1790s it regularly got reports from
William Herschel, the astronomer supported by the King of Eng-
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land, about the possibility of life on the moon and even on the
sun.22

By the last decade in the century, the Royal Society’s primacy
was being challenged by other coteries of scientific interest, includ-
ing the Lunar Society in Birmingham and the Pneumatic Institu-
tion in Bristol. Unlike the conservative stance of the Royal Society,
both groups had radical political associations and, in their way,
were at the cutting edge of scientific thought and application. In
Birmingham just about every leader in the new technology of steam
belonged to the Lunar Society—named for its habit of monthly
meetings on the evening of the full moon. In Bristol in the 1790s,
the new science of pneumatics, or gases, which was pioneered by
Thomas Beddoes, promised to offer cures for everything from con-
sumption to depression. These cures never materialized, but in
chemistry Bristol was the place to be. Humphry Davy, the finest
chemist of his age, got his start there, and he moved to London in
1801 to lecture at the Royal Institution. It too became another com-
petitor to the primacy of the Royal Society.

In Paris advancement in the ranks of l’Académie required consid-
erable skill, as the young Maupertuis would have been the first to
say. Yet throughout the eighteenth century, its members—including
Jean d’Alembert, Laplace, Lavoisier, and Chaptal—were by far the
most distinguished mathematicians, chemists, and natural philoso-
phers of the age. The form of its gatherings shocked English observ-
ers. Members sat eating at a round table and everyone talked at
once. In London the Royal Society’s meeting room resembled a
modern lecture hall and members were expected to listen politely
and ask questions. The Académie’s round table was for equals—
that is, most members were aristocrats or, at the very least, recipi-
ents of the largesse of the king. In contrast, the London lecture hall
of the Royal Society attracted men of vastly diverse backgrounds
whose formality made affability easier. Both societies maintained
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intermittent contact from the 1730s onward, and an exchange of
weights and measures sealed the acquaintanceship. Yet unlike the
Royal Society in London, L’Académie royale des sciences had only
very limited contact with the other French academies and societies
in the provinces.

The social nature of science meant that when the paradigm began
to shift—as happened in France by the late 1730s—group cohesion
tended to solidify the transformation. If science had just been a
matter of books read quietly in the study or solitary experiments in
the kitchen, lone enquirers might have remained Aristotelian or
Cartesian for many more decades. The social and institutional na-
ture of scientific enquiry may make a paradigm hold long after its
usefulness is in doubt; but it also means that when a house of cards
crumbles, the socially reinforced tendency is to jump on board and
embrace the new understanding.

But the social by its very nature also entailed a babble of less ex-
pert tongues. In both London and Paris, there were men in the soci-
eties who made no contribution of any consequence to the study of
nature. They were curious, and they enjoyed the status that mem-
bership conferred. The vision and purview of such diverse social
groups may be rightly described as provincial and imperial as well
as eclectic. In the same meeting L’Académie royale des sciences dis-
cussed the geographies of Turkey, China, and Armenia and tigers in
China. Then a Cartesian priest, Father Malebranche, contributed a
paper on light and colors and the generation of fire while another
gentleman described a new sort of floodgate to help control naviga-
tion on the Seine. Still another contributor said that he had found
“a commodious way of making use of fire to move machines.”23 In
the 1750s the opening proceedings of the Haarlem society in the
Dutch Republic offered discussions of logarithms, bones, fungus in
the uterus, finding one’s way at sea, electricity, the planet Mercury,
human free will, and eclipses of the sun. In addition, the Dutch soci-
ety published a treatise on inoculation arguing that there was noth-
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ing about the practice that violated religion.24 Of course, windmills
also figured in the discussions of the new society.

Utility was never far from the agenda of the European societies.
In this respect the Royal Society probably led the way. As early as
the 1680s, it was discussing the use of machines to save on labor
costs. At the time no patent would have been granted to a device
that was intended to save labor because nearly 20 percent of the
population had no visible means of employment.25 Some of the ear-
liest experiments with steam engines were conducted under the aus-
pices of the Society. Later in the eighteenth century, its president,
Joseph Banks, avidly invested his personal fortune in canals, min-
ing, and other projects with an industrial focus.

For much of the eighteenth century, the definitions of nature em-
ployed in London and Paris were so commodious as to embrace
folklore gained from travel along with experience and experiment.
The mating habits of insects appeared in the minutes along with
endless discussions of human anatomy. Technology, from the mi-
croscope to the barometer, was presented for observation. So too in
Paris a report arrived about how “European women who go to
Batavia [a Dutch colony] cannot suckle their children, their milk
being so salt that they will not take it; whereas, the milk of the
Negresses, though their diet is the same, is sweet and pleasant as
usual.”26 The sense of all the world being under European purview
probably enhanced the cosmopolitan aspect of fraternizing around
science while simultaneously rendering the rest of the world exotic
and effortlessly exploitable. As was typical of the major European
colonies, both the Dutch island of Batavia and the French colony of
Saint Domingue (today Haiti) possessed scientific societies.

In none of these settings were women expected, or even allowed,
to be members. Sometimes they observed public lectures or took
private courses in science, which were available in any major Amer-
ican or European town. One exception to the gender rule surfaced
late in the century. Formally established by and for women in the
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town of Middelburg on the southern Dutch island of Walcheren
in the province of Zeeland, the Natuurkundig Genootschap der
Dames (the Women’s Society for Natural Knowledge) met from
1785 to 1881, finally closing its doors in 1887.27 This society chal-
lenges our stereotypes of women, the physical sciences of the day,
and the intellectual interests open to women in the early Euro-
pean republics. Its overall membership of approximately two hun-
dred women included the elite of the society as well as the wives of
local clergymen. The women studied the standard textbooks of
the era and bought scientific instruments, which they used both at
their meetings and sometimes in their homes. The Natuurkundig
Genootschap der Dames illustrates vividly the integration of science
into the fabric of domestic life among the highly literate, a process
at work throughout the Euro-American world.

As noted in Chapter 1, since the time of Robert Boyle and the
Boyle Lectures of the 1690s in England, and Bernard Nieuwentyt in
the Dutch Republic, a Protestant sensibility had linked natural phi-
losophy to theology. A vast sermon literature offered God’s work to
the educated laity as the way of grasping the wisdom of the cre-
ator.28 Even if this physico-theological rationale for science was
not yet generally accepted in the setting of Middelburg—oppo-
nents still forced scientifically interested ministers to defend the
compatibility of science and divine revelation in public29—it was
strong enough to inform the work of the Middelburg women. They
sustained the only scientific society established for women and
financed by them—at least so far all the evidence points to their pri-
macy.

Despite the gender barriers, we should not imagine that water-
tight compartments separated men and women with an interest in
science. In Philadelphia the widow of the schoolmaster William
Johnson, who had been made a correspondent of the society that
would, in 1769, become the American Philosophical Society, do-
nated his natural history collection to that group. True to the pas-
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sion for electrical experimentation that was common in the Ameri-
can colonies, Johnson had made a living lecturing to both men and
women on “the nature and properties of electrical fire.”30 He was
typical of the men who made up the coterie for science in the colony
of Pennsylvania. Women can also be found in the audiences of sci-
entific lectures in provincial Britain and The Netherlands. Yet over-
whelmingly science became the work of men.

In Philadelphia Benjamin Franklin obviously stood as the most
renowned and innovative member (and a founder) of its local soci-
ety, but typically shopkeepers, clergymen, merchants, artisans, and
small farmers filled the chairs. The prospects for such a society,
“considering the infancy of your colony[,]” was judged to be dim
by naturalists in London. But John Bartram, to whom the pessi-
mism had been conveyed, went along undeterred. Bartram’s botani-
cal investigations made him famous by the 1740s and, along with
Benjamin Franklin, he set out to imitate the Royal Society and the
Dublin Society and to establish an American equivalent. It took
them over twenty years to collect the necessary critical mass of gen-
tlemen with interests in natural knowledge.31 Again, the overarch-
ing natural philosophy dominant in Philadelphia became Newto-
nian, but there too we also find an eclectic range of observation and
collecting.

Once established, the American Philosophical Society gave Euro-
pean philosophers like the Marquis de Condorcet a place to write
with inquiries about the new world. They asked about everything
from the behavior of mercury in a barometer to whether “black
children born free and educated as such, have retained the genius
and character of the Negroes, or have contracted the character of
Europeans.”32 The literary and philosophical range of the American
Philosophical Society resembles that of the many “lit-phils” in Brit-
ain. To this day, it admits members from every branch of learning.
As the eulogist said at Franklin’s funeral, his had been a “practical
philosophy of doing good.” Not surprisingly, a number of medical
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doctors formed the rank and file of the society, and subjects close to
their interests were regularly discussed at the meetings. A similar
pattern of interests can be seen at the meetings of the Royal Society
and the Dutch Society in Haarlem. The divisions and specializa-
tions that lie at the heart of modern science, and that make medical
training an entirely different set of curricula, were not firmly in
place in Europe or America much before 1850. All of those interests
could be found represented to greater or lesser degrees in academies
for letters and science that, by 1800, extended from Boston to Bolo-
gna, Bordeaux to Brussels.

Other social changes common to the century were also prefigured
in scientific circles. Inadvertently, science helped to invent and
strengthen cosmopolitan social mores. National borders were
crossed, as were social classes—within limits—because specialized
knowledge was constantly being conveyed to those slightly less
expert than the conveyor. There was nothing necessarily cosmo-
politan and international about science—indeed, national rivalries
and social nastiness were commonplace in scientific circles—but the
practices of science, more than any other single new cultural phe-
nomenon of the early modern era, more than reading or coffee
housing, constantly threw male strangers, and some female ones,
into sustained social contact. The social nature of early science
arose in part because so few people in fact did it. Specialists
branched out, and bringing others with them required the observa-
tion of experiments that bridged gaps in knowledge. Those differ-
ent levels of expertise or interest could be accommodated by seeing
and touching phenomena. The faith developed, and by 1800 be-
came unshakeable: Through the linkage between science and phi-
losophy, Europe could transform the entire world into its image
and likeness.33

In Russia during the 1720s, Tsar Peter the Great sought to copy
the behavior he had observed in Paris and London. Again the goal
was imperial and imitative of the power enjoyed by the western Eu-
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ropean states. In Peter we have once again found our anthropolo-
gist. We can use his eyes to help explain why the social configu-
ration of the state-sponsored or small, private society seems so
integral to the growth of Western science. He saw such academies
as “nothing if not a society (gathering) of persons who assist each
other for the purpose of the carrying out of the sciences,” and then
tellingly said that it was essential to verify experiments in the pres-
ence of all members because “in some experiments many times
one demands a complete demonstration from another, as, for exam-
ple, an anatomist of the mechanic, etc.”34 The diverse interests of
scientific practitioners also matched the diversity of occupations
and backgrounds among members of the various scientific clubs.
Matched only by the Masonic lodges in some parts of Europe, sci-
entific societies were places where Christians and Jews mingled
freely. In fact, nine Fellows of the Royal Society in London were
Jewish.35 Scientific societies strengthened the bonds of civil society
and created zones in which relative freedom of communication be-
came possible. Their cosmopolitanism acted as a natural check on
the ambitions of absolute monarchs and closed elites to keep power
and learning solely for themselves.

In the 1980s, during one of the tense times of the Cold War, our
histories of science tended to emphasize the closed and sequestered
nature of early science, seeing, for example, in Boyle’s air pump a
massively expensive device, an early form of Big Science, that pre-
cluded just about anyone—except someone as wealthy as Robert
Boyle—from ever owning or using it. Here we wish to emphasize
the openings and possibilities that formal and institutional interac-
tion around natural philosophy offered. To be sure, all the official
academies were elite gatherings and patronage was ever-present.
Even the Royal Society of London and, in Haarlem, the Hollandse
Maatschappij der Wetenschappen (the Dutch Society for Sciences),
both private and dues-paying, required a stiff entrance fee and high
literacy. But going to such gatherings or just reading their proceed-
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ings, which were widely circulated and translated into many lan-
guages, opened the mind.36 Oftentimes one person constituted the
link between two societies in different countries. In the case of Bo-
logna and London, Thomas Dereham, a Fellow of the Royal Soci-
ety, provided the contact long before the two societies had formal
relations. By contrast, however, the links between the Berlin acad-
emy and the Royal Society in London were weak and only took
shape in the second half of the century.37 By then, the Berlin acad-
emy had been reorganized and renamed by Frederick the Great. He
was smart enough to offer Maupertuis the presidency of the refur-
bished society, thereby in a stroke giving it considerable interna-
tional caché.

Science and State Building

Strikingly, the early scientific societies, or the theorists who pre-
ceded their establishment, advertised their advantages to emergent
national states throughout the seventeenth century. In the Elizabe-
than era, in the aftermath of English success against the Spanish
Empire, Sir Hugh Plat argued that joining natural philosophy to the
aims of the state was essential for the good of the nation. Taken up
by Francis Bacon, the argument took hold and almost every Euro-
pean state thought that science offered unimagined benefits. During
the period of the English civil wars, when the Stuart king, Charles I,
was chased from the throne and then executed by Cromwellian rad-
icals, the good of the Commonwealth was thought by some like
Robert Boyle to be dependent on the growing exploitation of natu-
ral knowledge.38 This notion informed debates about inventions
and investment, about patents and stocks—on the one hand, sug-
gesting that the discoveries of philosophers could lead to great
wealth while, on the other, raising alarm about those involved in
false promotions, in what then came to be described as “bubbles.”
In the English circumstance, these arguments complemented the
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strategic objectives of a nation increasingly at odds with Continen-
tal rivals.

As the Elizabethan merchant Sir Thomas Gresham determined, it
was essential to develop the necessary skills and knowledge to be
able to compete with the Continental countries at least in matters of
commerce. For this reason, Gresham left funds in his will for the de-
velopment of teaching and for public lectures accessible to trades-
men and artisans who would, otherwise, have no entrée to the
learning of the universities. Gresham’s vision made a great deal of
sense for a nation surrounded by the sea, where advances in sea-
manship and skill in navigation were as crucial to national survival
as commercial success. In England, men of trade and manufacture
increasingly mattered to the strategy of a relatively small nation
state. The same Gresham who promoted science built the Royal Ex-
change in the heart of London where traders in stocks and goods
from all over the world gathered.

Even under the Commonwealth, before the Restoration of the
Stuart monarchy in 1660, scientific and economic concerns were
sometimes connected.39 Indeed, itinerant lecturers could be found
in the 1650s traveling the English countryside, discoursing on such
matters as weapons, chemistry, and the furnaces necessary for the
smelting of metals. Again Bacon’s philosophy offered the best ar-
ticulation of such a national strategy. It was also adopted by the
Royal Society when, soon after its creation in the early years of the
Stuart Restoration, it came under attack by those suspicious of its
activities in an age that was highly sensitive to whiffs of religious
deviance. The Society claimed it promoted the trades by gathering
information about them, which could then be spread to others in-
terested in the utility of natural knowledge. This was not a novel
idea. It had predecessors on the Continent, most notably in the
Netherlands and in France. In the new Royal Society, a program
was established to gather a “History of Trades.” This, in the end,
failed to produce much worthy of dissemination because of the re-
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sistance of craftsmen to reveal their secrets and their desire to pro-
tect their livelihood. There was also great resistance in the Society,
instigated by Fellows who sought to preserve its social exclusivity,
to concerting with “private men” of the trades who sought wealth
above pure knowledge.40

The Royal Society, since its earliest days, had nevertheless pre-
sented itself as absorbing learning from those with skill, as much as
from those with philosophical curiosity. The utilization of nature
was a theme that its early promoters tried to exploit, especially as it
could be linked to the strength of the state. Whatever might have
been intended, the Society was not in fact formed “of all sorts of
men, of the Gown, of the Sword, of the Shop, of the Field, of the
Court, of the Sea; all mutually assisting each other.”41 If this was a
program for the recruitment of useful Fellows, then it was a dismal
failure. Increasingly, to be a gentleman of an enlarged curiosity was
sufficient to be recommended to the Society. It did not hurt if one
were also well connected. This was, after all, a patronage culture.
The result was not only the collapse of its History of Trades, but
also a Society that by the 1690s appeared to some to be languish-
ing, without direction, if not in a state of decay.

Absolutism ended in England in 1689 and so too did the dream
that the Royal Society harnessed to the interests of the monarchi-
cal state would engineer the power of both. In capturing the power
of science when institutionalized, the Continental absolutist states
of the eighteenth century, with their cash subsidies of the scien-
tific societies, led the way. In one area, that of mining, the Ger-
man princely states were critically important in creating engineer-
ing corps with good technical and scientific training. The Russians
and the Swedes also gave a professional and scientific education to
their mining engineers. Such schools became the model and the
mining schools were imitated in France, Italy, and Spanish-speaking
Europe.

In one absolutist state after the other, the establishment of an
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academy of science or an engineering school signaled that, even in
Catholic Europe, the new science had to be embraced. In 1779 the
queen of Portugal set up such an academy as well as a school for the
professional training of military engineers.42 In Spain during the
reign of Charles III (1759–1788), new scientific institutions were
created under royal patronage and the rhetoric of utility and techni-
cal progress became their justification. Yet well into the nineteenth
century, science remained controversial in Spain and many ques-
tioned its role in relation to true religion and even its usefulness.43

Generally speaking, Protestant Europe and Catholic France fos-
tered institutionalized science more easily and with less friction
over religion. In Prussia Frederick the Great made the bold move
of appointing Maupertuis in 1740 to head his academy because,
relative to France and Britain, Prussian science and society were un-
derdeveloped. The guiding light of the previous generation, Gott-
fried Wilhelm Leibniz, had tried, without great success, to spread a
dedication to science throughout the whole of German-speaking
Europe, roughly the territory known as the Holy Roman Empire.
He wanted scientific societies everywhere that would—in top-down
fashion—foster industry and invent economic progress.44 Frederick
the Great tried to start where Leibniz had left off and his academy
in Berlin became respectable, although in no way as dynamic as its
Parisian counterpart. Nothing quite matched the brilliance found at
the French academy from Maupertuis well into the 1790s.

With a few exceptions, the universities of Europe lagged behind
the academies and societies as places that made scientific enquiry
happen. In Germany the universities of Halle and Göttingen were
more advanced in the institutionalized teaching of science than al-
most any other university in Continental Europe.45 In Britain in
matters scientific, only Cambridge and Edinburgh were their
equals, if not their superiors. At Cambridge, professors in the eigh-
teenth century emphasized utility and the promotion of chemistry
in industry. In general the British universities of the eighteenth and
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early nineteenth centuries played little or no role in the emerging
zeal for mechanized industry and coal mining. These initiatives
would be left to mechanically savvy entrepreneurs whose education
in machines and mechanical principles had been real, but often in-
formal.

On the Continent, and particularly in Germany, the story was
different. To be sure, Halle and Göttingen were exceptions, and not
the rule, in the German-speaking lands. Yet in them, the state as
sponsor of scientific inquiry, and especially of its application, finally
took hold. In the nineteenth century, the German state gave vital
support to the chemical industry; and by the 1860s, assisted by the
universities, chemical science had propelled Germany into the fore-
front of Western science.46 But that achievement was slow in com-
ing, and in 1800 no one would have predicted that Germany, and
not France, would be the Continental powerhouse in the applica-
tion of science to industry. At the same moment no one could imag-
ine catching up with the British in the application of mechanical
knowledge to the manufacturing process. That level of mastery had
been achieved without a direct partnership between the Royal Soci-
ety and the state. In Britain private men possessed of money and ac-
cess to an increasingly public science had made the nascent Indus-
trial Revolution happen. They were not, however, without informal
resources that reinforced their reliance on scientific learning.

Informal Clubs and Publishing

Science seemed to require clubbing; and although rivalry between
experimenters was common and often vicious, a modicum of po-
liteness kept any club afloat. Protestant Europe proved exception-
ally receptive to Newton’s science and some of the earliest, informal
fraternizing in the new polite and cosmopolitan mode occurred
around it. In places as small as Spalding in Lincolnshire, a literary
and philosophical society began to meet around 1710; and, within
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a decade, over 300 men were members in a town with about 500
families. On the Continent The Hague, a town of some 35,000, also
supported a loose coterie of early Newtonian advocates. There one
of the earliest groups that sought to disseminate Newton’s science
set up a secret club and into it came the young Dutchman Willem
s’Gravesande.47

The little society in The Hague where members were Protes-
tants and called one another “brother” also published a journal in
French that disseminated Newtonian science far and wide. The
minutes reveal the group to have been jovial, even risqué, and an at-
tendant society with many of the same members left a meeting re-
cord of its drinking exploits. In those records the handwriting dete-
riorates almost by the sentence.48 In one or another of these two
societies, we find a postmaster in Brussels with literary interests;
French Huguenot refugees; a German bookseller; the chaplain to an
English aristocratic lady resident in The Hague; the young Willem
s’Gravesande, who led the University of Leiden to eminence in
Newtonian science; and the journalists who made up “the corps of
the society of authors who compose the Journal Litteraire [sic].”49

It was arguably the first journal on the Continent to disseminate
Newtonian science. The interests of the members and their friends
branched out into publishing more generally and also to the circula-
tion of clandestine literature, much of it hostile to all religion. Some
of the characteristics of the group in The Hague have a decidedly
Masonic look, which is not surprising, given that they were in close
touch with English intellectual life. As we saw in Chapter 1, freema-
sonry began in England and Scotland.

The relative absence of specialization in such clubs might have
led to a frantic search to divide up areas of enquiry so as to conquer,
to create in effect a narrow specialization with clubs solely for bot-
any, or mechanics, or mathematics. But curiously the eighteenth-
century impulse among the learned, both social and intellectual,
was to unify, collect, combine—in short, to invent the encyclopedia.
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The zeal to classify appears most obviously and, in the first in-
stance, not among the writers of books but among their sellers.
The large publishing houses and book dealers provide some of the
earliest evidence we have for the invention of new classificatory
schemes. By 1700 the sheer volume of new books and range of their
topics seems to have forced upon them unprecedented attempts
to classify and order. Almost simultaneously, the same circles that
sought to classify came to include men with significant interests in
natural philosophy and its dissemination. On the Continent Pros-
per Marchand, one of the editors of the Journal Litteraire, invented
modern classification systems for his book business’s inventory just
as he disseminated Newton’s science.

In England two of the earliest encyclopedists, John Harris and
Ephraim Chambers, belonged firmly in the orbit of the Royal Soci-
ety. Harris, an Anglican preacher, also gave a series of Boyle lec-
tures, and he was a firm believer in physico-theology. He invented a
two-volume technical lexicon, or “an universal English dictionary
of arts and sciences” where under “jac,” for example, later edi-
tions printed the following: “Jack in a lantern, a certain meteor or
clammy vapour in the air . . . commonly haunts churchyards . . .
jack in a ship is that flag which is hoisted . . . Jacob’s staff, a mathe-
matical instrument for taking heights and distances . . . jactivus . . .
a Latin word, signifying in the law, him that loseth by default.”50

Throughout his dictionary Harris focused on integration, bringing
the new science and its instrumentation into a universal alpha-
bet that allowed “improper fractions” to reside between “impost-
hume” (a collection of matter or pus in any part of the body) and
“impropriation” (a word for the profits of an ecclesiastical benefice
being in the hands of a layman). Wherever possible, words were as-
signed meaning in the physical order of things: “Impulsive” refers
to “the action of a body that impels or pushes another” while “inci-
dence” refers to an optical angle that, in turn, includes a long di-
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gression on Newtonian optics with some background material on
the work of earliest opticians.51 The first edition in 1704 of Harris’s
text under the word “jupiter” never mentions the Greek god but de-
votes pages to the new astronomy. The word is squeezed between
“Julian period” and “jurats,” which “are in the nature of Alder-
men, for Government of their several Corporations.”52 Each edition
expanded ever more.

Harris’s effort in the “j’s” is no mere playing with words but
rather a remarkable reordering of linguistic signs in the direction of
the physical, material, and natural. “Impulsive” was no longer sim-
ply that which “drives or thrusts forward” as it would have been
previously.53 By the early eighteenth century, ordinary English dic-
tionaries were beginning to include scientific terms, perhaps before
dictionaries in any other Western language.54 By the 1740s, a “soci-
ety of gentlemen” had taken over Harris’s dictionary after his death
in 1719; they saw their enterprise as being in competition with
Chambers’s Cyclopedia of 1728, arguably the first modern encyclo-
pedia.55 Chambers’s work became the prototype for the greatest en-
cyclopedia of the century, produced in Paris by Diderot and over
two hundred other writers.

In a primer on Newtonian astronomy done in the form of a dia-
logue between an aristocratic lady and a natural philosopher, Har-
ris even implied that he had completed his lexicon with an eye to
the education of women.56 Such a target would have made good
business sense, and Harris was attempting to make a living not only
by his preaching but by his scientific publishing. Other publishers
sized on the market of literate women and, as early as 1704, an en-
terprising schoolmaster invented the Ladies’ Diary, or Woman’s
Almanack. Within a few years, with the engineer Henry Beighton as
the editor, mathematical puzzles became the almanac’s forte; and in
1720 the magazine presented problems requiring the use of Newto-
nian calculus.57 Men came to dominate the proceedings of the jour-
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nal, which lasted until 1840. Its great importance, like the women’s
scientific society in Middelburg, lies in the domestication of the new
science, its entrance into home and hearth.

Economic historians credit the early encyclopedias with making
a major contribution to the decline in access costs as knowledge
could be acquired quickly through their alphabetical arrange-
ment.58 No one learned to make a steam engine from reading an en-
cyclopedia, but it was possible to learn that such a thing existed and
the basic principles used in its construction. In the small town of St.
Hubert in the Austrian Netherlands (today Belgium), the local abbé
wanted to exploit the metal deposits on his land and purchased a
copy of Diderot’s encyclopedia to learn how to construct wood-
burning devices that would be strong enough to melt the ores. It is
hard to know what, if anything, he got from Diderot’s great work
with its elaborate descriptions of all the trades, but clearly the priest
thought it a good place to start.

The most ambitious as well as scientific and technical encyclope-
dia of the age came out of circles deep in the heart of the French En-
lightenment. A consortium of publishers decided to bring out a
French version of Chambers’s Cyclopedia. Distinctively it paid at-
tention to what Chambers called “artificial or technical” knowl-
edge that complemented “natural and scientifical” knowledge. The
latter encompassed all the branches of mathematics, including trig-
onometry, “physics and natural philosophy,” ethics, religion, and
theology. The French translators made short work of theology and
religion; and where they did treat them, heresies were systemati-
cally introduced. In addition Chambers had roughly fifteen times
the number of entries for the mechanical arts and manufacturing as
Harris did. Each edition expanded those entries.59

The young Denis Diderot had spent time in the Bastille for pub-
lishing a pornographic novel and he needed the job that the pub-
lishers offered him. In every sense he expanded on Chambers’s
work, most notably by adding a set of magnificent engravings
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(some 2900 in all) to illustrate the range of artisanal crafts and by
begging artisans to learn more from savants. Beginning with Harris
and Chambers, expanded greatly by Diderot and his collaborators,
the encyclopedia became a compendium that unified the sciences,
rational and applied, with manufacturing and technical skill. The
Encyclopedia Britannica, first published in 1788 to 1797, credited
the “philosopher” as the source of all the principles needed by the
architect, carpenter, and seaman. The encyclopedias reflected a very
gradual transformation as scientific principles were incorporated
into practical mechanics and that discipline, in turn, was applied
to the manufacturing process. In retrospect by the 1820s, observ-
ers would say that what had happened, first in Britain and then
throughout Western Europe, had been an Industrial Revolution.
We now know that it had been aided significantly by the inculcation
of scientific thinking combined with technical applications, and en-
cyclopedias made for easy access to all those developments in appli-
cations.

General Education in Science and Its Uses

As noted earlier in this chapter, the teaching of Newtonian science
slowly penetrated European and American lecture halls and uni-
versities. For example, Richard Bentley of Boyle lecture fame and
later master at Trinity College, Cambridge, was instrumental in es-
tablishing professorships of astronomy and chemistry to be occu-
pied by Newton’s disciples. Most universities in Catholic countries
were far slower in accepting the new science, first in its Cartesian
and then in its Newtonian forms. And the approximately four hun-
dred French colleges, which taught boys roughly fifteen to nine-
teen, missed an entire generation, compared to British and Dutch
schools, by failing to teach Newtonian science until the 1750s. By
contrast, Newtonian science was being taught in Dutch universities
and academies by 1700 and universally there by the 1720s. Men
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and women in The Netherlands, as just about everywhere in West-
ern Europe, could also take courses with paid instructors or tutors.
In Amsterdam advanced lecture courses were given privately by
Daniel Fahrenheit (of temperature fame), and he worked closely
with the professor of physics, s’Gravesande, at Leiden. When Fahr-
enheit died in 1737, his estate advertised the sale of “his mechanical
instruments used to demonstrate the Newtonian Philosophy.”60 He
was as well connected in European natural philosophical circles as
any university professor, and the surviving notes from his lectures
show him beginning with Cartesian ideas and then switching over
to Newtonian ones. Always he laid emphasis on application and
usefulness.61

The support for Newtonian science must have been far stronger
in most British schools and universities, but few records survive
to prove that claim. Beyond Oxford and Cambridge, the evidence
for what was being taught in the high schools—what the English
call “grammar schools”—is almost entirely random before 1800.
Incontrovertibly, the Dissenting academies, which taught boys
around the same age as those in the French colleges, were advanced
in the science of the day; and by 1750, they were favored by entre-
preneurs as places to send their sons. The Watt family, made rich by
their steam engine, would think of no other school in Britain ex-
cept, of course, Glasgow, where the university was Presbyterian
(hence Dissenting) and uniformly up to date in mathematics and
science. In the eighteenth century, the same could be said for Edin-
burgh University and the acceptance and teaching of Newtonian
science. By the 1790s, much of what got taught at all these British
schools was closer to what we would call engineering than “pure,”
abstract, or rational science.

Gradually the applications of scientific knowledge, with a bias
toward mechanics, became universally valued and taught. Whether
in German, Flemish, or French, science penetrated curricula at ev-
ery educational level. Prodded by a local society with technical and
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scientific interests in the 1770s, the Bishop of Liège in Belgium cre-
ated a school for boys with an explicitly technical and industrial fo-
cus.62 The area became one of the first to apply power technology to
the extraction of coal in Continental Europe. In Lille in northern
France, technical education also came early, at least by the 1790s if
not the 1780s.63 It too became an early industrial center. By the
1790s cheap handbooks could also be found in many languages.
Aimed at artisans, they taught basic mechanics derived from New-
tonian textbooks. In 1784–1785 in Philadelphia, Oliver Evans built
the first automatic mill that moved on the principle of the overshot
waterwheel. He did it based on his reading and then went on to put
his knowledge into The Young Millwrights’ and Millers’ Guide
(1795) so that other artisans might benefit as he had from self-
taught mechanics.

Also in the 1790s under the impact of revolution, the French
brought new men into government with new ideas for French edu-
cation, particularly in the sciences. The French revolutionaries were
convinced that their education lagged behind that in Britain and,
being anticlerical, they knew whom to blame. In the wake of the
French Revolution, new schools were established throughout the
country, and at these écoles centrales the teaching of experimental
physics was introduced. The explicit focus was on application. The
principles of hydraulics were explained and so too were pumps.
Steam engines were discussed and so too Newton’s Principia. Re-
markably the textbook chosen had first appeared in English in the
1740s and had been written by the first-generation Newtonian Jean
Desaguliers.64

Teachers all over France wrote to the ministry of education to
complain that they did not have the necessary equipment, “verbal
descriptions are surely insufficient in the sciences where one can
only instruct by a continual manipulation . . . I am doing everything
I can to put knowledge into the hands of enlightened citizens capa-
ble of carrying the light to all the arts, to ameliorate the culture of
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the department and to establish manufacturing. . . .”65 In Liége,
now defined as a part of France, the professor of physics and chem-
istry in the new école centrale was so frustrated by the absence of
instruments that he just quit. Demonstration devices were crucial.
A few months later a small supply arrived; but three years into the
new regime, there was still no chemistry laboratory.66 By then small
collections of mineralogical samples were being offered for sale
throughout French territory by the Conseil des Mines. As described
in Chapter 5, this uphill struggle of the French to enhance scientific
education continued into the nineteenth century.

There is some evidence to suggest that the negative assessment of
their educational system made by the French revolutionaries was
more right than wrong. In 1800 Jean Chaptal, the distinguished
chemist, was made Minister of the Interior by Napoleon. He set out
to reform science education, to effect a closer relationship between
theory and practice and to build on the work of the 1790s. His as-
sistant in charge of public education, Roederer, commissioned a
study of British mathematical instruction by someone who seems to
have known both systems remarkably well. Chaptal and Roederer
wanted to reform every branch and level of education, and they
were particularly interested in the curriculum in mathematics. Their
educational spy reported on every aspect of the British system right
down to the use of chalk and blackboards, and he claimed that Brit-
ish education in mathematics was superior.67 If this was true—and
we think it was—the fact is significant and must be seen as one part
in the complex story of why Britain industrialized first.

After 1800 the French reformers also established new schools to
replace the more democratic écoles centrales. These lycées were lo-
cated only in selected towns, favored the children of state bureau-
crats, and specifically sought to stimulate industrial development in
the region. Vastly expanded, the lycées remain to this day one of the
more superior forms of secondary schooling to be found in any
Western country. In addition Chaptal and Roederer wanted the en-
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tire population to receive a primary school education and thus to
possess a basic numeracy.68 Yet significantly the status of theory
over practice was retained in the salary structure of the lycées,
where a professor of physics was paid 2,000 francs a year while the
professors of chemistry, French literature, and mechanics received
1,500 francs each.69 Religion had been dethroned in the curriculum
of France’s state schools; and science, pure and applied, had been
elevated even over the teaching of French literature.

Recently economic historians have come to recognize that the “a
small group of at most a few thousand people . . . formed a creative
community based on the exchange of knowledge” and they became
the “main actors” who ushered in the Industrial Revolution in the
West. “Engineers, mechanics, chemists, physicians, and natural phi-
losophers formed circles in which access to knowledge was the pri-
mary objective.”70 Out of their complex interactions, inspired as
much by the desire to get rich as any other motive, emerged an in-
dustrial culture wedded to science and technology as means to an
end, power-driven productivity. All the associations and academies
we have described facilitated the emergence of this unprecedented
productivity. It happened first in Britain, where by the middle of the
nineteenth century there were over 1,000 associations for the gener-
ation of technical knowledge, with membership of about 200,000.
Informal associations, as well as cheap print, made the accessing of
knowledge easier and became part of what Joel Mokyr has called
the “industrial enlightenment.”

By 1800 in Continental Europe, every government had recog-
nized that the British lead in industrial development had to be ad-
dressed and that scientific and technical education was required
as part of the response. Schools of mining were imported from
the German-speaking lands, while the polytechnic university estab-
lished in 1795 in Paris was imitated throughout Europe. Napo-
leon’s conquests of the Low Countries, parts of Germany, and Italy
and Spain brought the French model of technical and scientific edu-
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cation to the whole of Europe. Only Britain and the new American
republic retained a decentralized system of education in science.
In the early decades of industrial development, the British model
seems to have worked reasonably well. When in 1851 Britain
hosted a spectacular industrial exposition in London at the Crystal
Palace, few would have predicted that within twenty years, its tech-
nological and imperial might would be challenged by Continental
rivals, particularly by Germany. But those years are beyond the
scope of our story. By 1800 experimental science, especially me-
chanics, and technology, had come to be linked inexorably with in-
dustrial development. Being modern, as our Hebrew authors of the
mid-nineteenth century knew, required some scientific knowledge.
The linkage remains at the heart of modernity now as it is experi-
enced throughout the world.
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C H A P T E R 3

Popular Audiences and Public Experiments

In the eighteenth century, the growth of what historians are now
calling the Enlightenment public sphere can be seen in the numer-
ous sites where the literate gathered. Reading and debating socie-
ties, coffee houses, and Masonic lodges proliferated in Western Eu-
rope. This turn toward clubbing had much to do with the spread of
print culture and the increasing interest of a literate public in a wide
variety of issues, some of them highly political and evident in the
various crises that punctuated the eighteenth century, notably in
France and in Britain.1 The ever-spreading audience also had an
enormous impact on the history of Western science. In the course of
the eighteenth century, science burst out of the boundaries set by
formal institutions, and the new public made the rise of science
both dramatic and self-perpetuating.

In Britain the expansion of science was largely the result of entre-
preneurial initiative by lecturers seeking to capture a market, es-
pecially among the merchants and financiers who sought any ad-
vantage possible in the vast schemes and projects associated with
growing industrialism and empire. But everywhere in Western Eu-
rope, demand was simply the result of curiosity and religious senti-
ment.2 In cities large and small, the market for lectures expanded
throughout the century and even, in the case of Britain especially,
in the towns and spas of the provinces. British lecturers such as
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Jean Desaguliers went to the Continent speaking his first language,
French, to continue with the enterprise of spreading the Newtonian
gospel.

Lecturers throughout Europe employed demonstration devices.
Model machines could explain how the outlandish claims by stock
promoters and perpetual motion men were impossible and best
avoided. This economic dividend was critical, we believe, to the
spread of public natural philosophy throughout the century. The
notion that natural philosophers by their demonstrations could ex-
plain the differences between machines that might work and those
that clearly could not was extremely important in clearing away the
fog exuded by unscrupulous, and frequently deluded, promoters.
Moreover, the demonstration of machines represented an effort to
escape the condescension toward actual mechanists often shown by
the privileged and the scholarly. These efforts at application, more
than anything else, laid out a career for natural philosophers in the
business of mechanical innovation. Such lectures challenged the
proposition put by the philosopher Adam Ferguson in 1767 that
“manufactures . . . prosper most, where the mind is least con-
sulted.”3 By the end of the eighteenth century, many industrialists
refused to believe that arrogance. The experimental lecturers had
spread the principles and devices that ultimately made some ma-
chines an object of scientific contemplation as well. By 1800 the
race was on—ultimately won by Sadi Carnot, a Frenchman—to ex-
plain in detail the physics of the steam engine.

Experiment was increasingly regarded as a viable means of at-
taining credible understanding of natural phenomena and their util-
ity. It also meant the erosion of the power of the solitary and gen-
tlemanly natural philosopher—who would have depended on his
social status to assert his claims—and the consequent rise of acces-
sible and available lectures that made the newest discoveries and
debates comprehensible to the literate and curious.4 One of the
most powerful transitions that occurred in the history of early mod-
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ern science was the movement away from the narrow exclusivity of
scientific societies promoted by princes or the crown. Experiment
opened the door. Experiment demanded replication and witnesses.
The scientific revolution thus entered a distinctly new phase charac-
terized by the public disputes of the eighteenth-century Enlighten-
ment.5 In such a circumstance, it was perhaps inevitable that the ap-
paratus of experiment would be used to empower observers who
had sufficient curiosity to take part in the debate over nature’s de-
sign.

To be sure, there was power in Isaac Newton’s dictum in the sec-
ond edition of his Principia Mathematica of 1713 that “God does
certainly belong to the business of experimental philosophy.” Ex-
perimenting could induce piety. But it could do a great deal more
besides. Newton did not mean that experiment could also become
entertainment, but it did just that for thousands of observers. By
midcentury the uneducated or vulgar sort for whom Newton had
nothing but distain could be found at experimental demonstrations.
He meant to encourage the method of experiment for uncovering
elements of God’s grand design. Yet, in the hands of ordinary mor-
tals, experiment could be put to a variety of purposes from piety to
profit. When the young potter Josiah Wedgwood went into business
with a partner, practically the first thing he did was begin an Experi-
ment Book. In its introduction Wedgwood explained that he sought
“the improvement of our manufacture of earthen ware . . . the de-
mand for our good increasing daily . . . these considerations in-
duced me to try for some more solid improvement, as well in the
Body, as the Glazes, the Colors, & the Forms of the articles of
our manufacture.”6 As a result of those experiments, Wedgwood
china became world famous and the Wedgwood family immensely
wealthy.

Experiment turned from elite to public in response to economic
circumstances and to popular interest. Experiment was increasingly
theater. The more dramatic the experiment was, the more entertain-
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ing the demonstrations provided by public lecturers. In such a set-
ting, personal eccentricity could foster success, as it did for the he-
retical William Whiston. He left Cambridge University because his
concept of Christ as a man and not as God finished him with the
college authorities. In London, he immediately fell in with Whig
champions of broad doctrinal latitude in the Church of England.
These political connections translated into employment and oppor-
tunity.

Whiston was soon giving lectures on astronomy in the meeting
rooms on the bank of the Thames known as the Censorium, which
was run by the Member of Parliament and essayist Richard Steele.
Whiston was employed at the Censorium to provide dramatic sci-
entific entertainments, probably an offshoot of his lectures at the
Whig haunt of Button’s Coffee House in Covent Garden or at the
Marine Coffee House near the Royal Exchange. There merchants
had become familiar with Newtonian science through the lectures
of another Whig supporter, and Fellow of the Royal Society, the
Reverend John Harris. As coffee houses spread from their apparent
origins in Venice to London, they became increasingly fashionable,
progressively defined politically by the allegiance of their clientele,
more prominent in the dissemination of news, and central to the
commercial culture of the eighteenth century.7 Whiston’s entertain-
ments fit the bill. His preaching, on other occasions and settings,
that the world was about to end never discredited his populariza-
tions of science. Newton, too, had similar millenarian obsessions.

Scientific Entrepreneurs

Experimental lecturers were entrepreneurs in the scientific market-
place. From the turn of the seventeenth century when mathematical
and chemical lecturers had appeared in London, there was always
an audience. And when in 1702 James Hodgson left the Astrono-
mer Royal Flamsteed to set up as a mathematics teacher and as an
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experimental lecturer, the audience subscribed increasingly to the
dazzling demonstrations that an array of apparatus could provide.
Soon, William Whiston and Jean Theophilus Desaguliers, attracted
by the metropolis and its potential audience, were adding to the
momentum of public access while the Royal Society still presumed
an exclusive authority. Experimental philosophers like Hodgson
and the two Francis Hauksbees, uncle and nephew, Whiston,
Desaguliers, James Stirling the mathematician, and James Worster
at Thomas Watt’s Academy were only a few of the entrepreneurial
crowd who made a handsome living from the market for Newton’s
science. They came from diverse backgrounds and they sought up-
ward mobility as well as good livings through the medium of exper-
imental science. The list increased rapidly in the first half of the cen-
tury. New lecturers appeared, such as the electrical experimenter
John Canton of Spitalfields; electrical impresarios like Benjamin
Rackstrow; and the inventor Gowin Knight, who sold artificial
magnets.

The distinction between the audience for lectures, consumers of
instruments, and popular entertainment increasingly blurred. At
mid-century, Gowin Knight was able to manufacture magnets; they
became commodities in the public scientific culture like the prisms
and telescopes that could already be bought off the shelf like toys.
The process of making experiment part of a commodity culture was
not, of course, uncontested. This was something the Royal Society
frequently attempted to police, but to no avail. Knight was able
to play on his Fellowship in the Royal Society (FRS) as a promo-
tional platform, as had Desaguliers.8 The lack of the FRS designa-
tion, however, did not stand in the way of William Whiston. His
suggested Fellowship in the Society was apparently just too much
for Newton to abide as “they durst not choose an Heretick.” What-
ever one’s religious reputation, the FRS label was regarded as a
symbol of prestige in the marketplace for science.9 Thus the lecturer
and instrument maker Benjamin Martin by mid-century was ac-
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tively seeking his FRS. He was unsuccessful, not the least because
Fellows opposed to the rage for experiment perceived him as pan-
dering to the masses.10 Experimental philosophy, at least in its pub-
lic face, had become too vulgar and commercial for some genteel
philosophers to bear.

By the middle of the eighteenth century, in much of Western Eu-
rope but especially in Britain, the audience for lectures seemed ca-
pable of an unlimited expansion. To some degree, this was precisely
the issue. If experiments performed before the vulgar appeared base
and inappropriate, they might have been deemed a dangerous en-
couragement to those who were challenging religious, social, or po-
litical authority. Among the important questions to be asked of
a growing marketplace in experiments was whether greater num-
bers of witnesses eroded the difference between the intellectually se-
rious and the merely popular. The popular alarmed philosophers
who were dismayed by dramatic demonstrations for pure entertain-
ment’s sake. Some demonstrators even appeared to pander to a
common and vulgar belief in sorcery—as with the mysterious repre-
sentations of optical illusions and electrical effects in Paris fairs and
boulevards.11

Even though entertainment might mean deception, it also drew
attention to the serious issues of natural force and mechanical con-
trol. The brilliant contrivances, like the singing birds or mechanical
chess players of Jacques Vaucanson in Paris, seemed to be stun-
ning achievements. The display in London at the Haymarket Thea-
tre in 1742 of French automata was a coup, and Desaguliers trans-
lated Vaucanson’s pamphlets for their promotion. The duck that
Vaucanson contrived even defecated. These contrivances raised is-
sues of the relationship between animate life and mechanical opera-
tions as well as about fraud and fantasy. They also allied science
with sentiment and sensibility, with seeing and touching as a way to
knowledge. In France such arguments reached their culmination in
the 1790s, when the revolutionaries closed the old Royal academies
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and demanded that education in physics by demonstration and
touch inculcate a new morality, one that seized both the body and
the heart.

Experimental science, revolutionaries and reformers on both
sides of the Channel believed, could bring with it a new clarity.
On a practical level it was said to be the only deterrent against
fraud and get-rich-quick schemes intended for the gullible. By pro-
ducing stunning devices, exceedingly highly skilled artisans like
Vaucanson also drew attention to the knowledge of mechanical
principles that Newtonian demonstrators like Desaguliers insisted
would prove the best preservative against frauds. In a manner that
would be echoed throughout the rest of the century, he deliberately
linked knowledge of Newton’s physical laws to practical, economic
achievement. In a brilliant tactic, he took notice of the celebrated
strongman Thomas Topham, whose feats of strength amazed his
audiences in the London marketplaces and in the provinces. In
1740 Desaguliers employed Topham as his demonstrator to show
that, with the proper apparatus, even gentlemen might perform
with the strength of coal heavers—thus revealing with clarity the
natural principles behind statics and lines of force.12 Vaucanson
had simply demonstrated what mechanics could achieve, and
Desaguliers added human labor to the imagined improvement that
useful science offered. But no good deed goes unpunished. When
the great artist Hogarth chose a cleric to satirize in his engraving
The Sleeping Congregation (with a title that tells all), it was widely
believed that he aimed his gibe against the hapless and absent cler-
gyman Desaguliers, who preferred scientific lecturing to the life of
the local parish curate.

The promotion of mechanical power was critical to the public
appeal of Newtonian science. Even as early as 1704, in his Lexi-
con Technicum, the Newtonian popularizer John Harris described
an engine as “any Mechanick Instrument composed of Wheels,
Screws, or Pulleys, in order to lift, cast, of sustain any Weight; or
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to produce any considerable Effect, which cannot so easily be ob-
tained by the bare application of Mens Hands, without such
help.”13 Thus, following on three decades of mechanical discussions
and displays, Desaguliers in his Lectures on Experimental Philoso-
phy (1734, 1744) explored the same territory.14 Demonstration de-
vices were built—from primitive wedges and elementary pulleys—
to explain the hidden powers of market strongmen. So too new
electrical machines and models of the Savery and Newcomen en-
gines for raising water were put on display. Mechanical principles
were not enough; in an age overwhelmed with invention and invest-
ment, it was critical that the limitations of machines be understood
if only so frauds could be avoided. Indeed, as Vaucanson later re-
marked, the reason why so many (meaning, philosophers) relied on
theory was that they never had to put any effects into practice. In
his view, the “single mechanic has done more for the human race”
than all the theoreticians.15 The reclusive scholar had little chance
of winning such a contest. But those mechanics who did understand
basic physical laws had much to gain. So too did the investors who
relied on them.

One such demonstration device owed a great deal to Desaguliers.
He designed it. It first appeared in the public lectures of his nephew,
Stephen Demainbray. The so-called Maximum Machine was a
model of a machine that showed the maximum power of a man to
raise water. The model was not hard to grasp: A toy tavern drawer
ran up a stairway (as he might have done to lift barrels of beer from
a cellar) and then stood on a platform, which descended under his
weight. Attached to the platform by a pulley and rope was a con-
tainer that, while the tavern drawer descended, raised an amount of
water the weight or volume of which could thereby be measured.
Thus as gravity pulled the man to earth, the container of water was
raised, its precise and measurable quantity known and its distance
measured. The critical issue was not the ability of a falling weight to
raise water, but rather that there was a maximum amount of water
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that could be raised over a given amount of time—at least to the
point of the man’s exhaustion after numerous trips up a gangway.
In other words, the idea of a machine limited by nature’s laws was
grounded in lectures and in demonstration models.16 In such appa-
ratus lay the essential bridge, devised by some of Newton’s disci-
ples, between the intellectualism of the scientific revolution and the
comprehension of mechanics and laborers.
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2. The Newcomen engine. One of the earliest steam engines employed by
Desaguliers and others; surpassed in the 1770s by Watt’s engine.
Courtesy of Thomas Fisher Rare Book Library, University of Toronto
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Entertainment and the Uses of Nature

The mechanical application of natural laws had never been New-
ton’s objective. By the eighteenth century, the legacy of nature’s use-
fulness to humankind proposed by Francis Bacon resided as much
in the rhetoric as in the result. Despite a growing Baconian asser-
tion of the utility of natural law, the usefulness of learning among
craftsmen and artisans, and the reprinting of Bacon’s works, New-
ton took a more exclusive approach. He simply did not believe that
much could be gained except by the best philosophers. A good ex-
ample of the tension between exploration and the application of
natural law is in the flood of attempts by mechanics and a few
cranks to solve problems of navigation that were of crucial inter-
est to the imperial and commercial agendas of the Western Euro-
pean maritime nations. But neither latitude nor longitude was easily
obtained at sea with any certainty. From Elizabethan times on-
ward, there were numerous efforts to apply natural knowledge—of
the magnetic field of the earth, for example—to the improvement
of navigation by magnetic compasses. It is particularly interesting
that William Gilbert’s Elizabethan assertion of terrestrial magne-
tism was proposed in a treatise that was explicit in its experimental
program—to distinguish it from the criticisms of scholars, those
whom he called “lettered clowns.”17 Indeed, more than a century
later, a number of the early Newtonians who set out to conquer the
problem of finding a ship’s longitude ran afoul of philosophers and
professors who thought that most inventors of navigational instru-
ments had little to offer.

This was especially true after Whiston and the mathematician
Humphry Ditton had succeeded in convincing the British crown to
establish the then-stupendous award of £10,000 for anyone who
could discover longitude at sea within one degree. The creation of
the Board of Longitude in 1714 meant, at the very least, that there
was some avenue by which to repulse the many who sought the
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prize—which proved for many years to be as elusive as longitude
had been. Whiston even chased the bounty himself by proposing a
fleet of ships to be set near the shore to fire mortars into the air so
that the position of dangerous shoals and rocks could then be calcu-
lated by the difference in time between the flash and sound of the
mortar. Whiston conducted noisy experiments around London to
determine the distance from which the scheme would prove effec-
tive, but he succeeded only in disturbing his neighbours. The idea
was utterly impracticable while at sea, notably in gales or in bad
weather when it was most needed, and Whiston became the butt of
much satire. Yet, he was among the more credible of the prize hunt-
ers. Newton meanwhile was constantly inundated by requests for
his approval of harebrained ideas. But his attitude, especially to-
ward those who believed that longitude could be determined by im-
proved time pieces, was that “this improvement must be made
at land, not by watchmakers or teachers of Navigation or people
who know not how to find the Longitude at land, but by the ablest
Astronomers.”18 So, even at a point when the explosion of interest
in natural philosophy rapidly gathered pace, Newton wanted to
enforce the distinction between a popular, vulgar enthusiasm and
what was understood by the most knowledgeable philosophers.

When considering the outpouring of scientific lectures in the first
half of the century, we must bear in mind that, regardless of con-
tent, they served the purpose of sustaining social stability. It is
harder to believe in evil spirits, witches, or prophesies when strange
phenomena can be approached experimentally. Newtonian lectur-
ers addressed natural, but still largely inexplicable, phenomena like
northern lights or the mysterious and dramatic forces that could be
displayed in the laboratory, such as electricity and magnetism. The
very fact that Newton’s own optical experiments on refraction were
highly contested meant that the prism and the spectrum formed
part of the early lectures that many an audience must have seen.19

Not only did Desaguliers lecture on optical phenomena before the
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Royal Society but also the subject became a staple of many a New-
tonian lecturer’s repertoire. Of course, this growing popularity of
the topic served to reinforce the Newtonian view that experiment,
rather than hypotheses, was the proper way to resolve philosophi-
cal disputes. And the fact that increasing numbers of witnesses saw
these displays and their demonstration devices made the Newto-
nian success a public victory. Public credibility was fundamental
to the achievement of Enlightenment science. Indeed, disputes be-
tween Newtonians and Cartesians on the shape of the earth were to
be determined by French expeditions to Lapland and to the New
World and by the use of highly accurate British instruments. The in-
strumental realm of observation had ignited public curiosity.

The Public in Philosophy

In early modern Europe it had become apparent that the uses of sci-
ence would not be the province of philosophers alone. Yet the phi-
losophers’ inability to sequester their knowledge was troubling.
From the first steps of the scientific revolution, the alarm of both
secular and religious authorities preyed on the minds of natural phi-
losophers from Copernicus to Galileo. As one of Isaac Newton’s
own disciples, William Whiston, later pointed out when he, like the
Boyle lecturer the Reverend Samuel Clarke, came under very close
scrutiny for his religious leanings, there was a parallel to be drawn
between those who might prosecute a Newtonian in Britain and
those who once persecuted Galileo for heresy.20 The tension be-
tween scientific practitioners and those otherwise made nervous by
their methods and their conclusions is a constant in the history of
science. Thus, it is more than a curious circumstance that books by
natural philosophers might be thought to be both alien and irrele-
vant to the vast majority of readers and, at the same time, pro-
foundly dangerous.

Into this tension Newtonian science stepped in 1696 when plans
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were put in motion in London for a series of public mathematical
lectures to be given free of charge by the Reverend John Harris, an
early disciple of Newton. At the time London only offered lectures
on chemistry, but the charge for these was substantial and beyond
the reach of most artisans. Mathematical lectures, on methods of
merchant accounting and navigation, had a potentially wider audi-
ence in a commercial capital. The lectures would be funded by the
merchant Sir Charles Cox and would take place nearby the Royal
Exchange where traders gathered. The link between commerce and
public lectures proved crucial to the development of natural philos-
ophy. It laid the foundation not merely for an audience from the
Exchange, and from its nearby commercial coffee houses, but also
for the affirmation that public knowledge of the uses of the natural
world might expand the possibilities of national achievement. The
Baconian theme was resurgent.

Newton was not especially sympathetic to such a strategy. He be-
lieved, for example, that improvements in navigation, especially in
securing an effective means of determining longitude at sea, would
not be made by seamen or craftsmen who went to a few lectures but
by learned astronomers with the best instruments. To a very great
degree, such a belief gave privilege to theory over everyday experi-
ence, to philosophers over practitioners. Others in the Royal Soci-
ety held a different view. Robert Hooke and Samuel Pepys were
among those who thought that practical skill ought to be promoted
even if sometimes at the expense of book learning. Newton clearly
understood this and sought, for example, to strengthen the teaching
of practical mathematics at Christ’s Hospital Mathematical School,
where boys were trained for the sea.

But it was in the coffeehouses of London, in places like Jona-
than’s or the Virginia Coffee-house, where Hooke and Pepys might
be found over a cup, discussing the latest controversy in natural
philosophy or mechanical invention, that an alternative was found
to the tightly controlled and formal debates of the Royal Society.
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Newton, however, had hitched his rising star to the success of the
Whigs and hence to the cultivation of gentlemanly and aristocratic
patronage in the post-Revolutionary world. He was happier at the
podium of the Royal Society.

When Newton became president of the Royal Society in 1703, he
acted just like any other seventeenth- or eighteenth-century philoso-
pher in search of patrons. Newton’s own career, of course, was one
that was very much determined by social and political support. It
was because of his political connection to the Whigs that he re-
ceived his position at the Mint and laid the foundation for his pri-
vate wealth. Yet Newton also attempted to convince the Crown
to help the Society solve the difficulties of its inadequate meeting
rooms, which were still in a decaying Gresham College. He drafted
a petition to the Queen that proposed a new home for the Society,
nearer to the seat of government at Westminster so meetings would
be “more convenient for persons of Quality.” This location, he ar-
gued, would be more conducive to improvements in natural knowl-
edge. Convenience for gentlemen and improvements were not in-
variably linked, but the argument reveals a philosopher caught in
the web of genteel connection that defined early-modern society.
Newton had some reason to be sensitive on this point as the Royal
Society was increasingly subject to ridicule. Foreign visitors re-
marked on how the Society appeared to be populated by people of
little account—by which they meant of low status, despite the il-
lustrious reputation of its president. If the Royal Society seemed
“lower drawer” to foreigners, it was because the learned academies
on the Continent were heavily populated with royal pensioners,
even with the titled. Given the exclusivity so desired by the Society,
venues outside that group blossomed for the promotion of natural
and experimental philosophy.

Coffeehouses buzzed with commercial news, of deals being
struck, of contracts being made and ships sunk, of auctions con-
ducted and stocks floated. Amid the din and the debate, there were
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increasing numbers of natural philosophers whose knowledge was
marketable, a commodity only slightly more ethereal than any
other, full of promise if short on results. These less-exclusive centers
of learning, of skill and of trade, also made it possible for the kinds
of connections to be made that led to public mathematical lectures
and secured an audience. Thus, John Harris came to the Marine
Coffee House near the Exchange and gave mathematical lectures
initially for free from 1698, but later by a subscription fee to the au-
ditors. This model proved immensely powerful throughout much of
the eighteenth century. And it was one of the most important means
by which scientific reputations were created in the period.

At the turn of the century, momentous changes transformed Brit-
ain. The English monarchy was increasingly secure, defined care-
fully in an Act of Succession by Parliament in 1701 as a Protestant
succession. The Glorious Revolution was beginning to appear irre-
versible even if the threat from the Catholic Stuart pretender exiled
in France was still alarming. Natural philosophy played its part in
this stabilizing process. London’s burgeoning wealth and vibrancy
attracted people of talent and skill who advanced the cause of New-
ton’s science and his experimental method. London was the seat not
only of Parliament and the Crown but also of the Royal Society and
the Royal Exchange. Between these last two, there was a road well
worn by philosophers seeking a hearing and patrons of their own.
While the venture of John Harris at the Marine Coffee House began
to disseminate mathematics, the ultimate promotion of dramatic
experiments turned out to be an even more effective way to attract
an audience. Certainly, watching a philosopher reveal the effects of
a vacuum on a bird in an air pump was at the same time more rivet-
ing and arguably less rigorous than a mathematical demonstration.

Perhaps the best early example of this transition toward the pop-
ular was in the career of James Hodgson, a mathematician and as-
sistant to the Astronomer Royal Flamsteed, who left the Royal Ob-
servatory at Greenwich for a new career as a mathematical lecturer.
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In London, he joined with the instrument maker Francis Hauksbee
in public lectures on experimental philosophy that were inspired by
the Newtonian philosophy. Not only was experimental philosophy
a vast subject but demonstrations required a large array of appara-
tus of great expense. While the Royal Society appeared moribund
and published little of value, Hodgson took the plunge into a public
world and soon, despite the expense, could hardly keep up with the
demand as a mathematics tutor and as an experimental lecturer. It
helped, of course, that his partner in this scheme was Hauksbee,
who was not only a demonstrator to the Royal Society but a manu-
facturer of instruments as well. Hodgson had ambitions far beyond
a mere calculator in the employ of the Royal Astronomer.

By 1704, the world of the public lecturers was in flux. Since the
time of Thomas Gresham, lectures to the largely untutored had
seemed like a good idea. Several attempts in the late seventeenth
century had failed because they were dependent on uncertain pa-
tronage. In 1704, Sir Charles Cox was apparently no longer willing
or able to maintain his commitment to John Harris, who was then
forced to rely on subscribers. Hodgson seized the opportunity and
announced classes in natural philosophy and astronomy to “lay
the best and surest Foundation for all useful knowledge.” This
had been the dream of philosophers since the reign of Elizabeth.
But Hodgson had the advantage of all of those remarkable devel-
opments in philosophy and apparatus throughout the seventeenth
century, including especially Robert Boyle’s experiments with the
air pump and Newton’s revelations regarding the decomposition of
white light into its colors by refraction.

When Hodgson advertised for subscribers to his new lectures, he
mentioned two exceedingly significant factors. First, and perhaps
most notable, he pointed out that he would demonstrate his experi-
ments using instruments seldom seen outside of the Royal Society.
The lectures would proceed at a writing school near St. Paul’s Ca-
thedral. Access was then possible to natural knowledge if not to the
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Society. Second, the list of apparatus he would apply—an air pump,
microscopes, telescopes, barometers, thermometers, a hydrostatical
balance, and, undoubtedly, a prism—was exceedingly impressive to
his audience. He relied on Francis Hauksbee and on John Rowley,
one of the most important instrument makers of the period, be-
cause an investment in the required array of apparatus was far be-
yond the reach of most men. Although entrance to these lectures de-
manded a substantial fee, this venture meant that experimental
philosophy was not limited to those of great private wealth or of
considerable social prominence.

Hence, in the reign of Queen Anne and just as Newton settled
into his presidency, sites of experimental learning underwent a cru-
cial transition. The access to experiment once limited to the guard-
ians of the Royal Society, for those of “quality and honor,” was
now simply a function of the willingness to pay a fee. Early modern
science entered new spaces. While Hodgson had begun in a writing
school, by 1706 he was giving lectures at the Queen’s Head Tavern
in Fleet Street near the Royal Society, and soon at the Marine Cof-
fee House. Taverns and coffeehouses served the interests of experi-
mental demonstrators. Hodgson’s life became a whirl of activity,
as he taught mathematics and gave public lectures to pupils from
Westminster in the west to the Royal Exchange in the east in the
City of London. He was, in effect, overwhelmed by the interest dis-
played by the public.

The transition from the Royal Society to the wider public funda-
mentally changed the debate over natural philosophy. The barrier
policed by exclusionists had been breached, not by bringing the vul-
gar into the Society but by bringing philosophy out of it. Hodgson
and Hauksbee began to lecture about the very developments then
being considered within the rooms of the Royal Society. These in-
volved dramatic experiments on light, especially in a vacuum, the
phosphors produced by friction, and the brilliant effects of static
electricity and of weights falling in an evacuated cylinder. Many
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of these phenomena arose out of Newton’s own queries, which
formed part of his hints for further experiment appended to his
Opticks of 1704. Hodgson, for his part, provided further demon-
strations on the passivity of matter, the density of air, and the effects
caused by the evacuation of an air pump. Hodgson’s experiments,
he suggested, proved that the Vacuists—like Newton and his fol-
lowers—were correct in their criticism of those who had long be-
lieved a vacuum could not exist. He likewise reported on other ex-
periments conducted from the top of the Observatory at Greenwich
that suggested that the difference in time between the flash and the
report of a large gun fired from the tower might provide a means of
determining precise position and distance, a matter obviously of
consequence to those who faced this very problem in the navigation
of ships at sea.21 Whiston had been anticipated.

There are many striking examples of how the blossoming audi-
ence for natural and experimental philosophy in the early eigh-
teenth century created careers for philosophers. James Hodgson’s
foray into London’s commercial world with his lectures and his ap-
paratus would have been of little lasting significance had he not
built on the foundation laid by John Harris. Hodgson, Harris, and
Hauksbee soon found that others would join them. Hodgson’s lec-
tures at the Marine were taken over by Humphry Ditton, a mathe-
matician and disciple of Newton. But there was another transition
that was about to be unleashed, which was as crucial as exploding
the boundaries of philosophical societies. This time it meant follow-
ing Newton’s lead from a university college to the increasingly cos-
mopolitan London.

Unlike Newton, those who came from Cambridge and Oxford
could not always rely on patronage to provide them with a living.
One of the most remarkable cases in the emergent world of public
science was that of the Reverend William Whiston, who had been
Newton’s chosen successor when Newton left Cambridge. Whiston
had recommended himself to Newton in part because of Whiston’s
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speculations over the origin of the earth and intercession of a
comet. Such past events, he believed, confirmed the Biblical story of
the flood. Whiston had become fairly well versed in Newton’s phi-
losophy and was a capable experimentalist. From 1703 at least,
the Cambridge mathematician Roger Cotes had been aware of
Whiston’s philosophical reputation. Cambridge was a hotbed of ex-
perimentation. By the spring of 1707, Cotes and Whiston were
jointly presenting a course of twenty-four lectures on experi-
ments, in effect a mirror to events gathering momentum in London.
Whiston’s experience would stand him in good stead, for he would
soon challenge the Established Church on its doctrine—probably to
the chagrin of Cotes. Cotes might not have known that Whiston
was, like the much more secretive Newton, a serious scholar of reli-
gious doctrine and was increasingly drawn to versions of the Holy
Trinity that varied greatly from those required by the Church of
England. By 1709 these views got him into severe difficulties with
college authorities in Cambridge and he was expelled from his pro-
fessorship. Newton must have been appalled by the attention that
Whiston attracted.

In 1712, perhaps in search of additional income, Whiston put his
philosophical experience to good use when he undertook a series of
lectures with the instrument maker Francis Hauksbee. Whiston was
busy exploiting the connections he made in London. Very shortly
thereafter, prominent Whigs arranged for Whiston to give a series
of lectures on mathematics at their haunt of Button’s Coffee-house
in Covent Garden. Although Whiston did not stay there long, he ce-
mented these connections by his engagement in the M.P. Richard
Steele’s Censorium, the meeting rooms at York Buildings on the
Thames. This provided Whiston with a platform from which to
demonstrate his explanations of the numerous astronomical and
meteorological events seen in the skies of London in those years.

For someone with convincing knowledge of natural philosophy,
the flourishing realm of public lecturing could prove very lucrative
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indeed. Like his predecessors Harris and Hodgson, Whiston found
his way among the merchants of the Marine in 1719. And like some
of his well-established rivals, Whiston became especially adept at
exploiting events like eclipses, comets, and displays of northern
lights; sold printed explanations; and even darkened glasses to view
a solar eclipse. His career as a lecturer and publisher on scientific
subjects lasted until his death in 1752, by which time his religious
passions were increasingly his subject.

The Universe of John Theophilus Desaguliers

The growth of the lecturing empires was rapid in the early eigh-
teenth century, providing many competitors to Hodgson and
Whiston. Perhaps the most successful was the Reverend John
Theophilus Desaguliers, son of a refugee Huguenot minister, who
encountered experimental philosophy at Oxford under the Newto-
nian John Keill. Desaguliers lectured briefly at Oxford, but by 1713
he too was in London and gave a course of lectures to assist the
widow of the elder Hauksbee. Hauksbee’s death left the Royal Soci-
ety without a curator of experiments, a position that would suit
Desaguliers well. He soon became a Fellow of the Royal Society
and one of Newton’s most loyal champions, especially when New-
ton’s optical experiments were disputed by Continental critics.

Desaguliers’s career as a public lecturer was a remarkable one.
In 1734 he claimed to be engaged in his one hundred and twenty-
first course—and he still had ten years to run. By that point, there
were many competitors, including Whiston and the junior Francis
Hauksbee, the nephew of the instrument maker. Desaguliers was
able to exploit his Royal Society affiliation and received numerous
offers of patronage from the Duke of Chandos, one of the wealthi-
est men in England, as well as from the Royal Court where he fre-
quently delivered sermons. Desaguliers recommended himself to
the Royal Society because he had developed considerable skill as an
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experimentalist. He had the support of Newton because he was ca-
pable of reproducing the very experiments on light and colors that
had been challenged by Continental philosophers. He also had the
support of his patrons because increasingly his approach, especially
to improvements in mechanics, promoted practical objectives.

Desaguliers’s career reveals the way in which the boundaries of
the Royal Society became increasingly uncertain in the early eigh-
teenth century. While many lecturers never became Fellows of the
Society—notably Whiston, who offended Newton with his outspo-
ken and unfettered attack on Anglican doctrine and who attracted
unwanted attention—others found the barrier rather more perme-
able. The best example of the way in which the public world drew
practitioners out of the Society was undoubtedly Desaguliers. From
his very earliest days in London, Desaguliers lectured on Newton’s
famous prism experiments, which were thought to be crucial to his
theory of refraction of colors. Of course, these lectures also served
the interests of Newton and the Royal Society. In 1715 Desaguliers
gave a demonstration of the theory to a French delegation; enter-
tained members of the Dutch embassy, whose secretary, Wilhem
s’Gravesande, became his pupil; and revealed Newton’s optical dis-
coveries to the ambassadors from Spain, Sicily, Venice, and Russia.
Philosophical dispute turned into a great public relations exercise
and experimental lecturers like Desaguliers advertised virtually ev-
ery day in the London press.

Desaguliers claimed the design of hundreds of new experiments
to demonstrate mechanical laws. The notion that machines had
limits imposed by the laws of nature was a critical issue for philoso-
phers as well as for mechanics. Among his many endeavors, his
courses kept him so busy that the Royal Society even complained of
the infrequency of his experiments before them. Desaguliers knew
very well that the image of the Royal Society, and its apparent un-
willingness to support its demonstrators with anything resembling
an adequate salary, worked in his favor. He owed much more to
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wealthy patrons like the Duke of Chandos, whose financial schemes
also gave Desaguliers much employment, not to speak of his minis-
terial role as a clergyman. In his own defense, he told the Council
of the Royal Society that he was loathe to provide them with ex-
periments that were not really new, but he could easily give them
demonstrations using the array of apparatus that he had already
employed in his public lectures. In other words, his priority had in-
creasingly become the paying public. Experimental philosophy was
no longer the singular preserve of the gentlemen of the Society. Like
Hodgson before him, Desaguliers was a busy man—so busy, in fact,
that he neglected the clerical living presented to him by the Duke of
Chandos. Complaints were even raised about him leaving a body
unburied for want of a proper funeral.

The growing attention Desaguliers paid to practical matters, like
the operation of cranes or wagon wheels, was a reflection of the
British insistence on the uses of natural knowledge. Of course, this
focus had not originated with Desaguliers but had been articulated
for a century by the many followers of Francis Bacon. It is interest-
ing, for example, that during the Restoration, when the Royal So-
ciety wrestled with its relation to trades and tradesmen, John
Wilkins—one of the most noted philosophers of the age and some-
one who would play a major role in the origins of the Royal Soci-
ety—wrote his Mathematical Magick on the principles of mechan-
ics in a popular fashion. Even then, access was an issue. The powers
of machines were to be demonstrated experimentally and made ob-
vious to all.22

The aim of some philosophers to appeal to a wide audience was
one strain in natural philosophy that surfaced with a vengeance in
the early eighteenth century. While the wealth of the state might
thereby be increased, it was a significant development that natural
philosophy was thoroughly absorbed with the unification of the
public good with private interest. In this way, the link between
the state and the larger society was reinforced. The generation of
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wealth by mechanical means was, thereby, a matter on which nat-
ural philosophers could provide useful comment. Consequently,
many of the lecturers of the early eighteenth century not only relied
on Newtonian principles but also deliberately advertised a link be-
tween “Mechanical and Experimental Philosophy.” Mechanics was
the foundation for most of the lecturers who gave Whiston and
Desaguliers competition.

Taking stock of the reputation of Newton’s philosophy by the
middle of the eighteenth century involves more than Newton’s great
work. After all, if the Principia was a difficult hurdle, even for those
versed in mathematics, it could hardly have sustained the wide en-
thusiasm for his philosophy that emerged. But there was a great
deal of interest in what Newton had to say and, even more so, in
where his promotion of experimental method would lead. Partly as
a result, the numbers of instrument makers grew in the eighteenth
century, with some of them even selling apparatus “off the shelf” to
customers wishing to replicate results. This was an exceedingly im-
portant development. It meant that, just as in the audiences for the
public lectures, demonstrations of Newton’s principles could be in-
creasingly confirmed by numerous witnesses. A Newtonian victory
would be a public victory at home to be sure, but also possibly
abroad.

Transmission of Newtonian Science to
the Continent and America

When the professor of physics lectured to his pupils at Jena in 1795,
he made extensive use of the writings of early eighteenth-century
Dutch Newtonians, and his note-taking pupils replicated by hand
many of the illustrations found in Newton’s Principia.23 The surviv-
ing notes help us to illustrate two points: the enormous importance
of Newton’s masterpiece in laying the foundations of modern phys-
ics and the role of Dutch philosophers and journalists in bringing
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Newtonian science into Continental Europe. Even at century’s end,
when physics had also come to include new and exciting work on
electricity and batteries for capturing it, the Principia remained ba-
sic as did the use of machines—even if drawn rather than physi-
cal—to illustrate the principles of physics. In every language and in
sites as diverse as universities and teaching hospitals, or as lively as
coffeehouses, teachers began with basic definitions of matter and
motion.24 In French schools after 1750, Newton’s system was rou-
tinely explicated and the young were told universal gravitation “is a
primitive law, and uniquely dependent on the will of the Creator.”25

The earliest explications of Newton’s system occurred in French
language journals edited from the Dutch Republic. Ever since 1689,
when the Dutch stadholder became King William III of England,
the Protestants of the Republic saw the English as their natural al-
lies and protectors against French bellicosity. In 1685 French Prot-
estants had been denied any religious toleration by Louis XIV; and
they, like Desaguliers’s father, fled in the thousands to the Dutch
Republic, England, and the new world. They constituted an inter-
national force, and the learned among them disseminated books
against French absolutism, translations of English works in politi-
cal and natural philosophy, and journals in which reviewers told
of Newton’s achievements or the latest work being done in English
science. One coterie of French refugees included booksellers from
Germany and a young Dutch natural philosopher, Willem Jacob
s’Gravesande. He became the leading Newtonian of the 1720s and
1730s on the Continent.

While in London, Francis Hauksbee lectured on Newtonian me-
chanics, and in Florence within a few years he could be read in an
Italian translation. The influence of Newtonian thinkers in Italy
became one conduit that introduced s’Gravesande to Newtonian
physics and mechanics.26 Most important for his career, however,
was s’Gravesande’s appointment as secretary to the Dutch embassy
in London. There he made quick inroads into the Newtonian com-
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munity, to membership in the Royal Society, and on his return to
The Hague, s’Gravesande took up the chair of physics at Leiden
University. His Mathematical Elements of Physics (Leiden, 1720)
began as a Latin work that was quickly translated into English,
French, and Dutch. Without doubt, the book was the most impor-
tant and stimulating physics textbook in the West until well after
1750. In that decade the young James Watt (before his steam en-
gine fame) hired a tutor and worked his way through it, just as dec-
ades later students at Jena would be exposed to it. In addition,
s’Gravesande worked as a consultant on engineering projects, and
one important factor in the rapid spread of Newtonian mechanics
lay in the perception and the reliability and applicability of mechan-
ical principles in mining, canals, and power technology in general.

The emphasis on application had roots deep in the practices of
artisans throughout the early modern period. It is no accident that
the other important Dutch Newtonian, Petrus van Musschenbroek,
came out of an instrument-making family that his brother Jan con-
tinued for many decades. Petrus joined s’Gravesande as a cham-
pion of Newton; and between them by 1730, they made the Dutch
schools and universities, Utrecht and Leiden in particular, the best
places on the Continent to learn physics and mechanics. Like many
British chemists and physicians in the early eighteenth century, the
young Jean-Antoine Nollet from France received his education at
Leiden in 1736, and he in turn became the leading Newtonian
experimenter of the period after 1750. By way of contrast, at the
same time the professor of natural philosophy and mathematics at
Nuremberg in Protestant Germany used an essentially Aristotelian
framework; and, while invoking the experimental tradition advo-
cated by Bacon, Johann Muller treated matter by its forms, earth,
air, water, and so on, and sought to explain their movements by ref-
erence to those forms. A similar framework could be found in
French textbooks on physics of the same period.27 The process of
assimilation for the new science was slow, but it was steady.
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Remarkably the effervescence of the Dutch schools and universi-
ties before 1750 led to relative stagnation in the next generation. By
the middle of the century, the Republic was in economic decline by
comparison to its neighbors. Interest in science remained in the
larger population and high literacy rates contributed to a process of
relative sophistication in matters scientific. As far as we know at
this time, the Dutch Republic supported the first scientific society
founded by and for women. But innovation in experimental phys-
ics and mechanics had passed to France—not, however, without a
struggle.

The history of experimentation in the eighteenth century was the
history of the promotion of Newton’s science. Shortly after his exile
in England, the philosopher Voltaire (François-Marie Arouet) pro-
claimed Newton’s success and the decline of Descartes. From Lon-
don he wrote:

Everybody talks about them, conceding nothing to the Frenchman
and everything to the Englishman. There are people who think that
if we are no longer content with the abhorrence of a vacuum, if we
know that the air has weight, if we use a telescope, it is all due to
Newton.28

This was written just as Newton’s first generation of disciples were
earnestly turning their attention to the latest rage in electrical ex-
periments. Yet, curiously, one branch of the new science—the mar-
velous phenomena of electricity—makes no appearance in the stan-
dard French textbook of the 1730s. Its nature had captured the
attention of Newton writing his famous queries at the end of the
Opticks (the Latin version of 1706), and after 1710 his disciple
Desaguliers performed electrical experiments at the Royal Society.
If there was one single phenomenon that propelled the new science
into the mainstream of popular and learned life, it was experimen-
tation in public on electricity.29 Very early in the history of electrical
experimentation, the assumption appeared that it had relevance
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to medical practices and possibly curative values. Electricity existed
in nature and could also be produced artificially, and the relation
between the two types remained a central problem well into the
twentieth century. As Benjamin Franklin put it, electricity can “be-
come perhaps the most formidable and irresistible agent in the uni-
verse.”30 The earliest original American contributions to Newto-
nian science came in the field of electricity.

The boundaries of the natural world of the eighteenth century
were exploded by exploration as rapidly as by experiment. The ex-
panding empires of the early modern Western European nations
(then still including the American colonies) sought to possess nature
and to catalog it as well. Like cloudbursts on the shore, ships, mari-
ners, explorers, priests, and philosophers descended on coast af-
ter coast, intent on capture and colonization. But empire proved
far from unproblematic—even for those whose power guaranteed
them certain victory. Empire meant new species, new navigation,
new diseases, and new sightings of the rare and even of that only ru-
moured to exist. For example, when the great French navigator
Bougainville obtained sketches in Africa of a quadruped seventeen
feet high, the naturalist Buffon told him that this was a giraffe that
had not been seen in Europe since the time of the Romans.31 The
vast profusion of nature also meant confusion, full cabinets for col-
lectors, and the cataloging of curiosities, for the empires of land and
conquest were also empires of rapidly expanding knowledge. New
images and new charts, engravings of the exotic, and scientific in-
struments—all were tools applied in the possession of nature at the
farthest reaches of trade routes and in the European drawing rooms
of the curious and the wealthy.

The English-speaking colonists had the enormous advantage of a
built-in inheritance that began with Bacon and included Boyle, the
Royal Society, and Newton. The useful and the experimental com-
bined with artisanal skills in instrument making meant that, by
the mid-eighteenth century, sites of experimental science could be
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found dotted up and down the east coast of America from the Col-
lege of William and Mary in Virginia to Harvard College in Massa-
chusetts. In New York Cadwalader Colden became a respectable
Newtonian who explicated the master’s system. London remained
firmly the metropole, and the prize of originality could only be
awarded by getting attention in the imperial capital. Emphasis is
being laid here on electrical experimentation in colonial America
precisely because of its high visibility, its immense international di-
mension, and the colonial excellence displayed by Franklin and his
cohort in Philadelphia.

Perhaps in no branch of the new science did work get translated
and circulated as rapidly as with things electrical.32 Medical doc-
tors, showmen, quacks, and experimental natural philosophers vied
for public attention, and claims were made for cures for everything
from rheumatism and paralysis to the gout. Nature dramatically ac-
commodated with electrical storms that induced both fear and awe.
Climatic comparisons from the Bermudas and the Carolinas de-
lighted correspondents.33 Electricity could strike people and ani-
mals blind, and it could strip paint off molding or melt metals—all
effects were recounted to audiences by Franklin and many others in
Europe as well. It is not accidental that Franklin’s books also con-
tained advertisements for other books on geography, medical prob-
lems, and the spectacular (comets and volcanoes). The electrical
had come to imply the global, the curative, and the spectacular.34

With electrical experimentation and shows, science had slipped for-
ever out of the exclusive grasp of the learned and become an ac-
quaintance of crowds, both literate and nonliterate. Its integration
into everyday life had begun in earnest. In Italy Volta experimented
with a range of substances—silk was among his favorites, so too
animal hair, wool, and flax—to test friction and conductivity.35

To discover nature by exploration was closely akin to its manipu-
lation by experiment in a multitude of European laboratories.36 Ob-
servation and analysis, mathematics, instruments of navigation and
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experiment, craft and skill, converged to cope with the explosion of
information that followed in the wake of the European empires.
The results were more than overwhelming for those accustomed to
the certainty that ancient philosophers or modern priests promoted.
Between exploration and experiment, the chaos of nature and cre-
ativity of classification defined the European Enlightenment.

Witnessing

Experimental credibility gave enormous momentum to the world of
the demonstrators and their witnesses. Experiments with the air
pump that provided proof of the existence of a vacuum, models of
early steam engines, demonstrations by Desaguliers of the capacity
of loadstones to make keys magnetic, John Canton’s methods of
making artificial magnets—all expanded the phenomena to be seen
and linked the navigational needs of the state with those of com-
mercial men. Merchants and traders became witnesses on highly
contested issues.37 Many of these experimental displays could be
exceptionally dramatic. By the 1730s, among the most notable ex-
amples of credibility fashioned out of the spectacular, were the
hotly disputed demonstrations of electrical phenomena. Electric-
ity fascinated observers, especially those who saw brilliant static
charges in a darkened room. Newton’s own speculations in his
Opticks had proposed a link between electricity, light, and subtle
substances that might exist in all bodies of matter. Such sugges-
tions established an experimental program regarding the forces at
work between the particles of bodies, or between storm clouds and
church steeples.

Simplicity and precision were essential to devices displayed be-
fore an audience. Indeed, as we shall see, simplicity in experimental
instruments became fundamental to some late eighteenth-century
experimental chemists, notably in Britain. By the 1740s, the effort
was still being made to design apparatus that revealed basic natu-
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ral principles, whether of momentum and the collisions of inelas-
tic bodies or the existence of electrical fluids. By such means, in
France Nollet was able to attract a broad respectable audience—
even involving women, as had Harris and Desaguliers in Britain be-
fore him. Nollet, like many others, also doubled as an instrument
maker; in fact, his course could be described as a marketing device
for instruments he was prepared to sell. Nollet targeted his Parisian
market carefully, making his apparatus clear and capable of reason-
ably simple repair. On the other hand, his apparatus did not always
come cheaply. He reportedly sold a telescope to Voltaire and Mme
du Chatelet for the handsome sum of 2,000 livres. Voltaire even
complained that his investment in Nollet’s cabinet de physique had
ruined him. Of course, Voltaire was exceptional in many regards,
not the least of which were being a Newtonian enthusiast in France
and his penchant for exaggeration.

The audience for displays of fundamental mechanical principles
was obviously significant by the 1740s when explorations of mo-
mentum and collisions attracted a great deal of attention. Thus, at
the Saint-Germain fair, Sieur Pauliny attended demonstrations of
the “forces of attraction, repulsion and suspension.” Apparatus
was the key. Nollet went further than most and wrote a three-vol-
ume work for amateurs so they could manufacture their own de-
vices economically and then easily store and repair them. It is espe-
cially remarkable that by mid-century a conscious effort was being
made to move laboratory practice beyond the collection of amusing
observations. Rigor imposed by properly designed apparatus and
experiments meant that discoveries could be made by disciplining
the ever-expanding world of sense knowledge. In the dramatic en-
tertainments of magnetic, electrical and even chemical powers, ex-
perimenters increasingly subjected themselves to dangerous experi-
ences such as by taking shocks or breathing noxious airs. But as the
Abbé Nollet once perceptively remarked, “A course of experiments
. . . [is] not a course of experiences.”38
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The essence of the Enlightenment interrogation of nature was
transparency and an expanding audience. This is what demonstra-
tions were all about. Like the mathematical lectures from which
they arose, experimental lectures were required to provide proof of
basic axioms or, in this case, natural principles. And, of course, the
mathematical lecturers relied precisely on the merits of such dem-
onstrations to establish their legitimacy. This was not only the an-
tithesis of the credulity, possessed by those who believed in astrol-
ogy or in prophecy played out in signs in the skies, but it was also
an antidote to it. Demonstrations, whether mathematical or experi-
mental, created an atmosphere in which plausibility of any claim
could be evaluated.39 This capacity to assess the validity of any
proposition was not only philosophical but also social. The devel-
opment and promotion of methods of evaluation, notably those of
trial and experiment, were critical to the success of the public phi-
losophers. Charlatans had to beware.

Lectures that rendered observations easy also relied on instru-
ments that were readily available and broadly understood. When
John Laurence in 1718 spoke to the explanation of the rising and
falling of mercury in a barometer and related it to the “Philosophy
of Gravitation upon the principles of the GREAT Sir Isaac New-
ton,” he didn’t quite have it right. Yet within a few years, the
onetime schoolteacher and lecturer Benjamin Martin described the
barometer as “the first in Dignity among the modern Philosophical
Inventions.” By then it was among the group of readily obtained
devices like telescopes and orreries that adorned many an En-
lightened household.40 These came to include microscopes, prisms,
electrical machines (some even for medical uses), and especially
more and more chemical apparatus that turned country homes into
private laboratories. The barometer was thus but one example of
an increasing array of instruments of decreasing expense and di-
minishing complexity.

The spread of instrumentation was a crucial development in the
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scattering of Newtonian principles and in the spread of natural and
experimental knowledge throughout the social ranks of eighteenth-
century Europe, notably among entrepreneurs, industrialists, and
mechanics. Devices built confidence. Desaguliers promoted many
of his lectures as a preservative against frauds. In the growing con-
sumer culture of the eighteenth century, this was of utmost impor-
tance. But in an emerging industrial culture, of innovation and in-
vention, devices might also prove economically crucial. This was
especially true when philosophers played a role in some of the pro-
motions and companies that were based on mechanical contriv-
ances, such as those engaged in drainage or the new steam en-
gines even before the innovations of James Watt. By 1700 steam
engines were a fact of life, used largely for draining mines. By 1800
they were powering the new factories, their up-and-down motion
translated into rotary motion harnessed to spinning machines. By
1851 six-horsepower engines had become portable, and they were
dragged from roadside to farmyard to small factory, ready to do a
day’s work as needed. They nicely blended into the scenery.
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C H A P T E R 4

Practicality and the Radicalism of Experiment

The early disciples of Newton captured the market for experimen-
tal philosophy. Despite Newton’s unease, public science dramati-
cally revealed the principles otherwise hidden behind the imposing
edifice to his Principia Mathematica. As we know, Newton was not
interested in what he considered to be pandering to the vulgar.
Newton used higher mathematics to explicate the laws of nature
and, according to the mathematician John Machin, “Sir Isaac said
he first proved his inventions by Geometry & only made use of ex-
periments to make them intelligible & to convince the vulgar.”1

Nevertheless, despite Newton’s reservations, there were two im-
portant aspects of the fashion in public lecturing that gathered mo-
mentum throughout the century: first, the emergence of a rapidly
expanding public audience for experiments; and second, the dem-
onstration of mechanical contrivances, from simple machines to
steam engines, based on Newton’s notions of attraction, repulsion,
inertia, momentum, action, and reaction. A very large number of
these lecturers were intent on showing how machines worked to
those who attended out of curiosity and also, especially, to those
who might invest in contrivances such as cranes or steam engines
for industrial enterprises. In our view, a broad public audience in-
terested in mechanical laws had significant consequences for the
process of industrialization in the last half of the eighteenth century.
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As early as the 1720s, public science turned increasingly practical
and less religious in tone; and by the 1770s, it began to attract so-
cial and political reformers.

By the early eighteenth century, it was increasingly clear that the
deliberation of useful knowledge was a strategy both Baconian and
Newtonian in its origins. Here then was the first apparent knowl-
edge economy. Notably, the lectures of Desaguliers illustrate the
turn to the practical, and they had two important objectives. First,
they helped to establish his practical credentials and thereby recom-
mend him to investors desperate for advice. His patron, the Duke
of Chandos, was involved in so many schemes—from the African
Company to the steam engines employed in London by the York
Buildings Company—that he required the best advice he could ob-
tain. There were many enterprises that demanded the latest techni-
cal expertise and Desaguliers, along with a growing number of his
rivals, was in a position to provide it.

Partly for this reason, Desaguliers’s second major objective in his
lectures was to provide information on the latest achievements in
mechanical technology—most notably, on the early steam engines
that operated in Britain long before James Watt’s designs would
help make the first Industrial Revolution. Desaguliers could show
the effects of the Savery engine, which emerged at the end of the
seventeenth century and which used a partial vacuum caused by the
condensation of steam to draw water out of mines. He was soon
able to demonstrate the workings of the rival, and much improved,
Newcomen engine, which was the first to use a piston driven by
steam. Hundreds of these imposing machines were ultimately em-
ployed in the British mines. Desaguliers built working models of
such devices as well as an apparatus to help clear mines of foul air, a
continuous source of danger in mines. He even patented a machine
that applied the heat of steam in the boiling or evaporation of vola-
tile substances otherwise prone to explosion if exposed to an open
flame. Desaguliers followed these public and practical ventures by
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lecturing on the expansive power of steam to Fellows of the Royal
Society. It is interesting that debates on the nature of the atmo-
sphere also gave impetus to numerous experiments on the capaci-
ties of various airs to preserve life—and on chemical tests to distin-
guish foul from fresh air.

By the 1730s, experiment could no longer be limited to the inter-
ests of a few natural philosophers. Once audiences had grown suf-
ficient to support the efforts of many lecturers, then practical mat-
ters were as important as philosophical principles. Many copies of
individual lectures were published in the first half of the eighteenth
century, perhaps so the audience could take away the essence of the
presentations. In effect, it was possible to compile a textbook lec-
ture by lecture, as in Desaguliers’s A Course of Experimental Phi-
losophy (1734, 1744), and each lecture often contained vast me-
chanical detail. But there were also presentations before smaller,
much less well known groups other than the Royal Society, so the
members could engage in debate on these same issues. We know of
mathematical as well as botanical societies meeting in coffeehouses
since the first decade of the eighteenth century.

We can, for example, reconstruct some of the efforts of the so-
called Spitalfields Mathematical Society, which was established in
1717 in the industrial east end of London among the Huguenot silk
weavers and craftsmen. This was not merely a group of artisans
struggling with their chalk over obscure mathematical puzzles. The
society’s activities broadened throughout the century to the build-
ing of an impressive library and the establishment of a sizeable cabi-
net of experimental apparatus for public lectures.2 In this case, an
organized society appealed to, rather than shunned, the public. This
approach, we submit, was exceptionally significant for it clearly
meant that Newtonian natural philosophy had found an audience
far beyond the great philosopher’s imagining. The growth of indus-
trial interests and of the instrument trade meant that experiment
and models of machines would become staples of the eighteenth-
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century lectures. The provision of mechanical knowledge met the
needs of would-be engineers and projectors.

The link between experiment and mechanics was crucial to the
expansion of public interest in natural philosophy and industrial
transformation. Although this has been a difficult association for
subsequent historians to make, one of Newton’s early biographers
hinted that the promotion of experiment could be broadly con-
ceived as an attempt to determine “what nature might do and suf-
fer.”3 Out of this proposition, one might draw the conclusion that
practical ends tended to justify experiment beyond the scope of a
gentleman’s leisurely curiosity. If so, then the early eighteenth cen-
tury was face to face with the very issue that had once led to the
failure of the “History of Trades” in the Royal Society and to
the controversial efforts to disparage the interests of artisans and
craftsmen. The development of the public world of science forced a
resolution of this apparent social conflict without the assistance of
the Royal Society. Consequently, when Desaguliers complained in
the 1740s about those who were “full of the Notion of the differ-
ence between Theory and Practice” he was making a very telling
point. Those who saw such a difference were precisely the ones
most likely to be misled into believing that inventions might work
when they clearly violated even the most basic mechanical laws.
This was terribly important in an age that had already been
wracked by the stock market crash of 1720, in the so-called South
Sea Bubble, when all kinds of imaginary schemes had been floated
and fortunes evaporated. Much like our own modern experience, in
terms of investment in new technology, ignorance could lead to
financial disaster.

Philosophers and Engineers

For experimental philosophers, a major selling point was precisely
their knowledge of why machines worked, and why they might not.
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Likewise, they stressed that mechanics and engineers needed to pos-
sess philosophical knowledge. For example, John Grundy, senior, a
land surveyor and teacher of mathematics, proposed that every en-
gineer should “understand Natural Philosophy in order to make his
Enquiries just.”4 Shortly thereafter, Desaguliers declared in his pub-
lished Course of Experimental Philosophy that philosophers were
actually the only realistic guardians so investors “might not be
impos’d upon by Engine-makers, that pretend to (and often fancy
they can) by some new invented Engine out-do all others.”5 Thus,
the public lecturers began to negotiate the critical space between
philosophers and mechanics just as industrialism started to gather
pace in Britain.

Where the force of utility began to show its face, the works of
Desaguliers and his host of competitors could not easily be ignored.
It was left to an early engineer, John Smeaton, in 1747 to challenge
those who dismissed what were then sneeringly called “the com-
mon Herd of conjuring Philosophers about Town”—as though they
were simply making money from magic shows. He proposed that
the experimental lectures, of which there were many by then, might
prove a worthy employment if natural laws were carefully revealed.
Smeaton himself bridged the gap between science and mechanical
skill that some historians have asserted. Smeaton, a self-styled civil
engineer, was elected a Fellow of the Royal Society on the basis of
his reputation as a “maker of Philosophical Instruments.”6 His im-
provements to the air pump were such that the celebrated chemist
Joseph Priestley believed that it would prove important to his ex-
periments on airs. Smeaton was so adept at mechanics that he
turned his attention to engine making—but as a designer who could
ensure that proper natural powers were not ignored. The actual
construction was left to others. Natural principle and mechanical
experience were united, especially concerning the effects of such
phenomena as friction, momentum, and work, which we know at-
tracted the attention of some of Newton’s immediate disciples. In-
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3a & b. The new mechanics. One of the arguments for the new mechanics
rested on its ability to augment human strength, with or without new
machines.
Courtesy of Thomas Fisher Rare Book Library, University of Toronto
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deed, throughout the 1750s, Smeaton conducted a series of noted
experiments on wind and water mills and on models made to reflect
the operation encountered in full-scale engines. He claimed that the
principles that he was able to deduce from such models and experi-
ments would be of great influence as his designs were used over the
rest of the century.7 One can readily understand why, in a century
marked by the mathematization of nature, how essential it was to
arrive at a calculation by which new mechanical contrivances could
be measured and, in that competitive world, compared.8 It was up
to our philosopher engineers to attempt to solve the puzzle of na-
ture’s laws when, according to the British historian Paul Langford,
“a Nation of Newtons and Lockes became a nation of Boultons and
Watts.”9

While the senior James Watt made a major contribution to the es-
tablishment of a universal measure of force by comparing his en-
gines to the power of a number of horses, this actually was a very
old notion. As early as 1698, Thomas Savery in The Miner’s Friend
had claimed to be able to build engines equal to the capacity of
two horses constantly working together. And the mathematical cal-
culation of power in Newcomen engines was defined in 1721 by
Desaguliers’s friend, the engineer Henry Beighton, as the result of
factors such as the diameter of the piston and the diameter of the
pump drawing water, and the amount raised and the depth from
which water was drawn.10 Similarly, half a century later in his ap-
praisal of a steam engine in 1775, John Smeaton calculated its ca-
pacity to raise water over a day to a height of 53 feet to be the equal
of 400 horses in total. This kind of precise mathematical definition
required some sense of what an engine could consistently do, which
was not, in fact, easy to measure or even to approximate in those
frequently halting machines. The early applications of the Watt en-
gine ran into intense skepticism from investors in mines and facto-
ries. Practitioners and proprietors were highly suspicious of the
claims of engine makers. The anticipated savings from horses did
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not uniformly materialize, and the outlay for an engine builder con-
structing the unmanageable engines often troubled the investors.11

Nevertheless, horsepower was clearly becoming the standard of sig-
nificance because it was horsepower that was literally one primary
avenue of saving and that would be estimated in a large variety of
ways, none of them entirely satisfactory.

We have no hint at how James Watt arrived at his definition, in
1782, of the capacity of a horse to pull 180 pounds 60 yards per
minute. But it is clear that during the 1780s, Watt was routinely
calculating the capacities of engines at a horsepower standard of
32,400 pounds raised one foot high per minute—though by 1783,
he had rounded up to 33,000 pounds. Significantly, Watt was soon
describing his engines to prospective buyers in horsepower.12 It is
remarkable that in his own account of the derivation of the stan-
dard, James Watt acknowledged a certain amount of fudging and a
tradition derived from preexisting mechanical practice: “[Boulton
and Watt] . . . felt the necessity of adopting some mode of describ-
ing the power, which should be easily understood by the persons
who were likely to use them. Horses being the power then generally
employed to move the machinery in the great breweries and distill-
eries of the metropolis, where these engines first came into demand,
the power of a mill-horse was considered by them to afford an obvi-
ous and concise standard of comparison, and one sufficiently defi-
nite for the purpose in view.”13 The notion of horsepower, whatever
its real meaning, followed a custom of a lengthy lineage and of the
common experience of mechanics in mills and mines.

It may appear that Watt’s successful measure was, to some ex-
tent, arbitrary. Nonetheless, it did provide the basis for a compari-
son between engines of diverse types. Boulton and Watt needed
such a means of comparison when they sought to replace the en-
gines of competitors or to fight off interlopers who tried to evade
their patent. Some engineers early in the first industrial revolution
merged experimental method with the application of models. Add
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to these practices the expanding empire of witnesses in a consumer
culture, and deductions might be reached that could be put to ac-
tual use. It was the Newtonians, some of whom explicitly advanced
the overlap of natural philosophy and mechanics and promoted
experiment, who kept Baconianism alive in eighteenth-century
Britain.

Experimental Concerns

Let us look at the consequences such courses of experiment might
induce. In the early part of the century, the efforts by William
Whiston had attracted much criticism from those who feared that
lectures before an uneducated audience might spread materialism.
His decidedly controversial and unorthodox theological views also
did not help matters. Whether the real issue here was Whiston’s
personality and his aggressive promotion, or the spread of natu-
ral and experimental philosophy among paying audiences uncon-
strained by rank or social position, is not easy to separate. Contro-
versy attracted attention. Increasingly, debates on experiments
found their way into the press—so philosophers in dispute might
even look to newspapers as an arena in which to settle matters. By
the middle of the century, it was not uncommon to find the widely
circulated Gentlemen’s Magazine reporting on issues discussed in
the Philosophical Transactions of the Royal Society.14

Philosophical conflict both engaged the public and could have
practical consequences. For example, the efforts to determine an ac-
curate map for French territories required a precise measurement of
the length of a degree at various latitudes. The French-Swedish ex-
pedition in Lapland to settle the shape of the earth, even with the
application of the most exact English instruments, provoked a dis-
pute in the French press regarding whether Newton’s notion of a
world flattened at the poles had been the right one.15 Similarly, fol-
lowing a lead set by Voltaire’s polemical Letters on the English
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Nation (1733), thirty years on in the brilliantly written romance of
an arduous and celebrated four-year circumnavigation (1766–1769),
Louis de Bougainville described himself as merely a sailor and a
simpleton.16 An unassuming popular appeal was sometimes essen-
tial in the philosophical marketplace as well as for the readers of
travel literature. Philosophy adapted to the stage as well. London’s
Pantheon was the scene of a celebrated demonstration of the appar-
ent benefit of blunt rather than pointed lightning rods by Benjamin
Wilson. He sought advantage in his bitter dispute with Franklin
over the best means to protect the King’s arsenal at Purfleet. Even
the celebrated chemist Lavoisier, in February 1785, carefully staged
his theory on the synthesis of water, made from the newly identified
gases oxygen and hydrogen, before witnesses at the Paris Arsenal.17

A scientific public, in the century of the Encyclopedie, mattered to
philosophers.

Throughout the century, the philosophical world widened rap-
idly. Thus, we want to emphasize the link between audience and
readership on the one hand, and the inducement to exploration of
both mechanical and philosophical questions on the other. It is ob-
vious that consequences followed from the elevation of the pres-
tige of mechanical skill. The efforts of the Newtonian lecturers were
reflected in the notion put about by Diderot that more “wisdom,
intelligence, consequence” could be found in machines for mak-
ing stockings than schemes for spinning gold.18 Philosophical fan-
tasy had secured more ruin than riches largely because of the very
ignorance the lecturers argued they were able to dispel. If such
an ideology were widely accepted, emerging and radical notions
of the democratization of knowledge, proposed by the millenar-
ian and republican chemist Joseph Priestley, would have resonated
among manufacturers and notably as well would have induced
alarm among those whose established social prominence and politi-
cal power might have been called into question.

Was there then an affinity between the chemical investigations of
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the experimenters who had once followed the lead of Newtonians
like Stephen Hales and those of his successor Joseph Priestley? Did
eighteenth-century philosophers help in the accelerating industrial
transformation of Western Europe, first exemplified in the English
Midlands, and in advancing the parallel demands for social and po-
litical reform? Historians have often sensed such connections lurk-
ing behind the spectrum of radicalism, republicanism, and reform
that transfixed the North Atlantic world in the late eighteenth cen-
tury. Of course, the industrial revolution pointed not merely to the
astonishing growth of new wealth but also to the difficult condi-
tions of daily life that it was also capable of producing. At the same
time those with little political power, however wealthy they became
from their machines, could point to the necessity of constitutional
reform. There was an expanding awareness that social dislocation
and difficulties in progressively crowded manufacturing towns ur-
gently needed to be addressed. The airs of the new towns were in-
creasingly foul and that in the factories themselves virtually un-
breathable for workers who spent many hours tending the looms
and forges. By 1792, a young Scotsman approaching London was
appalled that he was “involved in a thick cloud of smoke for the
last twenty miles, the wind blowing from the south.”19 Of course,
as towns and cities expanded, pollution became far worse and there
were few attempts to control it. Inevitably these circumstances
raised the social question of what it was that experimentation
might do, not merely to accelerate innovation and broaden knowl-
edge, but to address the problems of public health in congested
towns and manufactories. For example, Dr. Thomas Percival wrote
to James Watt about Watt’s rumored invention of “a method of de-
stroying smoke, which issues from fire engines, furnaces, & other
works . . . to receive further information concerning a discovery,
which promises to be of great importance to the inhabitants of
Manchester, who appear to be peculiarly incident to pulmonic af-
fections . . . from the rapid increase of the cotton manufactory.”20
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The study of gases was increasingly important as pulmonary dis-
eases appeared to be endemic and tuberculosis remained a scourge
for rich and poor alike. This was at least one reason for the urgency
of the chemical analysis of airs in which Priestley and his associates
were deeply engaged. In the absence of a germ theory for such dis-
eases, their manifesto as reformers of the medical profession as-
serted that, by using every possible means, including newly discov-
ered airs like oxygen or nitrous oxide, they might “diminish the
sum of human misery.”21 Some believed these gases could be used
to treat many diseases, notably consumption (tuberculosis), which
was rampant in crowded industrial towns like Birmingham and
Manchester. James Watt’s own household was severely affected and
his daughter Jessy died early of the disease despite his best efforts to
secure the most knowledgeable medical advice from the chemist
and physician Thomas Beddoes. “Dr. Beddoes’s Breath” was one
description of the prescription to inhale nitrous oxide and Beddoes
and Watt promoted this treatment. Watt even manufactured a por-
table apparatus for sick rooms. Those engaged in chemical experi-
mentation found that they were frequently called on to address the
serious issues of social health, much as was the case in France with
Lavoisier. In so doing, the experimental treatments of pneumatic
medicine assisted in the blurring of the boundaries between chem-
ists, apothecaries, surgeons, and physicians whose social roles were
in significant transition in early modern Europe.22

James Watt, in his chemical laboratory, was convinced of the
efficacy of the newly discovered airs. He assisted those in Birm-
ingham who were increasingly desperate, often referring them to
Beddoes, and helped to organize support among fellow industrial-
ists for the establishment of a Pneumatic Institution by Beddoes in
Bristol. He believed that access to medical treatment should have
been as easy as breathing air. Pneumatic medicine spread rapidly,
especially among those who believed that medical cures should not
be limited to those of wealth and standing. Indeed, Beddoes re-
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ceived and published numerous cures that, in the end, turned out
to be extremely disappointing; next, he turned his attention to the
new promise of medical electricity in the application of the new bat-
tery known as the Voltaic pile. By 1792 Beddoes was anxious to ab-
sorb Volta’s experiments in “a new system of medicine.”23 Per-
haps there was a tendency to seize on the latest experimental
research rather too readily; but claims of cures were not limited to
quacks or to frauds. Experimentation often held much promise,
and medical adoption of the latest chemical research was no excep-
tion. Beddoes’s approach was to disseminate as many reports as
he could, thereby attracting even more enthusiastic claims and nu-
merous case studies from medical practitioners throughout the
reaches of the British Empire. The Manchester chemist Thomas
Henry, while seeking subscribers for Beddoes’s Pneumatic Institu-
tion, claimed in 1795 that medicine must try all remedies when “the
times were so unfavourable, & the prevalence of a destructive Ty-
phus increased the sufferings of the poor to such a degree, as to
make every exertion necessary for their relief.”24 And it was at
Beddoes’s laboratory and clinic in Bristol in 1798 where the young
chemist Humphry Davy began to make his reputation on assessing
the “prodigious power over the sensibility of the human frame”
that some of the new gases and compounds exhibited. Together
they tried the effects of nitrous oxide, Davy in particular engaging
in a series of experiments on himself so he could adduce the effects.
Luckily for him, most of the concentrations seemed to have been
low enough not to cause much damage; but Beddoes reported that
during a trial of hydrocarbonate gas, Davy made himself very ill
“by taking 3 full inspirations of it undiluted, having previously
emptied his lungs as well as he could.”25

The uses of chemistry at the end of the eighteenth century were
widely recognized, especially in terms of chlorine, alkali, and ven-
tures in soda manufacturing. Chemical experiments were to a large
degree driven by industrial potential and the laboratory was not to
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be separated from the workshop. 26 The industrialist Thomas Coo-
per—who, like Priestley, had to flee to America to escape persecu-
tion for his political radicalism—declared chemistry to be the most
beneficial of all the sciences. Cooper, once a manufacturer in Man-
chester and member of the reforming Literary and Philosophical
Society, stated from America in 1812 that “chemistry is of more im-
mediate and useful application to the everyday concerns of life and
it operates upon our hourly comforts [more] than any other branch
of knowledge whatever.”27 Thus, by the turn of the century we can
perceive the convergence of social reform, republicanism, and the
evolving public interest that brought much experimental work to
fruition. Whether or not experimental philosophy was intended to
further the agendas of eighteenth-century radicals (of which there
were indeed many kinds), it remains clear that the utility of such
experimental innovation was inherently reformist—and therefore
much debated. Hence it was James Keir, the Birmingham chemist,
who best expressed a place for the public that we have seen emerge
with increasing momentum. In 1789, the very year of the fall of the
Bastille and the outbreak of the French Revolution, Keir declared:
“To enable these judges, the public of all nations and of all times, to
decide with a full knowledge of the question, every view in which
the subject can be considered, every argument for and against ought
to be presented to them.”28

Fears of Philosophers

In a world of intense international strain, from industrial wealth
and imperial conflict, the concerns of our philosophers came under
careful scrutiny. It was one thing for democrats like Priestley or
Keir to seize the latest in natural knowledge to further their cause.
But it was quite another thing to those who dreaded where this all
might lead. Of course, it really did no good for a messianic Unitar-
ian minister like Priestley to light the fuse by exclaiming that the
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powerful who sat atop the British pyramid had every “reason to
tremble even at an air pump or an electrical machine.”29 But a met-
aphor of philosophy as volatile and incendiary as this was hardly
without foundation—not the least in the minds of those who feared
Priestley’s vision of a world turned upside down.

It is useful to recognize that there had long been a suspicion that
philosophy displayed might be philosophy misunderstood. There
was always the fear that such a process might encourage those not
always well disposed to a power long settled on Church and King.
As early as the seventeenth century, there had been much suspicion
about where theories of materialism and atomism might lead. In
some respects, this is the legacy of the suspicions aroused by reli-
gious reformers who had insisted on scripture made accessible, ca-
pable of being read in the vernacular languages of Europe without
the intercession of priests. In the world of early modern science, the
transition from theory and experiment to demonstration and dis-
semination was the critical evolution. As we know, the Newtonian
apostles of the eighteenth century were in the vanguard of this
movement. It did not help, of course, that some had reputations for
what were then regarded as heterodox and revolutionary religious
views.

These reflections against heterodoxy were part and parcel of the
High Church backlash against the growing world of public science.
This was not news even to Newton’s closest contemporaries. His
successor at the Royal Mint, John Conduitt, had once cited argu-
ments “against those who prostitute the venerable name of Philoso-
pher to persons who pass their life in making experiments upon the
pressure of the air or the virtues of the loadstone, or to the Chymist,
or to Free thinkers.”30 To create such associations always had a res-
onance in the eighteenth century, and they were full of danger for
philosophers. During the 1760s, the Reverend William Jones had
complained about the fashion for experiments. By then, as we
know, Jones was reflecting views already expressed in the press. He
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was following the criticisms that had been visited on Benjamin
Martin and that herd of demonstrators. One of the most active crit-
ics in the 1750s, also imitated and supported by Jones, was the Rev-
erend George Horne, who lamented that the vagueness and “mis-
understanding of Sir Isaac’s terms seems indeed to have been the
seed-plot of all our misfortunes.”31 Moreover, Horne described the
courses of lectures then very much in vogue as “a stupid admiration
. . . [and] a very low and servile employment for a man of genius.”32

But stemming the tide of public interest was a tall order indeed.
By the last quarter of the century, in the age of the American Rev-

olution and fears of social upheaval in Britain, it was increasingly
clear to some that a more profound danger was at hand than sim-
ply providing diversions for a paying public, however crass that
seemed. Of course, the fact that republicans like Ben Franklin had
already made a reputation in experimental practice simply rein-
forced these impressions. To many, the eruption of the French Rev-
olution was the inevitable consequence of a materialist, atomistic
philosophy gone mad. In the aftermath of the Terror, the British
politician Edmund Burke in 1795 described experimental philoso-
phy as “the principle of evil himself: incorporeal, pure, unmixed,
dephlegmated, defecated, evil.” The consequence, he announced,
was no less than a great unraveling of social order. Look to the shat-
tered remains of France, he demanded, where “you see nothing
but the gallows. Nothing is left which engages the affections on the
part of the commonwealth. On the principles of this mechanic phi-
losophy, our institutions can never be embodied, if I may use the ex-
pression, in persons; so as to create in us love, admiration, or at-
tachment. But that sort of reason which banishes the affections is
incapable of filling their place.”33

The problem for Burke was not France, but what followed. The
British establishment was itself under siege and to leave a public
philosophy unchallenged seemed to invite the menace of republican
sentiment. No social experiments could be permitted, to be induced
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by the turbulent classes and their spokesmen. In other words, pub-
lic order was threatened by the public itself. To Joseph Priestley and
his democratic friends, this was the aim of progress—an expanding
tide of knowledge that, in his Experiments and observations on dif-
ferent kinds of air, he argued would ultimately put “an end to all
undue and unusurped authority in the business of religion, as well
as of science.”34 This vision had to be disputed. Those of more or-
thodox views would come to essentially the same conclusion—but
about the dangers that lurked in a public world of experiment and
natural philosophy. It was not just experiments themselves; diffu-
sion made the difference. When the French Revolution was in full
force in 1792, in England it was pointed out that “the extension of
knowledge beyond certain limits is forbidden by that state of soci-
ety to which it owes its very existence”—that is, by the “polite and
virtuous classes”—or else all authority must be at risk.35

Experimental Societies

Dissemination was the key to the republic of knowledge. One vehi-
cle, from the early eighteenth century onward in Britain, was the
numerous philosophical societies. They did not set out to rival the
Royal Society; but they were an alternative venue for small groups
of dilettantes who gathered for discussions on botanical, geological,
experimental, or mathematical questions. For some—and certainly
for those who did not have the social standing or credentials to gain
an FRS—they became centers of sufficiently credible philosophical
activity, with their meetings in coffeehouses or taverns, that they
provided a substitute for the Society.

One of the most interesting of these societies is the Spitalfields
Mathematical Society, which was founded in London in 1717 as a
result of the efforts of the mathematical teacher and the naval sur-
veyor John Middleton. Little is known of Middleton or of the early
members of the society, which moved from place to place in the
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east end of London amid the industries and immigrants but never
more than one-half mile from the new Christ Church, Spitalfields.
Originally, membership may have been limited to a small group
interested in improving their mathematical skills. However, it is
very striking that in this area of intense industry, notably silk weav-
ing among the French Huguenot refugees who had fled Catholic
France, there soon appeared in the society a few individuals who
developed their own reputation in philosophical matters. Perhaps
it was their influence that induced the society by November 1746
to purchase “a proper Apparatus for Electrical Experiments” at a
time, as we have seen, such matters were much discussed in the
press.36 These interests in the widening fashions of the philosophi-
cal world resulted in another description for the Spitalfields group:
“Society for Mathematical and Electrical Studies.”

Among those Spitalfields fellows who can be identified in this pe-
riod was John Canton, FRS, who from 1745 operated a mathemati-
cal academy, but who made a considerable reputation as an electri-
cal experimenter and supporter of Benjamin Franklin.37 Similarly,
John Dolland, noted for his improvement of the achromatic lens,
became a Fellow of the Royal Society and was appointed optician
to the King. But Canton and Dolland were exceptional. Most of the
members of the society were connected to trades and had little con-
tact with the prominent world of the Royal Society. However, by
the beginning of the next century, some of the members had consid-
erable reputations, often as mathematicians or chemists. For exam-
ple, Robert Porrett was an experienced chemist before he joined the
Society and published chemical papers in Nicholson’s Journal. Sim-
ilarly, the self-taught William Wilson entered into courses on exper-
imental and natural philosophy in 1798 with Joseph Steevens, an
engineer of the East London Waterworks. Wilson designed demon-
stration devices specifically for lectures, but he also pursued a series
of chemical experiments on the properties of chlorine and nitro-
gen.38
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The efforts of Wilson reflected the more general objectives of the
Spitalfields society concerning the spread of scientific knowledge. In
this, they were the exponents of the grand tradition of the public
lecturers. The Spitalfields cabinets contained a vast array of appara-
tus, including what was necessary for electrical experiments but
also tools common among lecturers such as air pumps, balances,
globes, telescopes, and prisms. By the 1780s it had three electrical
machines. Notably this was a society without great resources and
certainly without patrons. Yet it managed to maintain a commit-
ment to demonstrations. In 1792, when there was increasing de-
bate on the political consequences of public lectures, the society’s
rules allowed its members a choice of giving a lecture on mathemat-
ics or on “some branch of natural, or experimental philosophy,
or shew[ing] some experiment relative thereto.” The group took
the precaution, however, of prohibiting members from introducing
“controverted points of divinity, or politics, into [their] Lectures.”39

Ultimately, they were giving lectures to large audiences for a very
small fee, thereby widely propagating the latest in experimental
learning. The displays initiated in 1798 were expressly advertised
“on terms so easy, as to be within the reach of every individual,
who has a taste to cultivate, or a curiosity to gratify.” Given the fact
that the British authorities were exceedingly nervous about such
ventures, this is a singular initiative. And the fee of 6 pence per lec-
ture clearly demonstrated the society’s intent to reach as many
craftsmen and artisans as might be inclined to attend. Their audi-
ences soon swelled to as many as five hundred.40

The Spitalfields lecturers, at the focus of London’s manufactur-
ing, also adopted an agenda of utility. In 1804 they claimed that
their efforts “tended to facilitate the improvement of the rising gen-
eration, and benefited the present by their useful contrivances to
abridge the labour of mankind.”41 In part, this claim could be con-
strued as a defense against nervous and suspicious authorities, par-
ticularly after the passing of the Seditious Meetings Acts in 1795
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and 1799. These acts gave the power to local magistrates to control
meetings of over fifty persons and required that the times and places
of lectures be provided before licenses could be obtained.42 Such
gatherings were being very closely watched to see whether they
were furthering the cause of reform—after all, “reform” could be
one meaning of “improvement.” The Spitalfields fellow and broker
Samuel Gompertz indicated that the Mathematical Society was in-
timidated by “the information lodged against several members by
the gang of informers, who have occasioned so much trouble.”43

Anti-sedition laws, and anti-Jacobin threats, had the consequence
of restraining small societies. They had few resources and few con-
nections with which to defend themselves. In any case, by the time
of the Napoleonic Wars and a heightened French threat, the official
fears had borne fruit. In 1809 the society gave up experimental lec-
tures on the grounds that lecturers were not available—probably
simply out of the fear of prosecution, hardly out of lack of interest.
It was not until 1817 that the group petitioned the magistrates to let
them open their rooms in Spitalfields for delivering lectures for
money.44 By that time there was little chance of a successful revival.

But our Spitalfields mathematicians created only one of many
societies that explored the limits of the sciences at the end of the
eighteenth century. The most well known is the Lunar Society of
Birmingham, which had among its members some of the leading
advocates of industry, medicine, and chemistry such as Priestley;
Watt; his partner in manufacturing, Matthew Boulton; the industri-
alist Josiah Wedgwood; and the physician William Withering.45 To
cultivate the seeds sown by lecturers traversing the provinces, like
Adam Walker and John Waltire, was possible for schools and socie-
ties of all kinds. Thus the Birmingham Sunday Society, to which
Priestley belonged, purchased experimental apparatus for use by
working men, at least that kind best suited “to a Town of Trade.”
In 1781 Adam Walker lectured in Birmingham, the heart of steam
manufacturing; he was expected to “set people a talking about
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Engines.”46 Here is but one example of how the lecturers and the
societies were mutually reinforcing in a period of intense interest in
technological change.

We need not go even so far as the Midlands to find such interest.
In the short-lived society of chemists who met at London’s Chap-
ter Coffee House in the early 1780s, there was much discussion of
the chemical industry and iron manufacturing. The same interest in
science appears at the Chapter Coffee House in the 1780s, the
schools offering lectures in Soho like that of Bryan Higgins’s from
the 1770s, the anatomy school of William Hunter in Great Wind-
mill Street, the Philosophical Institute of Peter Nicholson in Ber-
wick Street, and the Scientific Establishment for Pupils run by Wil-
liam Nicholson. He edited Nicholson’s Journal and published some
of the experiments of the chemists of Spitalfields.

Likewise, in the 1790s, experimental and chemical societies
emerged that had something of a medical orientation, such as the
Askesian Society, to which Alexander Tilloch, publisher of the Phil-
osophical Magazine (and Nicholson’s successor) belonged along
with Humphry Davy, William Allen of the Plough Court Pharmacy
since 1784, and the chemist Luke Howard.47 And, as we have seen,
often a medical interest meant an interest in the social foundations
of disease. Even when it could not always be readily accepted, espe-
cially given the evaporation of democratic values in the fury of the
French Revolution, the specter of reform was virtually impossible
to avoid. In a society in the midst of an industrial revolution, where
“it is the public which is to reap the benefit of the sluice,” this was
widely understood.48

The promise that induced democratic agitation and the dissemi-
nation of knowledge had many proponents in the eighteenth cen-
tury. Some advocated a program of utility; some went much further
to insist on fundamental political reform.49 After 1789, to others at
least, it seemed as though these might come to fruition in the midst
of the French upheaval. In 1792, for example, even when it was be-
coming clear that matters were not unfolding quite as the demo-
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crats desired, the chemist and entrepreneur William Howard wrote
hopefully to his brother about a “temple of Minerva,” that is,
about the goddess of Wisdom, arising from the “ruins of the hated
Bastille.”50 Such was not to be. One might, nevertheless, have ex-
pected some sense of social renovation to be inculcated in plans to
give artisans access to the newly created Royal Institution after
1799. It was to the Institution that Humphry Davy repaired after
leaving Beddoes in Bristol in 1801. Yet the tone was set, the archi-
tect of the new Royal Institution reported, when he “was asked
rudely what I meant by instructing the lower classes in science. I
was told likewise that it was resolved upon that the plan must be
dropped as quietly as possible, it was thought to have a political
tendency.”51 Neither industry nor science yet dissolved the bound-
aries of class.

The circumstances of revolution and war in Western Europe were
no laboratory for a crusade of experimental philosophy and the
benefits of useful knowledge. Even so, the program of accessibility
we have encountered and an emphasis on utility were closely en-
twined. For example, Samuel Parkes, of the Haggerston Chemical
Works in London and a fellow of the Linnean and Geological Soci-
eties, published five volumes of Chemical Essays in 1815. In them
he asserted that the works of chemists like Carl Wilhelm Scheele,
Tobern Bergman, and the Cambridge professor Richard Watson
had “contributed in no small degree to the information of the pub-
lic mind, and to that growing taste for chemical pursuits which is
one of the characteristics of the present age.”52 While Watson was a
Professor of Chemistry, like some of his predecessors at Cambridge,
he emphasized the utility of chemistry and took a particular interest
in its industrial applications. In his own Chemical Essays he as-
serted:

The uses of chemistry, not only in the medicinal but in every eco-
nomical art are too extensive to be enumerated, and too notorious
to want illustrating . . . It cannot be questioned that the arts of dy-
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ing, painting, brewing, distilling, tanning, of making glass, enamel,
porcelane, artificial stone, common-salt, sal-ammoniac, salt-petre,
potash, sugar, and a great variety of others, have received improve-
ment from chemical inquiry and are capable of receiving much more.
Those who by their situation in life are removed from any design or
desire of augmenting their fortunes by making discoveries in the
chemical arts will hardly be induced to diminish them by making ex-
pensive experimental inquiries, which not only require an uninter-
rupted attention of mind, but are attended with wearisome bodily la-
bour.53

Even in the universities then, supposed bastions of privilege and es-
tablishment, there emerged an acknowledgment of the need for the
books, lectures, and exhibitions that helped to make the industrial
world accessible. It is our contention, as it was Watson’s, that such
dissemination brought chemistry and industry face to face much
earlier than historians have sometimes assumed and in a wide vari-
ety of ways.54

The expanding universe of chemical and philosophical knowl-
edge eroded the fine social distinctions between philosophers, arti-
sans, and merchants otherwise so readily accepted in the eighteenth
century. Perhaps it was the chemist and professor Joseph Black of
Edinburgh who faced this issue best. According to one of his stu-
dents in the 1790s, Black exclaimed:

It is the desire of knowledge, of improvement, of obtaining new
facts in any Subject which they take into consideration which distin-
guishes a Newton . . . or a Boerhaave from the rest of their Contem-
poraries. They deservedly have acquired the Appellation of Philoso-
phers.
. . . . In short I call every man a Philosopher who invents anything
new or improves any business in which he is employed—Even the
Farmer who considers the nature of the different soils or makes im-
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provements on the ploughs he uses, I must call a Philosopher, though
perhaps you may call him a Rustic one.

Nor am I inclined to give much credit to those men who shut up
their Closets in study and retirement have obtained the appellation
of Learned Philosophers they in general puzzle more than they illus-
trate, they are wrapt in a veil of Systems and of Theories and seldom
make improvements or discoveries of Use to Mankind.55

This is the difference the promotion of experiment had made by
the beginning of the nineteenth century. The uses of nature were
paramount among many philosophers. New societies in support of
a doctrine of improvement—that is, of the cultivation of individual
minds as much as of economy—were frequently created. Thus, in
London, the City Philosophical Society emerged in 1808 out of lec-
tures by the silversmith John Tatum, but it was soon superseded by
the new Mechanics’ Institutes. It was left to the nineteenth century
to found a series of Mechanics’ Institutes throughout Britain. In
that national movement craftsmen and artisans attempted to as-
suage suspicions provoked, by a doctrine of enlightenment and im-
provement, in the minds of the wealthy. After all, even a new class
of manufacturers and entrepreneurs had much to lose if the lower
sort were, by rising expectations, induced to revolt. For the indus-
trial entrepreneurs, improvement among the laboring classes could
only be seen to be in their own interest. Thus it was absolutely
necessary to suppress the tendencies to radicalism and apparent
infidelity that had so agitated Edmund Burke and his allies. During
the riots that drove Priestley from Birmingham, in July 1791, Mat-
thew Boulton worried that his Soho workmen might be seduced to
join the mob pulling down a Black List of houses. Indeed, even
James Watt worried about the democratic tendencies of his own
son, James junior, friend of Thomas Cooper and a great sympa-
thizer of the Jacobins of the French Revolution. It was not only the
landed oligarchy and aristocracy who feared revolt. With industri-
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alists as their founders and patrons, Mechanics’ Institutes in the
nineteenth century were careful to avoid such implications. Thus, in
the rising industrial town of Bradford, for example, by 1832 the
Mechanics’ Institute took great pains to ensure that it was not seen
as “a seminary of disaffection, a school for infidelity, and a nursery
for political demagogues and anarchists.”56 It was dissemination of
knowledge and skill, and not disaffection, that was being sought.
Science in the hands of workers and radicals could bring a new
form of power, one that industrialists as well as the state needed to
contain.
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C H A P T E R 5

Putting Science to Work: European Strategies

As noted in Chapter 2, evidence suggests that by 1800 mathematics
was taught better in British schools than in French ones. If that was
the case, then everyday mathematics, what shopkeepers needed to
buy and to sell, or builders and masons to construct, was more
widely available. At the secondary school level (grammar schools
in Britain), higher mathematics such as geometry and the calcu-
lus would also have been taught, though only a minority of boys
attended these schools. Even fewer attended the universities for
Anglicans or the academies for Dissenters, which were officially
excluded from the Established Church. Yet obviously British engi-
neers of all kinds benefited from the advanced training available in
the better grammar schools and beyond. The imagined superiority
of British mathematical education needs to be noted with the provi-
sion that one spy report of 1800 does not prove the case with cer-
tainty.

We can be reasonably certain about the different directions that
British and French science and mathematics took in the course of
the eighteenth, and well into the nineteenth, century. In general—
and all such generalizations risk failing to note the exception—after
1750, British mathematics and science turned toward the practical
and the concrete; while on the Continent, in France and Germany,
emphasis was placed on the development of the calculus as well as
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on celestial mechanics. More new discoveries in those relatively ab-
stract areas can be credited to Continental mathematicians and sci-
entists than to their British counterparts.

If there was a constellation of innovators in Britain compara-
ble to what there was in Paris from Maupertuis onward, its locus
might have been in Edinburgh. There the Newtonian mathemati-
cian Colin Maclaurin organized a group with astronomical inter-
ests and out of it a society sprang up by the 1750s that included the
brilliant chemist Joseph Black. His teaching imparted his own inno-
vations as well as the latest chemical news from France.1 Yet most
of the work of the Edinburgh Philosophical Society was directed at
medical problems. The Scottish universities were the real home of
Newtonian science throughout much of the century, but on the
whole they were centers for teaching and not innovation.2 A lower
level of innovation in the universities does not, however, mean that
basic mathematics would necessarily have been less well, or less of-
ten, taught in the schools; indeed, from what little evidence we
have, the reverse appears to be true.

But scientific innovation, however important, does not concern
us in these chapters. Rather we seek to understand the impact of
science through its application and its uses in educational and eco-
nomic settings. The differences in the British and French “styles”—
practical versus theoretical—occurred amid increasing competition
between Britain and France, and this led to a growing alarm on the
French side that the British were winning. As we examine these gen-
eralizations about Britain and France—others have also made the
same observations—two caveats are in order: First, we know so
much more about the British side of mathematics, thanks to the
work of the Wallises and others; and second, mathematics in France
also had its intensely utilitarian, practical side, but those pursuits
just did not overwhelm abstract mathematics.3

The turn toward the mechanical and empirical in Britain had
many reinforcements. Some were religious critics who cried out
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that mathematicians were materialists in disguise. Then there were
purely economic forces. The market economy in Britain by the
1720s was arguably the most advanced in Europe. It was more un-
fettered by regulations and state inspections and even by the ability
of strong guilds to protect wages. In both France and the Dutch Re-
public the guilds remained an economic factor while in Britain their
power was almost completely broken by the 1660s. By comparison
with Britain and the Dutch Republic, France was a maze of regula-
tions, many of them imposed by a government intent on ensuring
quality control. This system, devised by Colbert in the seventeenth
century, ensured quality at the high end of the market; it was less
good at adapting to the need for cheap, fashionable textiles, for ex-
ample.4 Yet they were in high demand. In short, increasingly in Brit-
ain and also in France, all but the wealthiest landlords operated in
or around the market. Simple mathematics, then and now, makes
markets work.

The free market meant the use of the land and its produce in cap-
ital-intensive ways, with southern England becoming a net exporter
of grain well before 1700. Digging and mining to exploit new mar-
kets was common in mineral-rich areas, including the famously rich
areas of hard coal in the north around Newcastle, where from early
in the seventeenth century, entrepreneurs had grown rich and been
protected by royally endorsed monopolies. In the west country,
mining efforts focused on iron and zinc. One of the great transitions
in the history of technology may best be described as the move from
wood, wind, and water as the natural sources of power to iron,
coal, and steam—in other words, from organic to inorganic sources
of energy.5 For reasons both cultural and economic, England made
that transition first, followed rapidly by Belgium and more slowly
by France. All these transitions entailed many factors.

In this chapter we dwell on the mental resources and institutions
available to the technician-entrepreneurs both in Britain and, most
interestingly by way of contrast, in France. To illustrate the British
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side of the story, we take examples from Manchester, and we look
at early industrialists making their mark on the cultural institu-
tions of the town. They sought to create a new generation in their
image and likeness. We also take a brief look at the woolen indus-
try in Leeds. Then we survey French efforts, after 1789 led by the
state, to transform the educational systems at home and abroad in
order to better compete with the British, and through this cognitive
change to ensure a steady development of men given to technologi-
cal and industrial innovation. By the middle of the nineteenth cen-
tury, state-directed French and German universities, and particu-
larly technical schools, had begun to bridge the gap between science
and industry and, if anything, exceeded the British in the arts of ap-
plication, especially in chemistry.

Before plunging into case studies, we turn to the lives of two
practitioners as examples of the British style in mathematics and
science. John Rowning learned his Newtonianism at Cambridge,
and he then became an Anglican vicar, a scientific lecturer, a head-
master of a grammar school, and the author of one of the most pop-
ular scientific textbooks of the century. Members of his family were
watchmakers, and he may have practiced the trade before going to
university. His A Compendious System of Natural Philosophy: with
Notes Containing the Mathematical Demonstrations began appear-
ing in sections as early as 1734, and it was still in print into the
1760s. The textbook began with Newtonian mechanics and went—
in tried and true fashion—directly to pendula, hydrostatics and
pneumatics, optics, astronomy, the nature of light, and at the end to
celestial dynamics. Rowning used only Euclidian geometry and, in
general, avoided mathematics in favor of straightforward prose de-
scriptions accompanied by detailed engravings. The success of A
Compendious System of Natural Philosophy meant that it met the
needs of its audience in grammar schools and academies. By con-
trast, one of the first Newtonian textbooks in French relied entirely
on mathematical explanations and never mentioned machines or il-
lustrated local motion mechanically.6
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Perhaps Rowning’s accessible and practical book could have in-
spired the son of a farmer, our second example of British math and
science. Thomas Peat became a writing master and accountant as
well as a land surveyor and a scientific lecturer in the provinces. He
was self-educated (perhaps by books like Rowning’s), and he pub-
lished a textbook in mechanics and The Gentleman’s Diary, which
imitated The Ladies Diary (edited by an engineer) and mixed litera-
ture with mathematical problems. The Diary continued in print un-
der various editors well into the nineteenth century, by which time
it had admitted the use of all the mathematical forms from geome-
try to trigonometry. Remarkably by the mid-eighteenth century,
mathematics and mechanical science in Britain had engendered ed-
ucational entrepreneurs of lesser social backgrounds who made
their living exclusively through the practice and dissemination of
science.

Religion as a Factor

It is worth exploring the role that religion played in making these
differences between Britain and France; then we will address their
implications. The development of the market is only part of the
story. The other part centers on the relationship between mathe-
matics and religion in eighteenth-century Britain, and that in turn
relates to the differences in scientific styles between Descartes and
Newton. By the 1660s Newton grew convinced that Descartes’s
version of the mechanical philosophy would lead to atheism. It of-
fered no place for the work of invisible forces (such as gravity, as
Newton conceived it). Increasingly, Newton turned to the Euclidian
geometry of the ancients, away from Descartes’s analytic algebra,
and he got all his disciples to follow the same course. They in turn
got all the university chairs in mathematics in the country.7

At the same time Newton did not turn his back on algebra, and
his mathematical legacy included both algebra and geometry and,
of course, the calculus. A follower explained the Newtonian dislike
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of the Cartesian mathematical method in this way: It substituted
“symbols for operation of the mind,” and substituted “symbols for
the very objects of discussion, for lines, surfaces, solids.”8 Put an-
other way, Cartesian methods were seen to reify things, or turn
them into abstractions. Newton’s disciples imagined they were de-
veloping a mathematics that favored the concrete and the practical.
Newton’s geometrical proofs worked in the Principia for proving
universal gravitation, and the ordered Newtonian universe in turn
had become a powerful tool in the pious physico-theology that jus-
tified the argument for a divine design in nature. Then why did
higher mathematics, in particular, come to be seen in some quarters
as religiously problematic?

Enter Bishop George Berkeley and his book The Analyst, ad-
dressed in 1734 to “an infidel mathematician.” In it this Anglican
bishop applied his own considerable mathematical learning in the
service of religion and a philosophy that he almost single-handedly
invented, immaterialism. He believed that the material order exists
only because, and when, it makes a conceptual impact on the hu-
man mind. The effect of this belief was to call into question the na-
ive assumption that there is a simple one-to-one correlation be-
tween what sits in the mind and the world outside it.

Berkeley was a fine mathematician who thought, somewhat
uniquely, that numbers are merely signs that may or may not have
anything to do with the physical world. He argued that while New-
ton’s geometry and his calculus, or method of fluxions as it was
then called, were wonderful mental tools, they did not link the
mind to the external world. He described mathematicians as mere
logicians who might arrive at correct answers while working with
false premises. Given the shakiness of their assumptions about the
world, Berkeley admonished them that they were “unqualified to
decide upon logic, or metaphysics, or ethics, or religion.”9 In short,
he challenged the ascendancy of the Newtonians in matters of reli-
gion, and he cast doubt on the entire enterprise of basing belief in
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Christianity on the regularity and mathematical uniformity pro-
claimed in the Principia. His strategy was to expose weaknesses in
the method of fluxions (we will call it the calculus) and thereby to
claim that, if the calculus relates only to a realm that is ultimately
unknowable, the religious principles of those who promote the cal-
culus will also be shown to be hollow: “If it be shown that Fluxions
are really most incomprehensible mysteries . . . [it] is . . . a proper
way . . . to discredit the pretensions [of those] who insist upon clear
ideas in points of faith . . . [and yet] do without them even in sci-
ence.”10

It was as if a wing of the Church—the conservative and Tory
wing—had fired a shot across the Newtonian bow. The new genera-
tion of Newtonians, led by James Jurin at Cambridge, the bastion
of the new scientific creed, blasted back and accused Berkeley of be-
having not like a Protestant clergyman but like a Spanish Inquisitor.
Jurin said that he knew Berkeley’s true plan; he claimed it was “to
lessen the reputation and authority of Sir Isaac Newton and his fol-
lowers, by shewing that they are not such great masters of rea-
son.”11 Jurin turned immediately not to a point-by-point defence of
Newtonian science, but instead to the enormous benefits derived
from mathematics, particularly in “the Mechanical arts, in Archi-
tecture, civil, naval, and military, upon which the prosperity and se-
curity of this Nation so much depends.”12 But then, as if to effect a
cover for mathematical pursuits, Jurin proclaimed that the calculus
“does by no means supersede the doctrine of Geometry delivered by
Euclid.” Almost as an afterthought, Jurin notes that the calculus
hopes to capture, but may never, “the very instant of time that it
[the rectangle AB] is AB.”13 Fundamental to the Newtonian version
of the relationship between Protestantism and science lay the no-
tion that what lies in the mind of the scientist can, with hard work
and talent, be found in nature as it actually is. Knowing the mathe-
matical order found in nature meant a superior knowledge of God’s
work.
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It would be hard to imagine in the same era such a quarrel be-
tween churchmen and mathematicians in Catholic France. There
the issue was not what kind of mathematics should be pursued, or
whether mathematics conveyed the world as it was and better illus-
trated the divine hand at work in nature, but rather whether New-
ton had been right at all. As we saw in Chapter 2, the battle for
Newtonian science begun in France by Voltaire and Maupertuis
raged into the 1750s (in Italy, into the 1760s).14 The Catholic clergy
who controlled the schools, and in particular the Jesuits, would
have to be shown to have backed the wrong science. As we saw,
they grudgingly abandoned Aristotle for Descartes, and then dug in
their heels.

What made French science so different from British also had a
great deal to do with the royal academies and their aristocratic
leadership. A Reverend Rowning or a Mr. Peat would be unimagi-
nable in that setting. Instead the French academies encouraged
theoretical work among an elite who coveted royal pensions. The
battle for supremacy between Cartesianism and Newtonianism
occurred within that elite, and only after the victory of the latter
did the clerically controlled schools gradually begin to teach the
new physics of Newton, and generally only in the 1750s. Deeply
theoretical, the curricula of over four hundred French colleges em-
phasized mathematics and the calculus as well as the theoretical
foundations of physics. Little attention was paid to machines or ex-
perimental devices.

After the French Revolution and the educational reforms we will
examine shortly, the theoretical cast of French science paid off. It
was the French-educated Sadi Carnot, a government engineer, who
saw the immense importance of the steam engine and in 1824 pro-
vided “a complete theory” to explain heat engines of all kinds; he
used “the laws of physics . . . to make known beforehand all the ef-
fects of heat acting in a determine manner on any body.”15 The Brit-
ish had invented and applied the engines; the French, after their
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turn to Newtonian physics, explained the principles of physics that
made them work. By the 1780s, British industrialists, engineers,
and entrepreneurs made science into a way of economic and social
life, as we shall see for Manchester. The French state after 1789
made scientific education in every school in the country a formula
for industrial development. In the long nineteenth century, and very
gradually, the French method that emphasized theory and, after
1789, increasingly also practice paid off. So too did a pattern first
developed in the eighteenth century of going to Britain to see the
latest inventions and then coming home to imitate and, in some
cases, improve on them. In addition, in certain industries such as
steam and iron works, British workers and engineers migrated
throughout Europe but especially to France, where in 1820 as many
as 300 out of 700 workers in iron and steel may have been British.16

First we turn to Manchester (and Leeds) to see how science was
used by local industrial elites to shape the world in their image and
likeness. Then we examine the intense efforts of the French state to
educate so as to create the industrialist. He was slow to emerge
in France, but emerge he did. His British counterpart was always a
local invention, rooted in town and countryside, overseen by parlia-
mentary committees but never a creation of the state. On the Conti-
nent human agents rooted in their localities applied steam to facto-
ries, exploited mines and built railways, but often they needed the
powerful backing of state institutions.

Manchester and the Knowledge of Cotton Manufacturers

For a time in the early nineteenth century, Britain led the world
in the application of power technology to industry. Indeed the Brit-
ish invented a “new man,” the industrialist, a term not in use un-
til the 1860s.17 Let us look briefly at two such men, early and lead-
ing cotton manufacturers James M’Connel and John Kennedy of
Manchester. By 1800, when they came on the scene, British educa-
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tional reformers like the Edgeworths had been arguing that prac-
tical, technical, and mechanical knowledge should be taught to
children destined for work—at whatever level—in commerce and
manufacturing.18 Cotton masters like James M’Connel and John
Kennedy of Manchester were listening. In just five years their firm
could expand its energy resources and the output of its steam en-
gines from 16 to 45 horsepower because the partners relied on their
own knowledge base as well as that of the engineers with whom
they consulted.19 Just as Boulton and Watt had cut the template for
the industrialists who followed them in steam and applied mechan-
ics in general, so too by 1800 M’Connel and Kennedy did some-
thing similar in the small world out of which British cotton textiles
rose like a phoenix. In cities like Manchester, they gradually im-
posed their values and their authority in a process that was in-
tensely local but had implications for the whole of Britain. By 1851
and the Great Exhibition of arts and manufactures staged in Lon-
don, only one British provincial city, Birmingham, led Manchester
in the number of exhibitors present.20

Family and business papers demonstrate the complexity of
knowledge—the involvement in state-of-the-art applied mechan-
ics—possessed by manufacturers like M’Connel and Kennedy who
were, unlike Boulton or Watt, not inventors but simply users and
reproducers of the new technology. M’Connel and Kennedy took
it on themselves to learn as much as they could about mechanics,
and the new technology, and to associate with those who had tech-
nical expertise. They also got to know every part of the steam en-
gine’s construction and oversaw its maintenance.21 When an engi-
neer from Boulton and Watt’s steam engine firm explained how
the rotative shaft would connect to the beam of the engine, he was
asking them to understand how the vertical motion of the engine
would be translated into the circular motion needed to power the
jennies. M’Connel and Kennedy had to understand and respond,
even correct, the following:
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You have here with a plan & elevation of the Engine, nearly accord-
ing with [the] sketch made by Mr Henry Creighton [from Boulton
and Watt in Birmingham] when he called of you. . . . The supports
for the P. Blocks of the Main Gudgeon cannot be cast in one piece
with the entablature beam, & must therefore be screwed to it. We
have drawn the latter under the spring beams, but if you wish to
have it without the feather on its underside, it may be placed on the
upper side, or let into them, and the pillar reach up to it. The cross
beams will be much farther asunder than . . . [the] sketch shewed
them, but in the present drawings they are as we suppose you intend
them: viz the present cross beam to remain where it now is, say 8 feet
horizontally from the rotative shaft, and as the cylinder is removed
3.9—the new cross beam will be 7.6 from the old one, from middle
to middle. The cross plate might have wings to reach as far as the
beams, but query if this be necessary. Or the supports of the P.
blocks, might have their base- plate to extend to them, as repre-
sented in pencil on the elevation, but we think it looks too much of a
thing.
[Then came the request that makes our point.] We shall follow your
instructions in this respect as also in any other you may point out, as
differing from our sketch.22

While cotton manufacturers like M’Connel and Kennedy ultimately
relied upon engineers like Creighton sent from the steam engine fac-
tory to install the machine, they then had to care for it and ser-
vice it.23

As they prospered, industrialists like M’Connel and Kennedy be-
came elite members of Manchester society. Not surprisingly they
used their social positions in a township that had grown to about
70,000 souls by 1800 to further promote technological knowledge
at large. First their scientific and technical culture enabled their en-
trepreneurial development, aiding and abetting their wealth. Then
that same culture made them genteel. The families of M’Connel and
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Kennedy, in particular, became deeply involved in the activities of
some of Manchester’s most important cultural institutions, espe-
cially the Manchester Literary and Philosophical Society and the
Manchester Mechanics’ Institute, both of which advanced the so-
cial image, prestige, and applicability of science and technology.
M’Connel was also prominent in the Unitarian chapel life of the
city, in particular the energetic chapel at Cross Street. It laid down a
cultural foundation in Manchester that wedded science to eco-
nomic efficiency—and both to liberal, at times radical, politics. By
the 1840s Manchester had come to be dominated by cotton manu-
facturers generally of Unitarian affiliation.

In the next generation the scientific legacy of the city spawned
James Prescott Joule, who “with his hard-headed upbringing in
commercial, industrial Manchester . . . quite explicitly adopted the
language and concerns of the economist and the engineer,” and
who as a result pioneered the use of electro-magnetism for replac-
ing steam in propelling machinery.24 At the same time the Tory oli-
garchy that had dominated the town “was defeated by a coalition
of “Liberals,” many of whom were still drawn from the network of
Unitarian families whose political interests had been first defined in
the 1790s.”25 The local power achieved by early industrial cap-
italists like M’Connel and Kennedy can better be understood if we
conceive of them as knowledgeable, and not simply as striving.

But, well we might ask, how did they get to be so knowledgeable,
how did this particular kind of scientific and practical knowledge
come to be theirs? Born and raised in rural Scotland, M’Connel
and Kennedy migrated to Lancashire and became, within fifteen
years of the start of their partnership in Manchester, members of
the region’s elite sociocultural institutions.26 Common assumptions
would seem to dictate that the technical knowledge of these early
industrialists was primarily of an untutored, artisanal sort with in-
vention by tinkering superseding abstract knowledge of scientific
or technological principles.27 In this view “practical knowledge”
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is largely divorced from “theoretical” or “abstract” knowledge.
But technical knowledge during the late eighteenth and nineteenth
centuries consisted of multiple skills of varying degrees of abstract-
ness.28 Following the efforts of Newtonian lecturers, a new “tech-
nical literacy” came into being along with new manufacturing
technologies and included, in addition to traditional alphabetical
literacy, the ability to make mathematical calculations of increas-
ing sophistication and the ability to read and understand techni-
cal drawings and models.29 Somehow M’Connel and Kennedy ac-
quired such sophistication. We cannot document exactly where or
when the acquisition occurred, but we can demonstrate its pres-
ence. According to M’Connel family memory, James hiked the four
or five miles from his home to New Galloway to study at the par-
ish, while Kennedy got lucky when he encountered, just before leav-
ing Scotland for England, a young teacher who “opened my mind
to the beauty of mechanical pursuits, and gave me some ideas of
connecting a few causes together to produce a desired result.”30 Sig-
nificantly, Kennedy attended the natural philosophy lectures of
John Banks, who was then offering a course in Preston. Banks gave
lectures throughout the Midlands and at Manchester’s College of
Arts and Science.31 Neither M’Connel nor Kennedy ever pursued
natural philosophy as an avocation—as manufacturers like Boulton
and especially Watt did—yet they proved to be well disposed to
take advantage of the burgeoning interest in technological innova-
tion. The breadth of interests Kennedy displayed in the essays he
wrote for the Manchester Literary and Philosophical Society dem-
onstrate his technical learning, and we know that emphasis on tech-
nical skill was reiterated again and again in the Kennedy household.
“Hearing this advice so constantly repeated by my mother, that we
must learn to work with our hands, and seeing also how difficult it
would be with our slender means to get on in the world, I at last
screwed up my courage to say, I would leave home and become an
apprentice to some handicraft business.”32 Kennedy took the mes-
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sage of application and virtue to heart and throughout his life re-
mained, like Banks, concerned not only about the state of his own
knowledge but also that of the laboring classes.33

As their business prospered, M’Connel and Kennedy soon found
themselves among Manchester’s wealthiest citizens. With this
wealth came social responsibility. During the first decade of the
nineteenth century, both men joined the Manchester Literary and
Philosophical Society.34 In 1803 they became inspectors of the
Manchester Infirmary.35 During the 1820s they donated money to,
and sat on the board of, the Manchester Mechanics’ Institute, an
organization dedicated to spreading precisely the kind of knowl-
edge employed by the partners.36 Furthermore Kennedy served as a
commissioner on the Provisional Committee in charge of the Man-
chester/Liverpool railway project and as a judge in the Rainhill lo-
comotive engine trials of 1829. M’Connel served as a commissioner
on the building of roads.37 Given the importance and authority of
the positions they held, we can see technical knowledge played two
roles. It provided a means for increasing wealth and it acted as a
form of cultural capital that industrialists held in common with en-
gineers and artisans, physicians, and practicing natural philoso-
phers.

Contacts that M’Connel and Kennedy made within Manchester
religious life could also translate into other social realms—for ex-
ample, into entree to the Manchester Literary and Philosophical
Society. That group first met in a back room of the Cross Street
Chapel and included numerous prominent members of the con-
gregation among its members.38 Founded in 1781 by twenty-four
members of Manchester’s professional and religious elites, the Lit
and Phil focused on art, literature, and natural philosophy. At its
founding, the Society’s membership included physicians, ministers
(Anglican and Dissenting alike), lawyers, and merchants and manu-
facturers, many of whom took an active part in the literary life of
the society, publishing papers and giving public lectures.39
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The published memoirs of the society include papers on natural,
experimental, and moral philosophy, as well as literature, history,
art, and education. Although the “useful arts” were considered pre-
eminent among the society’s interests from the start, it was several
years before topics related to manufacturing and technology stood
with equal stature alongside topics related to the liberal arts. While
the early published memoirs primarily represented the interests of
local religious figures and physicians, later volumes included the
work of engineers, merchants, and industrialist/manufacturers like
Peter Ewart, a member of the Mosely Street Unitarian chapel, who
presented on the mathematics of motion.40 He also assisted woolen
manufacturers in Leeds in installing their steam engines. Out of the
society sprang a College of Arts and Sciences. It lasted only a year
or two but became something of a precursor for the Dissenting
academy that opened in 1786, supported and operated by local
Unitarians. Only after protest from non-Unitarian members of the
nonsectarian Lit and Phil was the academy declared wholly inde-
pendent of the society.41

Of the two partners, John Kennedy made the most out of his con-
nections to the Literary and Philosophical Society. Between 1815
and 1830, Kennedy read at least four papers to the society, all
of which were published in the society’s proceedings. In them Ken-
nedy addressed themes that had become central to industrial life:
The development of the cotton industry, the effects that machin-
ery was having on the laboring classes, the social consequences of
the poor laws, innovations in cotton machinery, and the economic
implications of the exportation of British-made machinery to the
Continent.42 For the most part, Kennedy’s intellectual development
closely followed positions staked out by Manchester’s liberal in-
dustrialists. For him, innovations in cotton machinery drove the
growth of the industry and represented the diligent and creative
work of its practitioners. Diligence and application also reflected
the moral health of the new industrial class. Indeed, he argued that
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the rapid growth of industry in Lancashire was “chiefly to be as-
cribed to the great ingenuity and the persevering, skillful, laborious
disposition of the people.” “In these qualities,” he continued, “I be-
lieve they surpass the inhabitants of every other part of this island,
or of the whole world.”43 Thus industrial progress was itself a sign
of social virtue, and the appalling conditions of the working classes
a matter solely of local concern and ultimately to be corrected by
market forces.

With such arguments in hand, Kennedy, now a Liberal ideologue,
defended the new factory system from its critics: “The frequent
complaints, both in public and private, against the manufacturing
system, certainly demand an impartial investigation,” Kennedy de-
clared in a paper read before the Lit and Phil in 1815, “and none
are more called upon to take a part in such discussions than those
who are interested in manufacturers.”44 Kennedy argued that, far
from contributing to the deterioration of morals, the creation of
large factories and regular work hours had “good effects on the
habits of the people. Being obliged to be more regular in their at-
tendance at their work, they became more orderly in their con-
duct, spent less time at the ale-house, and lived better at home. For
some years they have been gradually improving in their domestic
comforts and conveniences.”45 This public defense of the industry
paralleled concerns that M’Connel and Kennedy expressed in their
business correspondence.46 Attempts to investigate and regulate the
conditions of workers in factories, for example, came under strong
opposition from manufacturers like M’Connel and Kennedy, who
considered Peel’s efforts “a very dangerous interference” and liable
to have “consequences [that] may be very injurious to all large
Manufacturers of every description.”47 The Unitarian emphasis on
personal freedom could cut in decidedly self-serving ways.

For cotton masters like M’Connel and Kennedy, membership in
the Manchester Literary and Philosophical Society translated into
politeness, gentility, and charity—all impulses that led to the found-
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ing and operation of the Manchester Mechanics’ Institute (founded
1825).48 In addition to making substantial donations of around
£600, both partners sat on the Institute’s board of directors, which
made decisions regarding Institute buildings, notably the purchase
of experimental apparatus, the setting of the curriculum, and the
hiring of tutors and lecturers.49 In a highly ambitious project, the
Manchester Mechanics’ Institute ran an elementary school for read-
ing, writing, and arithmetic, and it offered workers numerous lec-
tures and lecture courses devoted to topics in mechanics, chemistry,
natural history, mechanical and architectural drawing, and geogra-
phy. By appealing to the ideal of self-improvement of both the
working and middle classes, the Institute provided an important
means for popularizing science and encouraging specialized knowl-
edge among factory employees. Even when it was not the focus of
a course as a whole, practical knowledge stood out as a major
component of the curriculum. As stated in its published rules, the
Institute’s established goal was to enable “Mechanics and Artisans,
of whatever trade they may be, to become acquainted with such
branches of science as are of practical application in the exercise of
that trade; that they may possess a more thorough knowledge of
their business, acquire a greater degree of skill in the practice of it,
and be qualified to make improvements and even new inventions in
the Arts which they respectively profess.”50

In the first lecture course on mechanics offered by the Institute,
the lecturer covered a host of topics central to industry. Two of the
twelve lectures covered the design and operation of gears (particu-
larly with respect to their use in mills), the arrangement of their
teeth, their operation in couplings and governors, and their utility
for equalizing motion. Of the four lectures devoted to the con-
cept and application of force, three included discussion of wind and
water mills, and steam engines.51 In subsequent years the Institute
offered courses and lectures ranging from Mr. Adcock’s lectures
on the “Elements of Mechanism, as applied more especially to the
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Construction of Steam Engines,” Mr. Hewitt’s eleven lectures
on the “Geography of British India, China, Central Asia, Turkey,
Egypt, Arabia, Isles of the Indian Ocean and Northern Regions,”
Mr. Sweetlove’s “Philosophy of the atmosphere,” Mr. Bally’s course
on “Plaster & Wax casting, modeling, etc.,” to Mr. White’s “Power-
loom weaving.”52

By consensus among both contemporaries of the 1840s and his-
torians, British basic and primary education had failed on a na-
tional level to make a more educated industrial and laboring class.53

By that decade there were over 600 mechanics’ institutes, but most
lacked a good primary school foundation in their localities. In lo-
calities like Manchester, possibly a far more optimistic picture can
be presented. For M’Connel and Kennedy, and other prominent
Manchester cotton and steam industrialists like William Fairbairn
and Peter Ewart, who also sat on the board of directors, the educa-
tional mission of the Institute embodied the importance they them-
selves had come to ascribe to mechanical knowledge and formal
learning. In effect, the Institute also elevated the status of practical
knowledge to that of natural science in general, both by including
topics of practical importance in courses on natural science and by
offering independent courses devoted to practical skills like me-
chanical drawing and machine operation. The way M’Connel and
Kennedy had outfitted their own minds had become a hallowed
truth: Technical and scientific knowledge were mutually support-
ing and intertwined. Although the degree of success varied widely
from institute to institute around the country, the Manchester Me-
chanics’ Institute for laboring men proved to be a resounding suc-
cess for several decades, in large part because it attracted the partic-
ipation of workers and manufacturers alike. To the working class, it
offered an opportunity to improve basic skills through the knowl-
edge of “scientific principles”; and to the industrialist, it offered an-
other opportunity to shine as cultural and civic leaders. Neither op-
portunity was intended to change the social or economic place of
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workers. Yet technical learning offered social mobility, as Kennedy
and M’Connel would have been the first to tell the workers.

Kennedy and M’Connel should not be seen as eccentric or
unique. In Leeds as early as the 1770s, the new woolen industry
was taking shape in a conversation between manufacturers and en-
gineers around bringing coal to the town via a new canal.54 Then in
a leadership role that prefigures that of Kennedy and M’Connel,
Benjamin Gott emerged as the entrepreneur in the town who pos-
sessed significant technical knowledge. In 1792 his woolen and
worsted manufacturing firm consulted with Boulton and Watt
about installing a 40-horsepower steam engine, and Gott, its most
mechanically proficient partner, became a consultant in the region
on engineering problems. He also pioneered the use of steam in the
process of wool dyeing.55 He became an expert on a hydro-mechan-
ical press, or Bramah’s hydraulic press as it became known, a large
and complex piece of equipment introduced late in the century,
which required an understanding of levers, weights, and pulleys, as
well as air and water pressure and which was used to imprint pat-
terns on textiles.56 He carefully compared the relative merits of pro-
totype machines offered by rival manufacturers of the device, but
the machine met fierce opposition from his workers and may never
have been systematically used for years.57 The hydro-mechanical
press raised an enormous weight to a small height by using a strong
metallic cylinder, accurately bored and watertight, which was con-
nected to a small forcing pump. By means of valves, pumps and le-
vers, cisterns, and water pressure, 400 pounds of pressure was ac-
cumulated and then released.58 The press was to be used to apply
patterns to worsted just as it had been used in applications to cot-
ton. It called on just about every principle learned in Newtonian
mechanics, as taught from Desaguliers to Dalton, and no semi-
literate tinkerer in the country could have made sense of it. The
knowledge economy advanced in the textbooks lay embedded in
the cotton and wool factories of the 1790s.
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The Gott firm and family also became leaders in the civic and in-
dustrial life of Leeds. Just like the Boultons and the Watts, the
M’Connels and the Kennedys, the Gotts and their local equivalents,
the Luptons, Marshalls, Adams, and Walkers, established them-
selves as leaders (or proprietary members as they were called) of a
Philosophical and Literary Society. In 1821 the opening language
it used valorized science and the industrial order: “The thirst for
improvement gives an exaltation of character . . . produce[s] the
works of genius and the discoveries of science.”

The lives of M’Connel, Kennedy, Gott, Bouton, and Watt also
highlight the cultural and intellectual dimension in the story of
early British industrialization. In essence, they demonstrate that
both scientific and technical knowledge informed business and so-
cial relationships. At first the knowledge helped provide a common
language that made it possible for manufacturers and engine build-
ers to communicate, to build and use machines of increasing sophis-
tication and complexity. Then the knowledge provided the veneer
of gentility necessary so manufacturers could meet with established
professionals—especially medical men and religious leaders—who
had risen to a significant place in elite society. The history of early
British industrial development attains greater nuance and sophisti-
cation when technical knowledge, and its cultural matrix, are re-
stored to the story. The ascendancy of an industrial bourgeoisie can
be seen to be a process that involved hard capital to be sure, but
also scientific knowledge of an applied sort, a distinctive form of
cultural capital.

French Educational Reform after 1800
and the Making of Industrialists

Within scientific circles on both sides of the Channel, by 1800 the
dream may have been one of cosmopolitan cooperation, a sharing
of chemical and mechanical knowledge.59 But the harsh political re-
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ality of the age, by contrast, demanded and evoked the rhetoric and
reality of sharp economic and military competition between Britain
and France. The stakes concerned industrial development and pro-
ductivity; and after the 1789 Revolution in Paris, the new men who
led the French regime believed that much of what the British were
doing had to be imitated, indeed bettered. They argued even that
British machinists should be brought over and housed at the gov-
ernment’s expense.60 As war broke out with Britain, French minis-
ters sought to interrogate prisoners for what they knew about the
new technologies across the Channel.61 As noted in Chapter 2, Min-
isters of the Interior like Chaptal (1800–1804), who was assisted by
Roederer, sought to instill a new scientific ideology, to educate en-
trepreneurs in applied science and engineers in business savvy. In
the case of Chaptal, he sought to make more men like himself, fac-
tory owners and advocates of mechanization. They believed that
the educational system and cultural institutions had to be changed
to reflect a vastly more competitive international setting, in effect
to produce homegrown Boultons and Watts, M’Connels and Ken-
nedys.62 Neither side at that moment thought seriously about the
higher education of women. That came in Britain generally after
1870.63

War between Napoleonic France and Britain only exacerbated
the instinct to compete in marketplace, factory, and classroom.
Posters went up in the provinces: “Artistes et mécaniciens de la
Gironde!”—search for machines that will replace the hand!64 As
historians of France have put it, “about the turn of the century and
on into the early nineteenth century, it became increasingly com-
mon for some kind of training in science, in particular in chemistry
or the scientific aspects of medicine, to be seen as a natural prelude
to entrepreneurial activity.”65 This cultural assumption was one
that the British already held dear. By 1820 the French were even
obsessively counting all the steam engines in the country, and the
overwhelming majority were still imported from Britain.66 The best
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scientific minds of the day lectured their readers on the necessity
for steam engines; and the government, as well as local societies,
awarded prizes for innovative engines made in France.67

Also in the provinces, new societies were established to study
agriculture systematically as well as cotton production and the
weather.68 Their informal ambience reminds us of the minutes of
the “lit-phils” at work across the Channel in places like Manches-
ter. Fine literature faded after 1800, to be replaced by discussions of
land cultivation and industrial development. The societies were also
charged with finding appropriate students for the new technical
schools.69 When the French invaded the Low Countries in 1795, a
similar effort at industrial development occurred around Brussels
and it too was dependent on cotton-spinning machines imported
from England.70 From recent studies of developing regions and na-
tions, we now know that the French promoters of industry had it
right: Education and knowledge make a difference.71 But in 1800
the French had reason to be worried. Without any of the social sci-
entific evidence we now possess, they turned to their educational
system to enhance international competitiveness.

Historians a generation ago saw the new educational system put
in place after 1795—and changed and augmented repeatedly—as
an attempt to separate the classes, to keep workers in their place,
and an “affirmation of the role of the industrial bourgeoisie.”72 To
be sure, elements of class dominance were present, yet so too was
a new democratic turn found throughout radical elements in the
North Atlantic cultures. In 1795 the écoles centrales were a demo-
cratic experiment that brought general and technical education to a
lower level of society than it had ever been delivered before. In the
conservative reaction under Napoleon, that experiment was aban-
doned and new, more elite lycées replaced the schools. They were
meant to favor the children of military and civil servants as well as
to serve the industrial needs of the state. Yet very bright students
had their way paid, regardless of what their fathers did for a liv-
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ing. The sites chosen outside Paris—which got three of the new
schools—were all places where industrial activity already existed.73

Rather than a means of social engineering that favored one class
over another, the French partnership between industry and the state
might better be understood as a somewhat desperate attempt to set
up a new innovative class, a meritocracy with entrepreneurial skills
that would create the needed institutions. In addition to creating a
new nation of republican citizens, and then after the reaction of
1815, a new nation of citizens loyal to their king, the French educa-
tional system set out to create a national, rather than regional or lo-
cal, culture receptive to industrial development. The interests and
abilities to be found readily in Manchester had to be developed—
seemingly out of whole cloth—in the children of state functionaries
and the exceptionally bright. Report after report focused on the
equipment needed in these schools—models of machines, chemicals
for experiments, new laboratories, the best textbooks.

In Lille, an area already with industrial activity, the local college
stressed the need in science to blend theory with practice.74 In the
same town a free course in physics was established by the munici-
pality but encouraged by the national ministry; and in the local sec-
ondary school, the professors of letters and physics, as well as of de-
sign, were paid an equivalent salary.75 In the new post-1795 school,
English was also to be taught precisely because it was becoming the
language of commerce.76 Making good citizens also meant in Lille
encouraging workers to understood the chemical processes in dye-
ing and the development of textiles in general.77 State inspectors
railed against the mediocrity of the mathematics instruction and de-
creed that quite enough Latin was already being taught.78 Well into
the 1820s and beyond, the ministers of state were searching for the
right formula for teaching applications in the lycées and the schools
of “arts et métiers.”79

The jewel in the crown of French technical education was the
Ecole polytechnique established in Paris in 1795. Its faculty proba-

Putting Science to Work • 141



bly represented the most stellar to be assembled anywhere in Eu-
rope. In geometry courses were taught by Lagrange and LaPlace;
the mechanical arts were taught by Monge and Prony, as well as
Perrier; astronomy included Lalande and Cassini; experimental
physics, Coulomb; chemistry had Berthollet and Fourcroy as well
as Chaptal; and the list went on.80 The course outlines reveal state-
of-the-art teaching in disciplines at which these men were the mas-
ters.81 A quick glance at the Dictionary of Scientific Biography
(1973+) reveals all to have had an international standing.

But their brilliance had consequences. The more theoretical were
paid more per year, and the more applied a teacher’s skill, the less
his compensation.82 The courses at the Ecole polytechnique increas-
ingly drifted toward theory and away from application, while some
of the best technical people in Paris were taken with Napoleon to
Egypt and the exigencies of war meant that others just did not
get paid.83 Yet everywhere in Europe, the Ecole became a model.
In Czech lands the local educational reformer Franz Joseph von
Gerstner took inspiration from the French reforms. He believed
that “wherever natural sciences, physics and mathematics are not
successfully practiced, industry cannot be elevated from its back-
wardness . . . the overall level of general education has to be raised
to a high degree of technical education.” He sought to create—
much as the French did—a “nascent higher technical intelligen-
tsia.”84 In both places, it took many decades to put the system in
place.

The new French educational system limped through the war
years. In 1804 various of the schools were in debt. After 1815 and
the end of the Napoleonic wars, the pattern changed. By the 1820s
schools were spending ten times as much on machinery as they were
on books.85 By contrast to the specifically technical schools, the
new lycées retained a very strong literary, historical, and classi-
cal curriculum to which were added works by eighteenth-century
Newtonians and the famous French chemists from later in the cen-
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tury.86 In a cotton town like Rouen, industrialists were meant to be
highly literate as well as scientifically knowledgeable. They might
have come to be seen as more genteel than their Manchester coun-
terparts, but it is by no means clear that they would have exercised
the kind of authority over local institutions that entrepreneurs like
M’Connel and Kennedy had achieved.

The late 1820s and beyond saw further complaints about the ed-
ucational system—”those destined for industry have not found . . .
the elements of instruction that they need.” The revolutionary fer-
ment of 1830 led to the creation of a central school for arts and
manufacturing in Paris and one for commercial life in Bordeaux. In-
deed other towns competed to have their sites chosen for these new
schools.87 The ferment of the late 1820s even meant that the state
school for engineers had once again to be reformed. After the 1790s
its pupils had at least begun to think about the needs of entrepre-
neurs, but conservative forces at work in the period from 1815 to
1830 had been more interested in achieving order than in fostering
industry. In 1830 and again in 1839, the whole curriculum was re-
vamped. The reform arose out of yet another revolution in France’s
troubled political landscape, and once again progressive reformers
came to power who favored industrial development.88 After the re-
form, the engineers were to be taught political economy and to un-
derstand the actual, as opposed to the theoretical, construction of
buildings and machines. They were expected to see themselves as
“men of action rather than of words.”89 In the 1840s the school for
state engineers had its premises expanded to include a large gallery
for machine models. New textbooks were adopted that hammered
home the point about application and science.90

Arguably all the French efforts of the first half of the nineteenth
century were too little, too late. As we are about to see when we
turn to the exhibition of 1851, the British industrial empire re-
mained formidable until well into the second half of the nineteenth
century. The institutionalization of science within the British uni-
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versities also gradually corrected the tendency so visible there dur-
ing the eighteenth century to separate practice from innovation.
Theoretical and “pure” science once again achieved curricular pre-
eminence. Yet another, localizing reality also took shape in nine-
teenth-century Britain. Industry and application, the sciences of
utility and innovation for profit, became the projects of certain
places and not others. Throughout the nineteenth century, for ex-
ample, London and Liverpool remained largely commercial; Man-
chester and Birmingham were the apparent centers of industry, of
new men like the Watts and the Kennedys.

Industrialists became fabulously rich, but they were never seen as
entirely genteel either by the old commercial classes or by the high-
born and landed. By contrast, if ever so slowly, France built a na-
tional consensus about the value of industrial life and the necessity
for scientific literacy. Gradually, and only after considerable politi-
cal turmoil, the French state come to stand squarely behind a com-
mercial and industrial bourgeoisie, one that it had worked so hard
to shape and mold. The issue of British industrial decline—a phe-
nomenon with a long historical shadow that surfaced dramatically
from the 1960s until the 1990s—is far beyond the scope of our ex-
pertise. Yet it must be remembered that all decline, so-called, is rela-
tive to another country’s share in global wealth. Part of the expla-
nation for Britain’s global decline between 1880 and 1980 may
lie in some of the educational rigidities we have described in this
chapter.

The failure to create a national consensus and culture based on
the broad virtues of utility—as opposed to local strongholds of in-
dustrial culture based on those values—may go part of the way to-
ward addressing the relatively steady industrial development that
has characterized the national histories of the other European pow-
ers. The very inventiveness that owed so much to English science
from Bacon to the Newtonians got institutionalized by the Conti-
nental educational systems controlled by the national state. The
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process took many generations and had many fits and starts. But in
the end, by 1914, the French tortoise caught up with, and after
1960 surpassed, the British hare. To this day, a network of eight na-
tional schools produces annually about a thousand engineers who
lead French industry. They are the descendants of an educational
system slowly put in place after 1789.

By the 1870s British reformers were demanding educational re-
form on the French model. As early as 1867 the Prince of Wales,
no less, said “that superior industrial education is making French,
et.al. surpass the English in inventiveness.” Within the decade they
had to face the challenge of a unified and technically proficient Ger-
many as well. Gradually British educators and industrialists began
to embrace the necessity for technical education particularly at the
secondary level, and reform became what one historian has called
an ongoing and “long battle.”91 Arguably educational vitality re-
mains an issue in contemporary Britain, which has the highest rate
of failure to complete secondary education of any EU country. One
reason that the school-leaving rate remains so critical is the inability
of young men and women to achieve a high level of numeracy and
literacy when they leave school at 16. Modern technology favors
the mathematically nimble.

The Exhibition of 1851

In 1851 none of the problems associated with decline were evi-
dent when the Prince of Wales, Albert, husband of Queen Victoria,
opened the Great Exhibition at the Crystal Palace, a vast glass hall
built especially for the event. The largest enclosed space on earth, it
held over 100,000 exhibitions of industrial goods, techniques, and
arts and crafts from all over the world.92 The French had pioneered
the industrial exhibition—the forerunner of the modern World’s
Fair—and opened the display of French products for the first time
in 1798. On that occasion the Minister of the Interior invoked the
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spirit of Francis Bacon and reminded the audience of his call to
gather and examine all the things found in nature. At the state-
sponsored exhibition, hand-manufactured and high-quality French
products from the entire country were on display. Very little mecha-
nized industry appeared in Paris in 1798; cotton-spinning machines
but no steam engines were to be seen. Yet the success of the event
led to its repetition—in 1801, 1806, and, after 1819, regularly and
systematically. In 1844 in Paris the exhibition was international in
scope for the first time, and in 1849 the city of Birmingham at-
tempted to imitate the French model. The British efforts, including
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4. The historical dimension of the Crystal Palace Exhibition. The
exhibition aimed to show the development of industrial machinery over
time, here illustrated by the cotton power loom.
Courtesy of Young Research Library, UCLA, Official catalogue of the Great Exhibition of the works of
industry of all nations, London, Spicer Brothers, 1851
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an exhibition in Leeds in 1839 that drew 200,000 people, had been
entirely local in inspiration and private in financing.

The exhibition of 1851, by contrast, had royal endorsement, a
nationally known committee heavily weighted with Whig dignitar-
ies, and it was strikingly mechanized. To a man, the committee sub-
scribed to an ideology that was “progressive” and that wanted to
make engineering, science, and technology endlessly innovative.93

Indeed the event itself caused increased attention to be paid to the
entire issue of technical education and industrial competition with
the Continent. Here was a site where manufactured wares from all
over the world—including the rapidly industrializing America—
could be seen and compared. The purpose of this exhibition of un-
precedented size was to show the world the depth and breadth of
British industrial development. It also aimed to “exhibit the beauti-
ful results which have been derived from the study of science.”94

Half of the space was devoted to British devices and design; every-
one else fitted into the remaining space according to a complex for-
mula and the level of demand from abroad. It was a smashing suc-
cess.

With funding solely from private initiatives, the British exposi-
tion was planned and executed by contributions from around the
country. Every town and city formed committees and sent dona-
tions; and at the national level a Royal Commission appointed
teams of judges to evaluate the proposed exhibitions sent by manu-
facturers. The dream of the exhibition entailed nothing less than
“the realization of the unity of mankind.”95 The exhibition sought
to display the achievements of science that “discover[ed] the laws of
power, motion, and transformation,” and to showcase how “indus-
try applie[d] them to the raw matter which the earth yields us in
abundance.”96 Raw materials such as coal and cotton from the field
were to be seen as were countless steam engines—for ships, rail-
roads, and factories, small and large—as well as spinning machines,
tools of every trade, and fine hand-worked leather and dyed cloth.
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By far the most important series of displays centered on “machines
for direct use,” that is, machines that harnessed the laws of power
and motion into the production or movement of goods. It is possi-
ble to gauge the relative size of each city’s industrial base from the
number of exhibitors it sent to London: Belfast had 53 while Leeds
sent 134, Manchester 191, and Birmingham a huge 230. With its
vast population, London led the count but, relatively speaking, its
manufacturing sites were less mechanized than what could be seen
to the north.

In 1851 fine handwork still counted enormously in the world of
manufactured goods. Indeed the taste displayed in furniture and
material culture in general was overwhelmingly aristocratic. The
machines with their sleek metal, often displayed chronologically by
the stages of their developing complexity, competed for attention
with fine and ornate china and vases that only the very wealthiest
could afford. Most of the published catalogs, aside from the official
one, devoted overwhelming attention and space to the objets that
would grace the homes of the high born.97 Visually the Crystal Pal-
ace displayed British social reality: Mechanized industry and sci-
ence were the tools by which new national wealth evolved. But in
matters of style, taste, and personal consumption, birth and social
place still defined the ideals. At the opening ceremony, the prowess
of the British Empire was also put on display, but few of the colo-
nies had anything other than minimal space allotted to them. Even
so, American entries gained considerable attention.

The compilation of the exhibition’s official catalog tells us much
about the interface between science and industry in Victorian Eng-
land. Industrialists sent their machines with descriptions, but the
working of the devices had to be replicated on the floor of the ex-
hibition and also clearly explained in the three-volume massive
catalog that accompanied the show. “The occasion called for a
large amount of peculiar knowledge—knowledge not to be gained
by study, but taught by industrial experience, in addition to that
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higher knowledge, the teaching of natural and experimental philos-
ophy.”98 The marriage between science and industry conceived by
Bacon, put into practice by the scientific lecturers of the eighteenth
century, and actualized in the factories of men like Watt and
Boulton or M’Connel and Kennedy had become the basis of a
credo: The union of hand and head make innovation possible.
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5. Portable steam engine. Industrial development reached a
new level when the steam engine could be carried from site to
site.
Courtesy of Young Research Library, UCLA, Official catalogue of the Great Exhibition of
the works of industry of all nations, London, Spicer Brothers, 1851
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6a & b. Fine handiwork. The exhibition may have lionized industry,
but aristocratic taste prevailed.
Courtesy of Young Research Library, UCLA, Official catalogue of the Great Exhibition of the works of
industry of all nations, London, Spicer Brothers, 1851
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The catalog’s proofs and the text itself were written and cor-
rected by a committee of “scientific gentlemen.” In some cases the
proofs were sent out to the owners of the equipment to make sure
that the gentlemen had gotten it right. The spirit of Bacon and Rob-
ert Boyle was invoked—the need for the natural philosopher to
have insight into the trades. The committee made “an attempt—to
convert the changing and inaccurate conventional terms of trade
into the precise and enduring expressions of science.”99 Remark-
ably, the majority of the committee were Fellows of the Royal Soci-
ety and not industrialists. Clearly the interface between science and
manufacturing was sufficiently close at mid-century that the scien-
tifically educated and presumably innovative could understand in-
dustrial devices and explain them to the general public. Science
worked and, combined with the experience that only hands-on la-
bor could give, made an Industrial Revolution happen. In 1851 the
exhibition was used to suggest that the British way of local initia-
tives and dedication to practical science would forever trump all
competitors.

The public responded in droves, and visiting the exhibition be-
came the highlight of any trip to London. Special trains and fares
were put on for workers. New encyclopedias of the “useful arts”
appeared, directly inspired by the Great Exhibition. Everything
from abattoirs to hair pencils was given clear exposition so it could
be imitated and improved on.100 Not least, the seeming infinitude of
new gadgets and products fed consumerism. The high level of con-
sumption that made the British market so dynamic in the eighteenth
century had become a way of life. Industrial development fueled by
invention and knowledge made buying the new endlessly attractive.
In the mid-nineteenth century, no other country turned over as
much capital per head as did the British.

But others aspired. By the 1820s in America, reformers argued
that only progress “in learning and science” would remove the de-
pendence on Europe that the new states still experienced. Education
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at home, and not abroad, and the improvement in scientific educa-
tion should be the first order of business. Following the pattern seen
in places like Manchester, aspiring American artisans set up or revi-
talized institutes for mechanics.101 Continental governments fun-
neled resources into industry and designed scientific curriculum for
the schools so that one day their pupils could manufacture and buy
as did the British. The Great Exhibition made the industrial seem to
be the order of the world’s future, and scientific education seemed
to hold the key to success in that future. Competition required the
involvement of the state, at least at the level of confidence-building
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7. Opening of the Great Industrial Exhibition of All Nations by Her Most
Gracious Majesty Queen Victoria and His Royal Highness Prince Albert,
on May 1, 1951.
Courtesy of the Grunwald Center for the Graphic Arts, UCLA; photo by Robert Wedemeyer
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and industry-friendly policies. What the British could not see in
1851 became gradually evident: States could do more than sit on
the sidelines, blessing exhibitions for which they did not have to
pay, while deferring to industrialists. They could build industries
and educational systems that served them. Captured by the exuber-
ant moment of the exhibition, innovation held the key to industrial
development. The race belonged to the swift and the scientifically
talented—then and now.
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Epilogue

By the 1820s Leeds had become like Manchester and Birmingham,
a vibrant center of industrial activity. At the Philosophical and Lit-
erary Society of the town, lecturers vied to have the chance to make
money teaching a course in chemistry or geology, in “the uses of in-
tellectual philosophy,” or on the destination of the Nile River in Af-
rica.1 Atomic theory jostled with the history of ancient Athens for
the interest of local merchants and industrialists. While prospering,
in their leisure these lecturers were also examining the entire globe,
learning its contours and secret riches, acquiring knowledge fit for
forging an empire. A few years earlier, and a few hundred miles to
the east across the English Channel in Liège, a Belgian professor of
mathematics fretted about the absence of a chemistry laboratory at
his school. He appealed to the occupying French authorities head-
quartered back in Paris and reminded them of the usefulness of
chemistry and mineralogy for manufacturing.2 The French wanted
the empire they had acquired in 1795 to prosper, to be both indus-
trial and scientific. Partly led by French example, the studied turn
toward application with an industrial and imperial focus happened
everywhere in the West, and scientific settings were increasingly
given an applied and industrial focus.

By 1800 there was barely a place in Western Europe, and even
in the newly independent American states, where science escaped

155



valorization. However abstract we may imagine the scientific disci-
pline of the time as being, it was brought down to earth, some-
times literally. The professor of mathematics in Liège taught calcu-
lus and trigonometry but also devoted two months to lessons on
terrain and the measurement of elevation for use in maps; while
his colleague, also in mathematics, taught arithmetic “relative to
commerce and to mathematics, the new system of weights and mea-
sures,” and decimalization. In nearby Ghent the professor of chem-
istry and experimental physics in the second year of the course
taught about the properties of water, about thermometers, optics,
theory of colors, and so on, and then paid considerable attention
to the metals that appear in mines, the extraction of minerals, the
use of specific gravity to identify substances, and to an examination
of the principal substances found in the region. He also gave a
course particularly for commercial students.3 By 1820 Ghent held
an industrial exposition at which its metal industries figured promi-
nently. Because of its cotton industry, it had become known as
Manchester on the Continent.4

After 1800 the Napoleonic conquerors inherited the ideals of the
French revolutionaries and carried them throughout Europe. They
deserve much of the credit for making the ideology of “practi-
cal matter” Continental, indeed Western, in its breadth and impe-
rial in its sweep. In the newly occupied territories, from Turin to
Amsterdam, men were sought to join the new French implant, la
Société d’encouragement pour l’industrie nationale.5 At the same
time modernizing Spanish owners of slaves and sugar plantations in
Cuba sought to imitate the advances in science and industry wit-
nessed in France and Britain. They argued that “experience” should
be “guided by scientific principles.”6 Scientific societies also pro-
vided what historians see as social networks where skills learned on
the shop floor were passed along. To be sure some technical pro-
cesses such as dyeing or sugar boiling could only be learned by
hands-on experience. But knowing how to work systematically and
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in disciplined groups could also be learned early and well at the new
schools and societies with their technical orientation.7 In the new
scientific culture that matured in the eighteenth century, science
bled into technique, and both served the cause of technological in-
novation.

In this book we have sought to demonstrate the unprecedented
expansion of scientific understanding in the many publics to be
found in the urban centers of Europe and America. More so than
anywhere else, English cities and towns led the way, but European
and American audiences and scientific practitioners quickly fol-
lowed suit. The implications for economic development were mo-
mentous. As many economic historians (led by Joel Mokyr) are
now having to acknowledge, scientific culture cannot be divorced
from the making of early industrialization. Some historians have
wanted to confine the Western “takeoff” to the period after 1800,
but that is to miss developments at work a good three genera-
tions earlier, particularly in England.8 Scientific culture permitted a
shared technical vocabulary to emerge that was understood by en-
gineers and entrepreneurs. Together they worked at mining sites,
factories, and canals armed with mechanical knowledge found
in Newtonian textbooks, explicated by Newtonian lecturers from
Jean Desaguliers working in the 1720s to John Dalton, a Manches-
ter lecturer at work around 1800.

As Francis Bacon well knew, knowledge of nature could also
translate into new power. Scientific culture bred an intangible self-
confidence, a willingness to put profit ahead of social pedigree, or a
desire for universal reform in society and government. By late in the
eighteenth century radical politics lurked noticeably in scientific cir-
cles, and the guardians of wealth and property were clearly wor-
ried. The story we have told about the service to industry and em-
pire rendered by Newton’s science includes the challenge to the
masters of industry and empire that scientifically informed thinking
could also pose. Science did not just allow people to become rich; it
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also allowed them to dream. If education could change the human
understanding of physical nature and teach mere artisans to better
use and invent machinery, could science not also suggest progress
on every front? Health and wealth could be transformed and made
accessible as never before. The democratic challenge to the old or-
der emerged late in the eighteenth century. Its promises remain,
only partially fulfilled, but now, like basic science, available to all
who have access to a modern education.
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