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Preface 

This is a book intended for use by undergraduates in connection with 
college and university courses, as well as by others interested in gaining 
nn overview of what is usually called "the Scientific Revolution." As such, 
ils chief purpose is to provide a framework suitable fOf facilitating more 
intensive study of the multifarious issues that arise froID the narrative pro­
vided here. The bibJiographical discussion at the end points the way to 
much important scholarly literature regarding many oi the more prominent 
~uch issues. 

At the same time, a book of this kind cannot cover everything (or, indeed, 
nnything) adequately. Jt is my hope that it will, at least, suggest to readers 
tapies deserving of closer investigation and avenues by which to investi­
gate them. Overall, the book cleaves fairly closely to a view of the period 
that should be broadly familiar to university teachers of relevant courses; 
lf it did not, it would be of Iittle use to them or their students. Thus there 
18 a stronger focus on mathematical and physical sciences than on Iife 
Helences or medicine. The latter are, indeed, discussed throughout the 
book, but there i5 a 5trong case to be made (and, by others, denied) that 
the most significant intellectual developments of the sciences in the 
period reviewed occurred in areas of methodology, matter theory, and 
mathematical sciences; thus, for example, my discussion of natural history, 
while an important component of the overall argument, is limited in ils 
tl:!chnical content (as, to be sure, are most considerations of mathematical 
8clences). 

Slmilarly, 1 have been obliged to deal with the relevant social history Di 
the period primarily when it intersects directIy with discussion of institu­
tlonal and conceptual matters concerning the study of nature by the learned 
~l!tl': more extensive consideration of, for example, gender issues in the for­
Innlloll of modern science in this period, or with issues of class (the latter 
obvlollHly crucinl but, as yet, under-researched) could nol be carried out 
wllhln 11u- IImltH ()f "n introduction of Ihis sort, but J hflve tried to provide 
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pointers in the text to their potential significance. Once again, these are a11 
issues that can be pursued further by following leads inc1uded in the 
bibliographical essay. 

1 would like to thank the anonyrnous reviewers of this book, and par­
ticularly Paula Findlen, for extremely use fuI comments on fue manuscript, 
which have improved it significantly. Alas, 1 must take the blame for the 
faults that remain. 

The book has been written with the intentíon that it be used in concert 
with associated primary-source material in English translation. The edi­
tions cited in the notes to individual chapters would make valuable study 
materials to accompany this book's overall narrative. 

PETER DEAR 



Introduction 
Philosophy and Operationalism 

1 Knowledge and its history 

What is knowledge? A bird, we say, knows how to fly. But we would not 
like to claim that it therefore knows aeronautics: there have never been 
avian Wright brothers. 

There is much invested in the word "knowledge," and as with any word 
that bears many connotations, this one has a long and complex history. An 
understanding of the meanings that it carries for us today will therefore 
require a joumey into the regions of the past where those meanings were 
first created in a recognizably modern formo One of Ihe most important is 
the Europe oí the sixteenth and seventeenth centuries, a tinle and place 
that, in the history of science, is usually known as the Scientific Revolution. 

The global practice that we call science is still, in the twenty-first century, 
coordinated with primary reference to centres of training and research that 
look to the European tradition. This tradition was tirst adopted elsewhere 
on a large scale in the United States, often with the help of European train­
ing and European émigrés, and only in the twentieth century did it become 
naturalized e1sewhere. Nobel prizes in the sciences even now go predomi­
nantly to scientists in Europe and North America, including scientists from 
elsewhere in the world who received their training and conducted their 
research in those places. An historieal understanding of lhat characteristi­
cally modero enterprise must thereíore look first to its development in a 
European setting. 

The idea that something particularly important to the emergence of Euro­
pean science occurred in the sixteenth and seventeenth centuries is one that 
Europeans themselves first claimed in the eighteenth century. The period 
frem the work oí Copernicus in the early sixteenth century, which put the 
earth in mohon around the sun, up to the establishment oí the Newtonian 
world-system at the Hlnrl of the eighteenth - which included universal 
grnvitiltion i1S pmt of nn Inddlnltcly large universc - cilme to be regarded 
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as a marvellous "revolution" in knowledge unparalleled in history.l 
Naturally, this perspective included an appropriate evaluation of what had 
gone before. The European learning of the Middle Ages, on this view, had 
been backward and empty. Philosophers had been slaves to the ancient 
writings of Aristotle; they had been more concerned with words and argu­
ments than with things and applications. It is a view that stilllives on in 
popular myth, despite the radical historical re-evaluations of the Middle 
Ages, accomplished during the past century, that have given the lie to such 
a dismissive caricature of medieval intellectual life. Nonetheless, some 
aspects of the eighteenth century's celebratory account of ils recen! fore­
bears deserve continued attention. For all that it was exaggerated and self­
congratulatory, the idea that there was a fundamental difference between 
medievallearning and the new learning brought about by the recent "revo­
lution" contains an important insight. Medievallearning, on this account, 
had stressed the ability to speak about matters of huth; whereas now, 
instead, there was a stress on knowledge of what was in the world and 
what it could do. 

This book will, in effect, examine how much justice that view contains. 
The story will be more complicated than the easy triumphalist accounts of 
the eighteenth century, however. We are nowadays less confident than the 
spokesmen of the Enlightenment that there had been an unambiguous 
triumph of rationality over obfuscation, or that our own modern science is 
a neutral and inevitable product of progress. That science is a part of the 
culture that nurtures it has been shown time and again by so-called "con­
textualist" historical and sociological studies of specific cases; science, they 
have shown, is made by history. The central goal of the history of scíence 
is to understand why particular people in the past believed the things they 
did about the world and pursued inquiries in the ways they did. The 
historian has no stake in adjudicating the truth of past convictions. No his­
torical understanding of Copernicus's belief in the motion of the earth 
around the sun comes from the proposítion that his belief was In/e. Coper­
nieus believed what he did for varieus reasons, which it is the job of the 
historian to find out; huth or falsity are determined by arguments, and it 
is lhe argumenls that can be studied historically. 

In explaining historieal change, many factors may be invoked, often dif­
ferent ones in difierent cases. A difficulty in historical work arises from its 
eomplexity and the frequent singularity oi the events or situations being 
addressed. lt is as íf a geologist were to be ealled upen to explain why a 
particular mountain happened to be exactly as high as it was, no more and 
no less. The elevation of such mountains might be explicable in terrns of 
general geological processes, but the exact details of the appearance of any 
particular one would be too much dependent on the unknown, accidental 
contingencies of its history. Historians, similarly, cannot provide deductive 
causal accounts of why a particular event, such as the English Civil War, 
took place in the way that it did. They can attempt, howcver, to makl' 
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generalizations about what conditions rendered such an event more or lesa 
likely. Another way of seeing this is to move away from talking about the 
likelihood of outcomes, to speak instead of understanding. The historian 
wants to understand aspects of the past in the same sort of way as we 
understand what was involved in our neighbour's winning the lottery, 
even though we could not have predicted it. 

In the Scientific Revolution, similar issues were at stake for investigators 
of nature. Their medieval predecessors, destined to be pilloried in the 
eighteenth century, had aimed aboye all at understanding the natural world; 
the new philosophers typically aimed, by contrast, at successful prediction 
and control. lt was not a matter of doing the same thing better - it was a 
malter of doing something different. The literate culture of the fligh Middle 
Ages (roughly, the twelfth eentury to the fourteenth eentury) had grown 
up around the medieval universities, in which ít was generally known as 
"scholasticism." These new ínstitutions were to a greater or lesser degree 
associated with the ehureh and with its cultural agenda. As a result, at uni­
versitíes such as those of París or Oxford theology was the first among their 
higher faculties (those granting the doctorate); it was routinely known as 
"the queen of the sciences." Scholarly prestige tended as a result to aeerue 
to abstraet philosophizing intended to serve the establishment of truth; this 
was the rational counterpart of beliei, and spoke to intellectual conviction 
rather than practical know-how. 

The central discipline concemed with knowledge oi nature was called 
"natural philosophy" (philosophia naturalis or, often, scientía naturalis). Other 
disciplines a1so dealt with nature, such as medicine (another oi the higher 
faculties) and the mathernatícal sciences. These latter, apart from arithmetic 
and geometry, eneompassed studies of those aspects oi nature which 
coneemed quantitative properties - areas such as astronomy, music theory, 
or geometrical optics. Natural phiJosophy, however, was pre-eminent 
among ali these because it took its central goal to be the philosophical 
explanation of ali aspects of the natural world. It was generally conducted 
using the relevant writings oi Aristotle; beca use Aristotle had used the 
Greek word physís to refer to the whole of the natural world, living and 
non-living, the medieval Latin word physica, or "physics," was routinely 
used as a synonym for "natural philosophy." 

1I How a medieval philosopher thought about the natural world 

All revolutions are revolutions against something. One way of doing things 
is overtumed, to be replaeed by another, different one. If there realiy was 
n scientífic "revolution," it must by necessity have overthrown a previous 
orthodoxy - which is predHdy the way the story was told three centuries 
nRo. It is, in fact, 1I1lcll'llr lo whnt extent an old, unchall,'ngcd orthodoxy 
hnd nctunlly l'xistl'd, or lo whnt l')Clenl the wny~ of lhllllghl thllt rcplnced it 
Wt'fl' Ihl'lmll'lwN lrllly 1l0v,,1 nnd Iruly lInJ(j,·rl. Bul ('wry Inl", nt'l!dH n bl'gin-
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ning, and the taken-for-granted beliefs of the majority of natural phi1oso­
phers in the medieval universities provide us with OUIS. We must therefore 
examine the comrnonplaces of the scholastic-Aristotelian view of natural 
knowledge, so that we know a little of what everyone with a university 
education knew too. 

Aristotelian philosophy was airned at explanation. Aristotle was not 
interested in "facts" themselves so much as in what he caJled the "reasoned 
fact." That is, he wanted to know things by knowing why things were the 
way they were. Mere description of the obvious properties of an object or 
process (such as its measureable features) would not, in itseIf, serve that 
explanatory goal; it would merely provide something to be explained. But 
this does not mean that the senses, the source oí the description, were 
devalued. On the contrary, Aristotle had emphasized that all knowledge 
ultimately comes by way of the senses. Without the senses, nothing could 
be known, not even the truths of mathematics; the lalter, like al! other items 
of knowledge, derived by abstraction from sensory awareness oí particu­
lars. The apparently abstract character oí medieval Aristotelian philosophy, 
the feature most pilloried in the eighteenth century, justified its procedures 
by reference to just such a sensory basis. It was not, however, any kind of 
experimental ideal that would be recognizable to modern eyes. 

To an Aristotelian, sensory knowledge about the world served as the 
starting place for the creation of properly philosophical knowledge. Consider 
the following argurnent, a standard example in medievallogic: 

AlI men are mortal 
Socrates is a man 
Therefore Socrates is mortal. 

Pieces oí sensory information resembled the final line (technically, the 
"conclusion" of this "syl1ogism"): "Socrates is mortal." This is a specific 
assertion about Socrates that can be made only on the basis of sensory 
experience of that particular person and his actual death. The first line, 
however (the "major premise"), that "all men are mortal," is a universal 
assertion about all men everywhere and at a11 times. It cannot itself be jus­
tified as certain by reference to a delimited set oí individual sensory obser­
vations. And yet certainty was one of Aristotle's requirements for proper 
"scientific" demonstration. During the seventeenth century, critics such as 
the Englishman Francis Bacon criticized Aristotelian logical procedures 
based on the syllogism for being circular. The universal assertion con­
stituting the major premise could, Bacon said, only be justified on the 
basis of countless singulars, of which the conclusion in any given instance 
would itself be an example. So the conclusion was being demonstrated on 
the basis oí a philosophical, universal knowledge-claim that was itself in 
part justified by the conclusion.2 

Bacon's criticism should alert us to something unfamiliílr in AristoteJian 
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phHosophical procedures. Bacon's point was a straightforward one well 
within the capacities of the enormously logically-sophisticated scholastic 
philosophers. And yet they did not tend to see it as a meaningful objection. 
The crucial issue of the move from particular experiences of the world to 
universally valid (and hence philosophicaD generalizations was usually 
seen as unproblematic. "Experience" for a scholastic Aristotelian did not 
mean the sensory perception of single events, as might be involved in 
recording an experimental outcome. Instead, according to Aristotle, "from 
perception there comes memory, and from memory (when it occurs often 
in connection with the same thing), experience; for memories that are many 
in number form a single experience.,,3 In effect, Bacon's difficulty is col­
lapsed into a psychological habit; a ha bit, moreover, that is simply assumed 
to constitute a legitimate cognitive process. The usual ways in which 
human beings go about making their knowledge (whether explanatory 
or inferential) is thus not to be questioned; Aristotle provides a natural 
history of knowIedge rather than a critical epistemology. The Aristotelian 
position amounts to saying: "If that is what we do, then that is what 
knowledge is." 

Aristotelian experience, in practice, amounted to knowledge that had 
been gained by someone who had perceived "the same thing" countless 
times, so as to become thoroughly familiar with it. The rising of the sun 
every day (making due alIowance for cJoud-cover) would be an example 
of such experiential knowledge. That heavy bodies fall downwards was 
al80 known to everyone from daily experience, which is why Aristotle 
could appropriately used it in providing a philosophical explanation of the 
nature of heavy bodies in his Physics.4 When an Aristotelian philosopher 
claimed to base his knowledge on sensory experience, he meant that he was 
familiar with the behaviour8 and properties of the things he discussed. 
ldeally, his audience would be too. Therein lay the biggest difficulty. 

Besides its putative experiential foundations, Aristotelian natural phi­
losophy also daimed to be a science (the Latin word used by the scholas­
Hes for Aristotle's Greek episteme was scientia). A true science demonstrated 
its eoncJusions from prernises that were accepted as certain. Demonstrative 
eoncJu8ions would be certain as long as they were deduced correctly from 
starting points that were thernselves certain; mere likelihood was insuffi­
dento This was a very tall order. Aristotle appears to have modelled his con­
ception of an ideal science on the Greek mathematical practice of his day: 
the kind of geometry exemplified in Eudid's Elements (c.300 Be) uses as its 
starting points statements that are taken to be immediately acceptable, 
bclng either conventional (definitions) or supposedly seIf-evident (postu­
hItes and axioms). From this foundation, Eudid attempts to derive often 
unforeseen conclusionll regarding geometrical figures by rigorous deduc­
Hon, Aristotlc, in hifl work [>ostl'rior Ana/yties, mandated a similar schemc 
fur oll formal botill's uf knowll!dge that aspired to bt'lng scicnces, regard­
Il-'HH of tlwlr spl'dfll' Hllhjl'l'l-mnttcr, Not surpriHlllHly, Arlstotlp'H ¡d('nl 
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found no concrete exemplification outside of Greek mathematics itself. It is 
difficult to imagine an Aristo!elian dedudive science of zoology (a field oi 
especial interes! to him). 

Nonetheless, the lure of demonstrative certainty drew scholastic natural 
philosophers to believe that they could make knowledge that was analy­
tically solid: terms would be defined in such a way as to permit logically 
unassailable deductions. Thus, one might define the element "earth" as that 
substance which has as its natural place the centre of the universe (Aristo­
tle's universe was geocentric). Then, one could easily explain, at least in 
principIe, the centrality of the earthy sphere on which we live (jt is where 
all heavy, meaning earlhy, bodies have accumulated), as well as the ten­
dency of heavy bodies lo fall downwards (seeking their natural place). It 
was this kind of explanatory strategy !ha! would look to later critics as a 
matter of purely verbal trickery. 

The Aristotelian reliance on experience that was already universalized 
(in that sense, already "coromon knowledge") yielded a natural philoso­
phy that was centrally concerned with explanation rather than other goals. 
The intent was to understand phenomena that were already known - there 
is no pressing sense in which scholastic natural philosophers thought 
oi theír enterprise as one of making new discoveries. The change in goals 
represented by the development of such a view is one of the most charac­
teristic features oí the large-scale mutations in thought found in the 
seventeenth century. Discovery itself carne most oflen to be described in 
geographical terms; in the 16605, Robert Hooke of the newly-founded 
Royal Society of London spoke of the microscope as opening up new ter­
ritories for discovery in the realm oi the very small. The expansion oi 
the European perspective brought about by the voyages oi discovery to the 
New World, and the attendant increase in worldwide commerce, made 
such a metaphor immediately available and accessible. Near the beginning 
of the seventeenth century, Francis Bacon had made much use oi the 
same image of discovery, and even chose a prophecy from the Book 
of Daniel to express his programmatic ambitions: "Many shall pass 
through, and knowledge will be increased."s In effect, the world had 
begun to contain many more things than had been dreamt oi in scholastic 
phiJosophy. 

Jt is important to recognize, however, that the newly emerging types of 
natural philosophy that challenged Ari5totelianism by the seventeenth 
century were not simply more efficacious. lf they put an increased pre­
mium on discovering new things, it was not so c1ear (to many scholastic­
Aristotelians, at least) that they made better sense of phenomena that were 
already known. One of the serious intellectual and cultural battles of the 
period concerned challenges to the Aristotelian ideal of intelligibility, and 
attempts at replacing it. Such battles offered to supplant Aristotle's kinds 
of physical explanation by mechanical explanations of natural processes 
that in volved tiny particles or atoms, or by mathematical formalisms that 
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were sometimes associated with the name of AristotIe's teacher, Plato. 
Adherence to the older models of natural philosophical explanation and 
the categories that they used long remained a viable intelIectual option; it 
simply became increasingly unfashionable. 

Explanatory schemes changed, but so too did research practices. Replac­
ing the Aristote1ian stress on known phenomena with one focused on 
novelty al50 often involved changing the conception oí experience as it was 
used in the making of natural knowledge. Where Aristotle's "experience" 
spoke of what was knovvn about how the world routinely behaves, the 
seventeenth century saw increasing recourse to deliberately fabricated 
experiments that revealed behaviours that had sometimes never been seen 
before. Experimental investigation relied on the notion that what nature 
can be made to do, rather than what it usually does by itself, will be espe­
cially revealing of íts ways. Francis Bacon spoke oí experimentation as 
being a matter of "vexing" nature; perhaps sígnificantly, as a government 
agent in the closing years of Queen Elizabeth's reign Bacon had valued 
torture (an extreme ionn oi vexation, to be sure) as a way of forcing infor­
mation from taciturn suspects.6 For Aristotelians, by contrast, the philoso­
pher learned to understand nature by observing and contemplating its 
"ordinary course," not by interfering with that course and thereby 
corrupting it. Nature was not something to be controlled. 

Thereby hangs a major, and signal, difference between the older acade­
mic philosophy of nature and the enterprise that emerged from the "5ci­
entific Revolution." lt is as well to have an accurate Wlderstanding of what 
is at stake in the use oi that tenn before attempting to explain it, and the 
theme oi operationalism is as effective a sununing-up of the wide body of 
changes as any. It captures the core issues behind the abandonment of much 
of Aristotelian views oi nature: this was not a critique of means, as Bacon 
himself observed, so much as of ends. 

So do birds know how to fly? Does a cook know what bread is? Bacon 
would have answered "no" to the first question, and "maybe" to the 
second. A cook should not be said to "know" about bread in a philoso­
phical sense simply by virtue oi being able to make it, any more than a bird 
"knows" about flight by virtue of being able to fiy. But Bacon believed that 
a philosophical cook, who a1ready possessed true knowledge about bread, 
would by definition be able to make it well, because a criterion for knowing 
truly the nature oi something is the ability to reproduce it artificialIy. The 
proof of the pudding was in the cooking. Hence Bacon's scorn for Aris­
totelian natural philosophy: it offered explanations that did not speak to 
operation; that could not be put to work. 

The subject oi this book, in short, is a wholesale and profOWld restruc­
turlng of ideas about naturc, of the proper purposes 01 knowledge about 
nnturc, and oE ways of aClJuiríng that knowledge. The large-scale cultural 
dcvc10pmcnts thnl brou)-\hl nhout thcse new intellectuill émd social values, 
IInd thl'rl'by crt'all'd IWW IIt'1lHl'1I (lf whllt it might mmn to undl'rslnnd some-
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thing, are more than just entertaining window-dressing for a story about 
the emergence of modern science. They are integral parts of what modern 
science itself is - what it is about and what its procedures mean. 

III Renaissance and revolution 

The story can be divided into two stages. Although the term "Scientific 
Revolution" has long been used for the entire period considered by this 
book, it will refer here specificalIy to the seventeenth century. The fjrst of 
our two stages can, by contrast, be called the "Scientific Renaissance."7 
The period of European history known as the Renaissance is one that, 
depending on region, lasted from the end of the fourteenth century until 
the start of the seventeenth. lts relevance to our concerns arises from its 
broad cultural róle in most areas of intellectual endeavour, including the 
scientific, with its widest impact being ielt only in the second half of 
the periodo The Renaissance is characterized by a cultural movement 
that was promoted by people who saw classical antiquity, the world of 
ancient Greece and Rome, as a model to be emulated in their own time. It 
spread most effectively through the medium of educational reforms taking 
place in the schools and universities that trained the élite classes, and its 
values were therefore widely promoted among the powerful and the 
learned. From ltaly the movement spread northwards across the Alps, 
tran5forming cultural life not just among the literate minority but also, 
through their influence, in society as a whole. For the sciences, it meant 
aboye all a iocus on the philosophical, including the mathematical, tradi­
tions and texts of antiquity. "Renaissance" means "rebirth," and the ancient 
world that was being revived wa5 one that included, besides the architec­
ture of Athens and the poems oE Ovid, the physics of Aristotle, the math­
ematics oi Archimedes and the astronomy oi Ptolemy. These were not, to 
be sure, oi major concern to most, but among those who took an interest 
in them, achievement lay in restoring the endeavours of those classical 
authors. Our first concern, therefore, will be with this "Scientific Renais­
sanee," which will take us from the end of the fifteenth century through to 
the beginning oE the seventeenth. 

The second stage can properly be calIed the "Scientific Revolution" 
because it is only in the seventeenth century that the dream of improving 
knowledge of nature by restoring the ways of antiquity began to be 
replaced by a widespread sense that newly developed knowledge sur­
passed, rather than merely emulated, ancient achievemenls. No longer 
would the way forward be map~d out by recovering what the ancients 
had supposedly aIread y known. The gradual acceptance of novelty i5 a 
notable element of this story. Even by the end of the century so-caUed nova­
lorr8 (innovators) continued to be criticized in some qunrters precisely 
bl'C'nuae they were not following the lead of andent íluthorlties: it was 
I'~Mnrdt'd by Aome aH IX'lnlo\ In rnlhl'r poor laste. MOIII of llw mnjor naml'S 
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oí the standard Scientific Revolution indeed worked in the seventeenth 
rather than the sixteenth century. The only undeniably major figure of the 
sixteenth century is Nicolaus Copernicus, perhaps along with his fellow 
astronomer Tycho Brahe. Others, such as Kepler or Galileo, produced their 
most important work after the start of the new century, as did René 
Descartes, Christiaan Huygens, and Isaac Newton among many others. It 
was in the seventeenth century that increasing challenges to the scholastic­
Aristotelian orthodoxy in philosophy became sufficiently powerful to 
displace it from its previously secure position. Aristotelian philosophy 
continued to be taught in the colleges and universities of Emope, but 
by 1700 it was hedged about with many qualifications, sorne of them pro­
found. Institutional inertia, due to the presence of Aristotle's writings on 
many official curricula, helped its remnants to limp a good way into the 
eighteenth century, but the world had changed: knowledge of nature 
increasingly implied knowledge of how natural things 'lVorked and how 
they could be used. 



Chapter One 
I/What was Worth Knowing" 

in 1500 

1 The universe of the university 

In 1500 the universities reigned over European intellectual lile. Their 
organizational structures were closely modelled on the thirteenth-century 
prototypes from which they derived, and the content of their philo­
sophical instruction generally conformed to the tenets of scholastic 
Aristotelianism aIread y described. Those tenets engaged with more than 
just the formal characteristics of explanation, however; they were aIso 
tightly entwined with a picture of the structure and make-up of the 
physical universe. 

Aristotelian philosophy spoke of a spherical universe at the centre of 
which was found the spherical earth. Aristotle's world, rooted in sense­
experience, was always addressed to the position of human observers, not 
to that of sorne transcendent, godlike being viewing the whole from the 
outside. Accordingly, the heavens, aboye our heads, obeyed different regu­
larities from those observed by things around us on the earth's surface. The 
heavens revolved around the central earth, cyclically generating the 
periods of time that structured both the calendar and the daily round. The 
heavens did not fall down; nor did they recede from uso By contrast, on 
earth we are surrounded by heavy bodies that fati, and light bodies that 
tend to rise. Thus the characteristic motions found naturally in the terres­
trial realm were either towards the centre or away from the centre; Ihose 
of the heavens, by contrast, took place aroul1a the centre. 

That way of perceiving things was integrated with a theory of matter. 
How do we know what things are made oi? For Aristotle, the answer is 
that we see how they behave. On the surface of the earth, Ihere are bodies 
Ihat fallo These bodies therefore have a characteristic property of heaviness. 
But not all bodies that faH are the same. Solid bodies that fall are said to be 
composed primarily of Ihe element "earth," while liquid bodies that fati 
are said to be composed primarily of the element "water," 80th move as 

10 
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they do when they are displaced from their proper locations in the uni­
verse. The natural place oi earth is at the centre oi the universe, whereas 
the natural place of water is around the natural place of earth - which is 
why the oceans tend to surround the solid earth' Corresponding to the two 
heavy elements are two light elements, air and fue, which possess, rather 
than "gravity," the property oi "levity." Thus we see that air-bubbles and 
flames rise. Air occupies the region above that of water, while fire occupies 
that above airo The four together exhaust the number oi elements making 
up terrestrial matter. 

This terrestrial onion, earth at the centre, water, air and fire in successive 
sheIls, occupies only a small proportion oi the universe. The vast region 
beyond the sphere oi fire constitutes the heavens, moving cyclically around 
the centre. Because of that characteristic motion, categorically difierent 
irom that oi the terrestrial elements, the heavens are said to be composed 
of a single element, the "aether," the natural motion of which is precisely 
this circular rotation. Indeed, it is on the basis oi this routinely observed 
motion that the existence oi aether is inferred to begin with. 

The visible celestial bodies, consisting oi the moon, sun and five planets 
(those visible to the naked eye) are carried around the earth by transpar­
ent, invisible spheres. These spheres continue the onion motif: they are 
nested one within the next around the centre, each celestial body being 
embedded in the side of a distinct sphere. The spheres revolve, carrying 
the visible bodies around. The stars are out beyond Satum, the furthermost 
planet, on the surface oi an enormous sphere. The point oi the arrange­
ment, again, is to account ior what we, inhabitants oi the earth's surface, 
see. The invisible celestial spheres must be there, because the visible celes­
tial bodies have to be moved somehow. Experience-based knowledge, for 
Aristotelians, is not just a matter oi what can be sen sed directly, but also a 
matter of what can be inferred irom experience. 

There were further, more consequential aspects oi the heavens that 
flowed frorn these considerations. Elements, as we have seen, are charac­
terized by their natural tendendes towards motion, whether up, down, or 
around. But they couId also change into one another, because that is a 
commonly experienced behaviour: liquids become solids, solids bum to 
produce fire, and so forth. Part of the concept ¡tseU, thereiore, implied the 
possibilíty oi change - at least as far as the terrestrial elernents were con­
cerned. The heavens, however, were irnmune irom this kind of transmuta­
tlon. They were composed oi a single element, the aether, a point that 
necessarily precluded substantial change. Things rnade oi aether could be 
denser or rarer, but there was no other celestial element for them to change 
Into. Nothing in the heavens carne into being, or ceased to exist; celestial 
motíon itseli was cyclical, and no genuine novelty had ever been observed 
beyond the confine!! of lhe lerrestrial region. Such ephemera in the skies as 
cometH were ac('ounlt'd, nll110KI by definition, as terre!!triill. Aristotle hdd 
coml'ts lo bt, nll'I('OI11Ioj.\i,·nl plWIlOlnl'1l0 in tht, lIppl'r nllllllMpllt'rt', bdow 
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Figure 1.1 The Aristo/elian universe in the sixteenth century, from Petrus Apianus, Cos­
mographia (1539). The order 01 the planets in distance from Ihe earlh is thal due /0 Ihe 
astronomer Plolemy, which differs slight1y from thal al Aristatle himse/f. 

the lowest sphere which carnes the moon around the earth. Terrestrial and 
celestial were distinct regions, therefore, governed by different physica1 
constituents and correspondingly different physical behaviours. Terrestrial 
and celestial physics were both part of natural philosophy, but they were 
different domains. 

This was the world promulgated by the university arts currículum; the 
world seen, contemplated, and explained by the scholastic natural philoso-
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pher. It was a complex universe, but it was also finite in at least two senses. 
Not only was it of limited spatial dimensjons - a huge but bounded globe 
enclosing all of Creation - but the kinds of things that it contained, and the 
ways in which it behaved, were also strictly Iimited. Aristotelian natural 
philosophy specified the categories of things contained in the world, and 
exhaustively catalogued the ways in which they could be understood. The 
reason for the absence of innovation and discovery as a significant part of 
this worldview is that there was no real sense of the natural world as a vast 
field to be explored¡ there was nothing genuinely and fundamentaUy new 
to be found in it. 

It is therefore of relevance to consider that in 1500, at the start of our 
period, Christopher Columbus's first voyage was on1y eight years in the 
past and the Americas had not yet received their name. The availability oí 
geographical discovery-metaphors was much greater in the sixteenth and 
seventeenth centuries than had been the case previously: Europeans were 
looking outwards on a world that no longer corresponded to the classical 
geography found in the much-reprinted standard ancient text on the 
subject, Ptolemis Geography. The new sense that the world was large, and 
largely unknown, was not, therefore, purely philosophical. 

The sharply defined quality of Aristotle's physics, which provided such 
a preordained field for natural philosophy, arose from the four causes into 
which he analysed the categories of human explanation. His basic question 
amounted to asking "How do we understand things?" His answer was that 
we, as a matter of fact, understand or explain things according to tour 
models, designated "causes." Together, the four causes are intended to 
exhaust aU the possible ways in which people explain or understand. "Final 
cause" explanations make sense of the behaviour or properties of some­
thing by invoking its purpose: 1 walk because I'm going towards a desti­
nation; a sapling grows because it strives to be a fttlly-grown tree. The "final 
cause" is "that for the sake of which" something occurs, in the case of 
events or processes, or is the way it is - such as explaining the arrangement 
of teeth in the mouth by reference to their chewing function (lhis second 
kind is called "irrunanent teleology"). The "material cause" adduces what 
a thing is made of: my chair burns when ignited because it js made of 
wood, an inflammable material. The "efficient cause" (sometirnes caUed the 
"moving cause") is closest to our modern understanding of that word: 
It is the action by which something is done or brought about. Thus the 
efficient cause of a gun firing might be the pulling of the trigger; or of a 
snooker ball rolling into a pocket, the preceding collision between it and 
the cue-ball. 

The trickiest, and at the same time most characteristic, of Aristotle's four 
causes is the "formal cause." This accounts for the kind of explanation that 
makes reference to the nature of the thing in question. Consider agnin this 
c1IlRslc medieval syllogism: 



14 

Al! men are mortal 
Socrales is aman 

Reuolutionizing the Sciences 

Therefore Socrales is mortal. 

The formal cause of Socrates' mortalily is Ihe fact that he is aman - that 
is Ihe kind of thing that he is - and it is in the nature of men to be 
mortal. The reason for Ihis kind of "cause" being called "formal" is 
that Aristolelians referred to the kind oi Ihing that something is as its 
I/form." 

The concept oi forms is central lo Aristotelian thought. It arose from 
a reinlerpretation of a general philosophical problem considered by 
Aristot1e's teacher, Plato. How does one recognize what an individual thing 
is? How does one know, ior example, that this lree is a tree rather than a 
bush, or even a helicopter? Plato's answer, in which he was followed by 
Aristotle, was to say that one must already know what a tree is in order to 
recognize one. And what one already knows, namely what a tree is in 
general (that is, what sort oi thing a tree is), Plato describes as knowledge 
oi a tree's fonn. Forms, ior both Plato and Aristotle, are in effect categories 
into which individual objects can be sorted. The category into which 
something fjts (tree, bush, helicopter) represents what kind of thing that 
object is: Socrates, in the earlier example, is aman. Thus the world is seen 
as being made up of categories, or c1assificatory boxes, that take account of 
everything that exists or could exist. Aristotle's is a vision of the world thal 
sees it as a taxonomic system, in which there is a place for everything. True 
philosophical knowledge of the world amounts to locating everything in 
its place. Furthermore, causal properties are important parts of properly 
categorizing things. 

The purpose of this philosophical scheme, therefore, was to understand 
in the most fundamental way what things were and why they behaved 
as they did. And Aristotle's taxonomy of causes determined, as taxonomies 
tend to do, what could and could not be said of natural phenomena, 
and what was worth saying. At the same time, it should be remembered 
that, to a greater or lesser extent, this is a property of any c1assification 
system, and by extension any framework within which lo locate knowl­
edge of nature. 1t is not the case that Aristotelian philosophy restricted 
Ihe sciences of nature whereas its replacements extended their scope. 
Any single system would have had these same structural characteristics, 
sorne of which we will see in la ter chapters. But the abandonment oi 
scholastic Aristotelianism, especially during the seventeenth century, was 
accompanied by a proliferation of alternatives which, collectively, greatIy 
expanded the possibilities - even if most of those possibilities, different 
in each case, would have been rejected from within any particular philo­
sophical scheme. In the case of those new systems which were presented 
in the seventeenth century as something new, there WiUI in addition the 
prospect of unpacking their implications and foIlClwil1~ lhl'lr preccpts for 
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the first time, in contrast to the well-surveyed territory of their chiei 
predecessor. 

II Natural knowledge and natural philosophy 

The scholastic Aristotelianism prevalent in Europe at the start of the six­
teenth century differed in sorne significant respects from the philosophy 
found in the writings of Aristotle. That philosophy, and particularly its 
natural philosophical components, had first been assimilated into the aca­
demic world oi Roman Catholic (or Latin) Europe in the twelfth and thir­
teenth centuries. The assimilation wrought its own changes, which sprang 
from the settings in which Aristotle was seen as being of interest to begin 
with. Scholars tended overwhelmingly to be clerics, since they were the 
ones who were much the most líkely to be literate. The Church, as the 
dominant institution throughout Western and Central Europe, played a 
major role in determining intellectual priorities: Aristotle carne to be inter­
esting because he could be used to illuminate matters oi theological inter­
est. After conflicts and disagreements during the thirteenth century, 
especiaUy at the University ofParis, the works of Aristotle on a whole range 
oi subjects from logic and rhetoric to meteorology were securely ensconced 
in the currícula of the new universities, even while official Church dogma 
still tended to circumscríbe sorne aspects oi their interpretation. The theo­
logical value oi natural philosophy stemmed straightforwardly from its 
topica1 focus: interpreted from a Christian standpoint, it concerned God's 
Creation. Learning about God by learning about what He had made, and 
understanding the whys and wherefores of its fabric, was seen by many as 
an eminently pious enterprise. Natural philosophy had become a religious 
endeavour, and it remaíned so for many centuries. In the early eighteenth 
century, Isaac Newton wrote that "to treat of God from phenomena is cer­
tainlya part of natural philosophy."1 

This is not to say, however, that natural philosophy in medieval and 
early-modern Europe was a/ways understood as dealíng explícitly with the 
natural world as God's Creahon. Usually it was, but, as Newton's pro­
testation suggests, the connection was not a necessary one. In sixteenth­
century Padua (a leading university centre), as also in thirteenth-century 
Paris, so-called "Averrolsm" caused great controversy by purporting to 
discuss Aristotelian natural philosophy in isolatíon from a Christian theo­
logical context. The twelfth-century Arab philosopher Averroes had written 
extensive commentaries on Aristotle's natural philosophical writings that 
IIttempted to explícate their content ¡ndependent of extraneous reli­
glous doctrines (in Averroes' case, Islamic). In the thirteenth century sorne 
Christian scholars at Paris folIowed Averroes' lead, developing his inter­
prctations of Aristotle in sometimes flagrant disregard for theological 
rontroverHy. Their frequently condemned attempts to gel away with this 
relil·d on thl' possibi1ity (lf repn'scnting tlwir Clldt'ilVOl1r ilA bcing natural 
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philosophy and not theology, Natural philosophy was clearly not invari­
ably seen as a study of the divine, Their position was, however, opposed 
by such alternatives as Thomas Aquinas's, Aquinas made an extremely 
influential attempt in the thirteenth century explicitly to disallow 
Averroi'sm; his view of natural philosophy as a "handmaiden" to theology 
quickly became commoruy accepted, and coloured the conception of the 
discipline thereafter. In practice if not always in principie, natural philoso­
phy and theology had become inextricably linked. 

The university world of 1500 had expanded signilicantly since the 
foundation of the first such institutions around 1200. The word "univer­
sity" is an English version of the Latín universitas, a term routinely applied 
in the medieval period lo legal corporations. Oruy over the course of 
centuries did "university" come to be associated spedfically with those 
corporations (whether of scholars or of students) devoted to educational 
purposes and offering various grades, or "degrees," through which the 
student attempted lo pass. The fiEteenth century saw a rapid increase in the 
number oE universities across Europe, largely due to Ihe foundation of 
new institutions in Ihe easleen parts of Catholic Europe, such as Poland 
(Nicolaus Copemicus studied at Krakow in Ihe 1490s). The new founda­
tions retained the same basic organizalional structure as their medieval 
prototypes, however. Their basic component was Ihe so-called Arts facully, 
the division thal dealt with the "liberal arts" of which philosophy (natural, 
metaphysical, and moral) was the majar component. Following successful 
passage through !he degrees oí Bachelor and then Master of Arts, students 
aiming at a doctorate in a professional discipline went on to study in 
one oí the three "higher" faculties oE medicine, law, and theology. In Ihe 
non-ltalian universities, north of the Alps, theology was usually the most 
important of Ihe three. This vocational direction tended to afiect the treat­
ment accorded to natural philosophy, reinforcing its perceived role as a 
handmaiden to theology. 

A characteristic shared by all three of the higher facuIties, however, and 
not just !heology, was that !hey served vocational directíons Ihat were not 
open to women. It is therefore unsurprising that there was virtually no 
place for women in the universities; the basic purpose of the university was 
lo train young men in one of Ihe professions. The most characteristic, and 
important, vocation in the Middle Ages lay in the church - perhaps the 
exemplar of a major social institution restricted to men oruy. Clerics could 
in principIe, and to varying extents did, come from all social classes; but 
they could never be female. This fact is probably too deeply rooted for its 
implications to be easily and unequivocally traced, but it has been sug­
gested that the longstanding domination of westeen science by men may 
owe something to the clerical character of its academic and scholarly 
origins. What effect that may have had, in tum, on the conceptual and 
ideological structure oE !he sciences cannot be c1early stated, owing to the 
vast number of mediations that wouId have to he lrnn'd to make the 
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relevant eonneetions. Nonetheless, it will be important to bear in mind this 
basie soeiological faet about the knowledge enterprises of medieval and 
earIy modern Europe in what follows. 

Besides natural philosophy itseIf, there were other subjeets of study 
eoneerning knowledge of the natural worId that were also taught in the 
universities. Medicine, one of the higher faeulties, involved study of sueh 
eomponents as anatomy and materia medica. The anatomy of the human 
body was increasingly, by 1500, being taught to medical students at north­
em ltalian universities and elsewhere in part through demonstration­
dissections, whereby a corpse would be dissected over the course of several 
days for the benefit of onlookers. The textual aeeompaniment to these dis­
plays was typicaIly a digest of the anatomieal teaehings of the ancient 
physician Galen (late second eentury AD), such as the early-fourteenth­
eentury handbook by the Italian Mondino de' Liuzzi. The purpose, 
however, was not to eonduct researeh; it was wholly pedagogical, intended 
to familiarize students with the internal strueture of the human body 
aecording to Galenic doctrine. The area of materia medica eoncemed sueh 
things as drugs and oinlments, together with their preparation from 
mineral and especially botanical sourees. It therefore inc1uded natural his­
torieal knowledge of plants and their medicinal properties. Jt might be 
noted that neither oí these studies, anatomy or materia medica, purported 
to deal eentrally in philosophieal eontent. Although the human body and 
its parts were to be understood in terms of Galen's theoretieal (really, 
natural philosophical) views, the study of anatomy itself eoncemed 
detailed morphologieal description rather than being foeused on explana­
tion. l\1aleria medica was also a field that presented practieal know-how 
rather than theoretical understanding. When dealing with plants, for 
example, the physician was not eoneerned with Ihe causal science (in 
Aristotle's sense) of botany, but with empirieal knowledge of a plant's 
properties. While the Ianguage of natural philosophy was often used lo 
charaeterize the medicinal properties of a drug, it was an auxiliary aid to 
medical knowledge rather than an end in itseIf. 

The other main area of natural knowledge that was separate from natural 
philosophy, this time in principIe as well as in practice, was that of math­
ematics. The chief mathematical scienees practised in the medieval uni­
versity were astronomy and, to a lesser extent, music. These were both 
members of the medieval quadrivium, comprising the four mathematieal 
scienees of arithmetic, geometry, astronomy and music. The theoretieal jus­
tification of this grouping eonformed once agaín lo Aristotelian expecta­
tlons: the first two were the branches of "pure" malhematics, dealing with 
IIbstrae! magnitude as their proper subject matter. Arithmetic was con­
cerned with discontinuous magnitude - numbers - whereas geometry con­
cerned continuous magnitude, in the form of spatial extension. The third 
IIncl fourth membcrs of lhe quadrivium represented the branches of 
"mtxl'd" mntllt'mnticK. ThM tl'rm Iltgnnlled that tlll'ir propl'r eoneern wns 
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magnitude combined with some specific subject ma tter. Thus astronomy was 
geometrical extension as specifically applied to the motions of the heavens; 
music was numbers as specifically applied to sounds. 

These last two disciplines were thus sdences oi the natural world, but 
were explicitly denied the status of natural philosophy. Aristotle him­
self had characterized such subjects as mathematical, distinguished from 
natural philosophy by their supposed lack of causal explanations. The 
mathematical astronomer, on this view, merely described and modelled the 
motions of the celestial bodies; it was the job of the natural philosopher to 
explain why they moved. Similarly, the mathematical musician codified the 
number-ratios corresponding to particuJar musical intervals (number­
ratios that found their typical physical instantiation in musical shing 
lengths). The natural philosopher was left with the task of explaining the 
underlying nature oi sound. 

This Aristotelian characterization oi the mathematical sciences informed 
the curricular structure oí the European universities of 1500. Natural phi­
losophy was taught as an important component of an arts education, while 
mathematical studies, when they were given any significant place, tended 
to be presented as independent, specialized disciplines that were chiefly 
aimed at practical ends involving computations of varíous sorts. Astron­
omy was the most important such science in the universities, for a number 
of reasons. First, its practical functions were highly regarded: these 
included calendrical uses, such as computing the dates oí moveable church 
feasts (although this had become routine and unproblematic by the time 
of the foundation oí the first universities), and the casting of horoscopes. 
Astrology was not a specialty definitively distinguished from astronomy; 
the astronomer was also an astrologer, while the astrologer always had to 
have command of astronomy, the science of the motions of the heavens. 
The high practical importance of astrology stemmed from its use in leamed 
medicine, where the casting of horoscopes was a routine procedure in 
making prognoses regarding the future course of an ilJness. Indeed, astron­
orny was a particularly prorninent study at the University of Padua during 
the Middle Ages because the faculty of medicine was the major of the three 
higher faculties there, a priority that reflected back onto the preparatory 
arts h·aining. 

m Astronomy and cosmology 

The relationship between astronomy and cosmology in the medieval uni­
versity tradition was an uncertain one that only began to change in major 
ways in the generation or so preceding Copemicus. The word "cosmology" 
in its modern sense dates from the eighteenth century, but it is useful to 
apply it to earlier conceptions of the physics oi the heavens and to related 
natural philosophical ideas about the overal1 structure and workings of 
the universe. The cosmology found in the university wllrld preceding 
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Copernicus's work was broadly Aristotelian, as we saw aboye, and as such 
it restricted the heavens to motions that were perfect, uniform, and circu­
lar - the kind of natural motion appropriate to spheres composed of aether. 
The foremost astronomical authority of Antiquity, Claudius Ptolemy 
(second century AD), had written the work tha! became the bible for sub­
sequent astronomers in the Greek, then Arabic and Latín traditions. It was 
known in Ihe Middle Ages as the Almagest, a corruption of the usual title 
in Arabic; in Greek it was the Syntaxis, or "compilation." Ptolemy had com­
menced the Almagest with a brief treatment of the physical framework Ihat 
constrained his accounts oí the motions seen in the heavens, and it was a 
framework derived from the natural philosophy of Aristotle. Ptolemy fol­
lowed in the tradition of previous Greek astronomers in restricting the 
elementary motions from which actual observed motions were to be 
synthesized to unllorm, circular motíon, and that restriction (held lo have 
originated with Plato) itself seemed to conform to Aristotle's account of 
celestial physics. While the physics to which Ptolemy deferred was Aris­
totelian, the vast buIk of the Almagest, having adopted Aristotle's cosmo­
logical ground rules, followed the autonomous malhematical traditions of 
Greek astronomy. Ptolemalc astronomy as it was practised in the Latin 
Middle Ages was therefore easily cordoned off from natural philosophy in 
the universities. 

Not all the complexities of Ptolemy's achievement, let alone the refine­
ments and improvements furnished by several intervening centuries of 
Arabic astronomy, were adopted by Latin astronomy following the trans­
lation of the Almagest from the Arabic in the twelfth century. Ptolema·ic 
Aetronomy, having justified its centrat stationary spherical earth with 
Arlstotelian arguments, arrayed the heavenly bodies in orbits around il, 
accounting for the details of their paths by using an array of subsidiary 
drcles. A (very) simplified Ptolemak model of the motion of a planet would 
look like Figure 1.2. (This diagram discounts the daily motion of !he 
heavens; strictly speaking, the entire diagram ought also to revolve around 
the central earth once a day.) A simple circular path around !he central earth 
would not have fitted observation: although, in general, the heavens appear 
to roIl around the earth in circular paths (hence the characteristic proper­
ties of Aristotle's elemental aether), the planets show anomalies. Mars, 
]upiter, and Saturn, for example, periodically slow up in !heir overall 
c:ourse from west to east through the stars, and double back away before 
conlinuing in theír original duection; the doubling-back is caIled "retro­
grade" motíon, the phenomenon itself "retrogression." The smaller cuele 
ln FIgure 1.2 allow5 this appearance to be mimicked. The planet moves uni­
lormly around the small circle (called an "epicyele"), while that cirele's 
centre revolves Unllormly around the larger cuele (called a "deferent"). If 
the le8scr circular motíon completes several revolutions for eachsíngle 
I'tvolution of the greater círele, the appearance from the centre will be of 
thl' plnnet looping back in its motíon whenever it passes around tha! part 
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Figure 1.2 Simplified basic planetary mode/, as used by Ptolemy. An epicyc1e, around the 
centre of which the planet is carried, itse/f in I!lm revolves on ils deferent circ/e around the 
central earth. 

of the smaIl circle which is on the side closest to the system's centre 
(Figure 1.3). This conception formed the basis of Ptolemis explanatíons of 
planetary motions around the earth. To achieve the greatest possible accu­
racy, many refinements, including addilional subsidiary circ\es, needed to 
be made to models of this kind. 

From the point of view of a natural philosopher, however, this approach 
would have been questionable if presented as an expúmation of planetary 
motions. Not only is there no attempt to explain why such cireles move as 
they do, or what those circles are composed of; the cireles themselves (in 
this case, the epicycle) routinely have as their centres of revolulion points 
displaced from the centre of the earth (and hence of the universe). By 
contrast, Aristotle's concept of the circularity of celestial motion involved 
an understanding of that motion as being centred on the earth. What, then, 
was the physical status of PtoleméÜc models in the Middle Ages? 

From one perspective, they were simply calculating devices. As long as 
the numbers that they generated corresponded to observed celestial posi­
tions, it mattered little to the mathematical astronomer whether the details 
of the models represented real motions in the heavens or were fictitious. 
Were epicycles and deferent circles real objects, or figments of the 
astronomer's imagination? From a practical standpoint, the astronomer did 
oot need to worry about it; a resolution of the question would not improve 
his calculations. But for the natural philosopher, things were ¡ess simple. 
Whill' the astronomer ought not to worry about physicnl entiBes, such ques-
110111. Wl'l1.' the naturnl phiJoHophcr's stock-in-trad¡'. 
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Figure 1.3 The epic1jcle in the Ptolemaü: planetanj nwdel accounts for the periodic appear­
unce af retrograde molían as seen from Ihe earlh, during ¡he times al which Ihe pIune! is at 
its cIases! approach. 

Usually, however, medieval cosmology concerned itself with general 
questions of the nature of the heavens and the causes of celestial motions, 
leaving the details oI those motions to the astronomers as if it made little 
difference. On1y very seldom did medieval natural philosophers so much 
as consider questions concerning the physical status of the astronomer's 
complex systems of cireles. It was easy to ignore them, evidently, in light 
of the hierarchy of the disciplines in the universities: natural philosophy, 
dealing with causes and the natures of things, was more highly regarded 
than the more practical craft of astronomical computation. 

Physicists were in a position, therefore, largely to disregard the concepts 
used by astronomers, much as a botanist might ignore the practical wisdom 
oí the gardener. For their part, astronomers ignored the same issues of the 
compatibility between the physics and the mathernatics of celestial motions 
even more completely than did the physicists; astronornical treatises of the 
Middle Ages do not broach the subject at all. 

This was the situation from the introduction of the Almagest into Latin 
Christendom until the second half of the fifteenth century - the generation 
before Copernicus. Since the thirteenth century, one of the major teaching 
texts on astronomy had been an anonymous work called Theorica plane­
tarum, or Thcoric 01 the P/anets. The title's first word, usually translated ínto 
EngliHh oa "tllt'OriCA," rdcra mthcr more specificaIly to thc particular geo-
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metrical models of the motions oE celestial bodies that the book contains; 
theorica, or "theoric", here means something like "theoretical modelling." 
The work contains such models for the sun, moon, and the five planets, 
together with instructions on how to use them for computation. It is impor­
tant to note that, although clearly derived from the models given in 
Ptolemy's Almagest, those of Ihe Theorica are distinctly simpler, eschewing 
much oE the complexity that Ptolemy had used to achieve a high leve! of 
accordance with observationa! data. In this connection, il is also relevant 
to note that the Alfonsine Tables (c.1272), the standard numerical tables used 
in the MiddJe Ages for determining celestial positions, had been computed 
for each of the celestial bodies from geometrical modeIs that were enor­
mously simplified compared with their PtoleméÜc prototypes. As long as 
the predictions that could be made were good enough, precision for its own 
sake was not a desideratum - another indication of the practical bent of 
medieval astronomy.2 

In the 14505, however, a German astronomer in Vienna, Georg Peurbach 
(or "Peuerbach"), wrote a new teaching text bearing the title Theoricae novae 
planetarum, or New Theorics of the P/anets, finally printed in 1475. As the title 
suggests, it was intended as an improved replacement for the old Theonca 
planetarum. It presented the same kind of material as its predecessor, 
endeavouring only to improve certain features oE Ihe individual models but 
in no way attempting to present models oE the same complexity as those 
found in the Almagest. Perhaps the most radical innovation, however, lay 
in its presentation of those modeIs themselves. Rather than showing dia­
grams made up oE geometrical lines representing distinct motions, as in 
Figure 1.2, aboye, Peurbach displayed solid spheres of a finite thickness 
(Figure 1.4). 

The sun moving on a deferent has turned into a body embedded within 
the walls oi a deferent sphere which itself is embedded within a much 
larger, hollow sphere that encompasses the earth . This unquestionably 
physical picture was much more compatible with Ihe physical spheres 
spoken of by Aristotle and the scholastic natural philosophers than was an 
abstract, computational geometrical model. It is the first time that an 
astronomer, rather than natural philosopher, in the world of Latín Chris­
tendom had confronted the issue of the physical status of his models: Peur­
bach wished to interpret his mathematical devices as having physical 
referents. Observational niceties had led mathematical astronomers to add 
circle upon circle to the basic Arislotelian picture of the heavens; now Peur­
bach insisted on regarding those circles as physical things that astronomy 
had, in effect, discovered - discovered, because these were circles that appar­
ently needed to exist in order for the appearances in the heavens to be as 
they were. He declined, thal is, to regard rnathematical astronomy as purely 
111l!tnlmcntal, like most navigational calculations todoy, which are still 
l"ondudC'd, for convenienec, nccording to the fíetlon of n Rtntionary earth 
IlI'l'nlult' tllt'y give tllt' rl)liht nnHwcrR. 
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Plgure 1.4 Peurbach's conception of the physiclIl reality of Plolemal'c astronomical models, 
from his Theoricae novae planetarum: eaeh circle in the geometrical model is here in ter­
prtled as a /hree-dimensionaI solid in the heavens. B represen/s the centra! ear/h; A is the 
po/nt (axis, normal to page) around which the eccentric sphere D, which ca/'ríes the sun, 
rota tes. Tire planets are hand/ed using similar, but more complicated, lechniques. 

Ptolemy's astronomy reached Copernicus, al the close of Ihe fifteenth 
century, Ihrough accounls such as Peurbach's¡ Ihal ¡s, accounls at one 
I'tmove from the Almagest itseIf. His most detailed so urce was a work 
by Peurbach and his collaborator Regiomontanus, caIled Epi/ame af the 
Almagest. Although compleled in the early 14605, this work was not printed 
untl11496 (in Ven ice), by which time Copernicus had begun his university 
.tudlcR of i1stronomy. Thc Epi/OIn€' is what its name suggC!lt!l: él digest of the 
AIIIIII,III'S/ Inll'ndl'd lo 111umlnolt· lIll' nlC'ctil's of I'lo[('my'H g~'ometricill 
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models for celestial motions. Much more elaborate than either the Theorica 
p/(lnetarum or even Peurbach's Theoricae novae, the Epitome o[ the Almagest 
represented the peak of Latín astronomical science in 1500. But it was an 
astronomical science that already threatened encroachment on the domain 
of causal natural philosophy by implying its competence to speak of the 
true workings of the heavens. 

IV Beyond the university 

A scholar's life by 1500 was as much material as intellectua\. The end of 
the fifteenth century saw a European learned culture that was busily 
absorbing the impact of a new technology, that of printing with moveable 
type. First appearing aTOund 1450 in the German city of Mainz, printing 
rapidly spread from Johann Gutenberg's original press throughout the 
German territories and northern Italy, most notably Venice. This establish­
ment, during the second half oE the century, oE scores oE print shops 
corresponds to two related features of European, especially Western Euro­
pean, society at that time. The first is the fairly high rate of Jiteracy on 
whieh the market for books and pamphlets was based. The second is the 
quite sudden wide availability of a multitude oE philosophical and general 
intellectual options. Together, these two Eeatures created a situation in 
whieh knowledge for very many people was no longer so chained to the 
texts of the university curriculum. This was a new situation practically 
without paralle\. 

In 1500 the variety of intellectual options being sought in the new Iiter­
ary environment was still relatively limited. Perhaps the most influential 
among them at the time was the so-caIled neo-Platonism of Marsilio Fieino 
in Florence. In the 1460s Fidno underlook to translate into Latin the works 
of Plato, which had reeeived relatively littIe attention during Ihe MiddIe 
Ages.3 Prior to this task, he had transIated in addition a number of texts 
nowadays reckoned to date from the early Christian era, but which were 
believed by Fieino and most others to be among the oldest texts of antiq­
uity, predating by eenturies the writings of Aristotle, Plato, and all the other 
luminaries of classieal culture. These were texts of the so-called hermetic 
corpus, held lo have been written by an andent sage in Egypt caIled 
Hermes Trismegistus (thriee-great Hermes). Their most notable feature 
(aparl from reports of andent Egyptian temple magic, in a hermetic text 
already known to the Latin Middle Ages) was their metaphysical eoneep­
tion of the universe. This, not surprisingly, resembled c10sely the neo­
Platonic doctrines of late antiquity, the period now reliably believed to 
have produced the "hermetic" corpus as well. Since the late-antique neo­
Platonic writers, such as Plotinus (third century), regarded their own teach­
ings as expositions oi the more areane and mystical implications of Plato's 
own work, Fidno believed that all three together - Plato, the hermetic 
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corpus, and the neo-Platonic texts - represented an ancient mystieal tradi­
tion of profound wisdom dating back to before the time of Moses in the 
Old Testament. 

The overall thrust of these doctrines was a picture of the universe as 
a spiritual unity, in which the various parts were related by spiritual 
sympathies and antipathies. Astrology was a characteristic aspeet of these 
views, one that was widely shared. Astrology had, of course, been a 
standard part of the learned beliefs of the preceding centuries too. Its 
novel aspect in the new neo-Platonic or hermetic form championed by 
Ficino, however, involved the ambition to use the astrological influences of 
the stars for human ends, rather than simply to predict and document 
passively their effects. In other words, this was a kind of astrology that 
held out the dream of magical domination of nature. The astrologer-magus 
- of whom another good example from the late fifteenth century ís the 
Florentine Giovanni Pico della Mirandola - dreamed oi harnessing the 
powers of the stars in their psychical interaction with things on the earth. 

It can be noted right away that this neo-Platonic magical strain in Renais­
sanee thought, clearly distinet from the usual teaehings found in the uni­
versity, does not stríctly eount as a non-Aristotelian natural philosophy. This 
is because it endeavoured to be more than that. To the extent that its view 
of nature was direeted towards aehieving operational control over nature, 
it was centrally a form of magic, a kind of teehnology intended for practi­
cal ends, and not a philosophical study devoted to understanding for its 
own sake. However, at the same time, because it did implicate non­
Aristotelian philosophical ideas about the workings of the universe, it was 
one route (among many) by which non-Aristotelian natural philosophies 
became established in eompetition with orthodoxy. Magic was eertainly 
known in the Míddle Ages too, but it was usually presented as, at the least, 
not incompatible wíth Aristotelian natural philosophy. The Aristotelian 
world was a world of regularities, but not a world oi rigid determinismo 
Unusual things couId sometimes happen, and magic attempted to operate 
In that rather lawless hinterland left out oi account by Aristotle's empha­
als on what usuaIly happened. 

Magic itself could be a treacherous category. At its most fundamental 
level, Ihe term referred to an art of manipulation, of doing things that, 
.pedfically, tended to provoke wonder, or that were marvellously out-of­
the-ordinary. There was, in consequence, a variety of practices that prop­
erly bore that label. They included spiritual magic, which worked by 
tnvoking the aid of spirits, whether angels or demons (the latter then being 
known as "demonic" magic, associated wíth witchcraft); and "natural" 
mag!c. The latter was supposed to work by exploiting, rather than the abil­
lHes of spiritual agencies, the hidden ("occult") powers found in nature. 
rhe Ilction of ¡¡ magnel' upon iron, for example, manifested one fairly 
ct.lmmO\1 Huch power. Mllg!c Wfl!llln Ilrt of doing thingH, 11 technology, and 
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the magus was someone who knew how to use it. It therefore represented 
a quite different kind oi knowledge from the AristoteJian contemplative 
idea!. 

Operational knowledge manifested itself in other ways too. The advent 
of printing saw the appearance not only of Latin treatises on magic, acces­
sible to the learned, but also texts in the vernacularsJ such as dialects of 
ltalian and German. These vemacular texts had, of course, a much wider 
potential readership. Literacy was required, but not the scholarly training 
that would render Latin texts accessible. The new "books of secrets" there­
fore presented practical, but usually rather recondite, information to people 
with only a middling education. The genre, which really took off in the six­
teenth century, seems to have be en very much a creature of printing; the 
demand for such books was fed and encouraged by printers who could 
promise their readers al! manner of practical tips that had hitherto (or so it 
was claimed) been the preserve of cIosed guilds of practitioners. Medical 
advice was particularly popular, with books presenting recipes for the 
treatment of a wide variety oi ailments. In the first half oí the sixteenth 
century one of the most prominent authors of such vemacular medical texts 
was Walther Hermann Ryff, aman with sorne training in medicine and the 
arts of the apothecary. Ryff published a multitude of popular works in 
German, largely drawn from the writings oi others in the same fields, and 
including material taken from the leamed Latín treatises of the university 
medical schools. In 1531 and 1532 there first appeared a group of small 
booklets, known as Kunstbüchlein ("Iittle craft-books"), on a variety of prac­
tical cratt and technical subjects. These anonymous books were produced 
from the shops of printers in a nurnber of German cities, and catered to 
what they revealed as an eager appetite for such things not just among 
German craftsmen, but among litera te people of the middling sort in 
general. They broke the perceived monopoly of the craft guilds over 
possession of such practical knowledge as made up rnetallurgy, dyeing 
or other chernical recipes, pottery or any of a multitude of potential 
household requisites. 

The historian Williarn Earnon, in his studies oi such literature, has char­
acterized these "technical recipe books" as a rneans whereby the "veil of 
mystery" that had hitherto surrounded the practical crafts was lifted, so 
that ordinary people could see that the craftsrnan was not possessed of 
so me arcane wisdom, but simply had knowledge oi a set of techniques that, 
in principIe, anyone could apply.4 This is not a notion that should be taken 
for granted, however. Studies in recent decades of the ways in which expert 
knowledge is constituted and passed on suggest that practitioners do 
indeed possess skills that are communicated only with difficulty. Their 
practica! knowledge is often lmlearnable from the eviscerated accounts that 
appear in the pages oi experimental papers (in the sciences) or technical 
manuals (in skilled craftwork in genera!).' Thus, if Eamon is right, the 
growing sense that developed during the sixteenth cC'ntu ry, élS él consc-
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quence oi printing and its uses, thal practical craft knowledge ("know­
how") can be redllced lo straíghtforward rules of procedure that can be 
acquired readily from books, was to a large degree an iIlusion. lf this is so, 
it is an illusíon that we have inherited. 

Two additional items to the emerging cultural rnix deserve mentíon. 
Alchemy was to gain more adherents as time went on, untíl we find Isaac 
Newton, towards the end of the sevenleenlh century, as one oi its princi­
pal exponents - at least jlldging by the amount of surviving manuscript 
material. Alchemy, as the name suggests, had been known to the Middle 
Ages originally from Arabic sources. By the start of the sixteenth century, 
it had appeared in sorne printed discussions, albeit generally in an equivo­
cal way. One oi the hallmarks of alchemy was its secrecy; writings on the 
subject were intentionaIly allusive and obscure, since this arcane knowl­
edge was not to be made available to everyone. Only those who were 
already in the know were supposed to be able to benefit from texts on the 
subject. However, so-caIled alchemy did sometimes appear in the new 
printed genre of "books oi secrets." This kind of alchemy differed, however, 
from the mystical a1chemy ¡ractised by magicians, the kind oi alchemy that 
had close ties to astrology. 

Thus the first of the Kunstbüchlein, appearing in 1531, was entitled 
Rechter Gebrauch d'Alchimei ("The Proper Use of Alchemy"). Based on a 
genuinely alchemical treatise that concemed itself with sllch malters as 
transmutation, this printer's compilation restricted the contents largely to 
practical metaIlurgical and chemical techníqlles; a kind of workshop vade 
mecum. ClearIy, from this perspective, the "proper use" oi alchemy was one 
that divested it of its more speculative and mystical aspects.7 Despite this, 
right through to the time of Newton alchemy remained closely identified 
with spiritual and mystical dimensions. ThllS, famously, one oi the factors 
supposedly affecting the olltcome of an alchemical preparation was the 
spiritual state of the alchemist¡ failure in such work did not necessarily 
refled upon the techniql1es used, but might simply mean that the 
alchemist's soul had not been sl1fficiently pureo A transmutation could only 
be effected if the alchemist's spiritual rapport with the materials being 
manipulated was of the correct kind. Alchemy was usually by its nature a 
secretive practice, rather than a publicly available set of techniques suitable 
for publication in a handbook; witness the radical editing performed for 
the 1531 text. 

Another secretive and magical domain of knowledge around this time 
wns cnbalism. Adverting, like neo-Platonism, to the clandestine knowledge 
af late antiquity, cabalism had originally been a Jewish practice, oi which 
the Renaissance saw the emergence of a Christianized version. It rested on 
thl' investing of words, typically names, wíth occult significances and inter­
I'('lntlon!lhip~ baHl'd on tlw Il'tll'TS (in the original form, Hebrew) by which 
tl1t'y Wl'T!' writh'n. A word l'Iluld bl' nssigned a numerical vall1e given by 
tllt' Hllln ll( tlll' nllmlwrH IIUlll'lll1vl'ntltlnally corresponded to its individual 
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letters; two words that had the same numerical value were deemed to have 
sorne hidden, deep correspondence. Thus the Christian cabala endeav­
oured to show that the name of Jesus reaIly did correspond to "messiah," 
by showing that those two words had the same value - a matter in this case 
of trying to turn Jewish mysticism to the task of convincing Jews them­
sel ves ofthe tm th of Christianity. From the 14905 the most prominent writer 
in this tradition was the German mystic Johannes Reuchlin. 

This considerable variety of intellectual options, closely associated with 
the new technology of printing, meant that Europe around 1500 was 
preparing itself for a battle over inteIlectual authority of epic proportions. 
The sixteenth century was to see one of the great upheavals of European 
history with the Protestant revolt against the Catholic Church, a rejection 
of ideas and systems of authority that had held most of the continent for 
centuries. Placed alongside the questioning of papal authority, challenges 
to Aristotelian philosophical approaches seem of small significance by 
comparison. Both, indeed, can be seen as facets oi the same process: Martin 
Luther and Jean Calvin, the most prorninent of the religious reformers, both 
put a stress on the text of the Bible, which was to be made available to 
all Christians in their own languages, as the cornerstone of the Christian 
religion. Products of the printing press were to circumvent the elabora te 
structure of the Catholic Church, to put believers into direct communion 
with the word of God. 

V Leamed life and everyday lite 

lt is important to remember the sort of ideas about knowledge of nature 
that are at issue here. In the case oí religion in Ihe sixteenth century, the 
changes due to the Protestant Reforrnation and the Catholic response oí the 
Counter-Reformation affected, to a greater or lesser extent, everyone in 
Latin Christendom. The Counter-Reformation, however, was much more 
driven by the church hierarchy than was the Reformation, which had 
involved a great deal of popular religious upheaval in addition to the orga­
nized dissent stemming from religíous leaders like Luther. The new options 
in the study of nature in thís sense resemble the former more than the latter: 
the inteIlectual élíte (those who presumed to define "what was worth 
knowing") fomented or opposed the struggles oí the period, with Httle res­
onance at the popular leve!. Indeed, it is unclear how much difference the 
classic "Scientific Revolution" of the sixteenth and seventeenth centuries 
made to ordinary people. lts innovations left most features of their every­
day lives unchanged; the changes that occurred are usually attributable to 
identifiably different causal factors, such as religious beliefs and practices 
themselves. 

A longstanding view of the classic Scientific Revolutlon has emphasized 
the "decline oí magic" by the end of the seventeenth century.H This view 
Iwld t1l1ll belief in witchcraft and other magical, supposedly "irrational" 
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components of the European world-picture crumbled in the face of advanc­
ing scientific rationalism. 1t is, however, a view that carries much less cred­
ibility in light of the historical researches of recent years. The popular 
credibility of such things as witchcraft and astrology remained strong well 
into the eighteenth century, and there was a significant level of belief in 
them even on the part of scholars right through to, and beyond, the end of 
the seventeenth century. The traditional notion of rising "scientific" atti­
tudes sweeping away the relics oi superstition no longer seems very 
satisiactory. An indication of this point may be had from consideration, 
once again, of the c1aims made by those eighteenth-century figures who 
were the first to characterize the preceding couple of centuries as having 
seen a philosophical "revolution." The motivations driving so noisy a set 
of protestations stemmed from a desire to defeat utterly those institutions 
and ways of thought that many such eighteenth-century thinkers opposed. 
The most visible and powerful upholder of the supernatural was, of course, 
the Church (in France, the established Catholic Church). With its mirad es, 
demons, and angels, this was therefore the main target of the "rational" 
philosophers of the new century: if there had not in the eighteenth century 
still been widespread belief in such things, there would ha ve been no need 
to proclaim their outdatedness with such ferocity. 

It is worth bearing this in mind from the outset, because the picture of a 
superstitious and credulous Europe in 1500 giving way, by 1700, to a cool, 
rationalistic, scientific Europe continues to have a strong hold on our views 
of the pasto The astrology, demonology, and so forth oi fifteenth-century 
figures like Ficino were ingredients of the intellectual ferment oi the next 
couple oi centuries; they were not photographic negatives of a new ratio­
nality that would sweep them away. History is seldom so neat. 



Chapter Two 
Humanism and Ancient 

Wisdom: Ho~v to Learn Things 
in the Sixteenth Century 

1 Language and wisdom 

The new challenges to scholastie philosophical orthodoxy in the univer­
sities appeared from what seems at first an unlikely souree. One of the 
usually unstressed aspects of an arts education in the medieval university 
had been the teaehing of the subjeets eomprising what the early Middle 
Ages (c.600 AD onwards) had dubbed the "trivium." The three parts oi the 
trivium consisted oi grammar, logie, and rhetorie. The three went along 
with the so-called "quadrivium" - the mathematical subjects of geometry, 
arithmetic, astronomy and music - lo make up the "seven liberal arts." 
These had been the basis oi higher edueation in c1assical antiquity, and their 
echoes (with the new names "trivium" and "quadrivium") informed the 
edueational norms oi the early medieval period in the west. 

The seven liberal arts only loosely structured the curriculum in the 
new universities of the thirteenth century. Logic, with its newly-available 
Aristotelian texts rather than just early-medieval digests, blossomed in 
importance alongside natural philosophy and metaphysics in the univer­
sity arts curriculum. The quadrivium, meanwhile, enjoyed varying ior­
tunes at difierent periods and among different institutions, but was never 
(with the very partial exeeption oi astronomy, as we have seen) strongly 
emphasized. The other subjeets oi the trivium, grammar and rhetoric, 
received similarly short shrift. Latin grarnmar had evidently become the 
provinee of pre-university education Ot was in effect a prerequisite to uni­
versity study, since all instruetion took place in Latín). Rhetoric, a discipline 
concemed with modes of persuasion, occupied a minor place, sinee the 
study of argumentation was regarded almost exclusively as the province 
of logic. But the academic stahlS of rhetoric came to ehange radically in the 
fífteenth century. 

The leomed culture that underpinned the period of lhe Renaissance 
(dnlln¡.; frOln nround !40() or HO onwards) is usu¡llly dI'Hi¡';l1oll'd by the term 

:1O 
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"humanism." "Humanism" is a much later historians' term derived from 
the contemporary Latin expression studia humanitatis. In Italian univer­
sities in the fifteenth century, the studia humallitatis were those disciplines 
concerned with language usage - grammar, rhetoric, and poetics. They 
placed at their core correct Latin (in time, Greek was added), and elegant 
líterary style in composition. The expansion oi these studies at a number 
of the universities of northern ltaly went along with an increasing self­
assertion on the part of those who taught them. These teachers, the origi­
nal "humanists," claimed with increasing volubility the importance of 
their subjects in the arts curriculum as against the scholastic Aristotelian 
philosophy that had hitherto dominated it. 

The local conditions of northem Italy played a considerable part in 
bringing this situation about and in fostering its success. The entire Italian 
penÍllSula was a patchwork of small states, the typical model in the north 
being the city-state, such as Milan, Venice, or Florence. Each city, with its 
surrounding territory (often, as in the case of Florence, considerable and 
enveloping a number of other major towns), thus exercised a high degree 
of polítical autonomy, and civic life within them often involved the par­
ticipation of their leading citizens rather than being subject to the power of 
a prince. The early humanists took advantage of this situation by stressing 
the value of a humanistic education to the ereation of an active, politically 
responsible eitizen. A training in the studia humanitatis, they proclaimed, 
was a mueh better preparation for the future citizen than the dry logic­
chopping offered by the Aristotelían philosophers. The humanists taught, 
as the real pay-off of the education that they offered, skill in rhetoric that 
would serve well the budding political orator, not just in teaehing him 
tricks of delivery but in developing within hiln the wisdom and judgement 
required of a statesman. 1 The great model for such a person was the ancient 
Roman orator and senator from the first century Be, Cicero. 

To the humanist edueator, Cícero embodied al! the virtues of the good 
republiean statesman. During the latter days of the Roman republic, Cícero 
had been a polítical leader whose speeches to the sena te, regarded by all 
as classics of effeetive oratory, still survived to be studied. Furthermore, 
Cicero had written on the art of oratory, laying down advice and rules on 
how to compose and deliver a successful public address. Thus both the 
theory and practice of rhetoric could be found in Cicero's writings, which 
to the Renaissance humanists were a treasure-trove to be exploited in the 
present day. Cícero, in short, could show modern society how public life 
ought to be conducted. The essential trick to be accomplished here, of 
course, was bridging the gap between effective speaking and the sound 
policy judgements thal política! oratory should, ideally, deliver. Again, 
Cícero was a convt'nicnt mode!. Not only had Cicero spoken and written 
well; his spccdll's Wl'n' nlNo admired for the wisdom of their contento The 
fll'W humnnis! ilh'oloj.\y wnll'ndl'd tha! the two were, in faet, inseparable: 
0Ill' L'Iluld only Illull'h t 'lrl'/,\.'H t'I(I~ILlcncc if O1ll' hnd ncquircd his wisdom, 
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sinee only true wisdom eould give rise to sueh eloquenee. The art of 
Ciceronian oratory thereby aequired an almost mystieal quality, and by 
equating the medium with the message, humanist edueators attributed to 
the edueation that they provided a privileged role in ereatíng good eitizens. 
In praetiee, this meant that pupils were trained to ¡mitate Cicero's Latin 
style, as well as imitating the styles of other good classieal authors. An 
eloquent fool was not to be entertained; it would be an oxymoron, or so 
humanist edueators maintained. 

The fifteenth eentury had seen the gradual spread of the humanist edu­
eational agenda. It erossed the Alps around the middle of the eentury, and 
by the 1490s strongly eoloured the style and content of university cur­
rieula in countries as far afield as Poland. During the sixteenth century, 
humanist education created a common cultural style among élite classes 
everywhere, becoming firmly established in the universities as well as in 
other kinds of advanced schooling. During the fifteenth century, humanist 
reformers, most notably Lorenzo Valla, had often attaeked seholastic phi­
losophy and theology on both scholarly and moral grounds. They casti­
gated the language of the scholastics for deviating from cIassical norms -
medieval scholastic Latin having drifted away from Cieeronian standards 
in both vocabulary and grarnmar - and argued that this barbarism was 
compounded in the case oí theology (especially the "Thomist" theology of 
Thomas Aquinas). There, bad Latin was deployed in the service of Aris­
totelian logical niceties regarding metaphysics, to yield a form of theology 
that seemed far removed from the simple faith represented in the New 
Testament. 

The picture that emerges in the sixteenth century, by contrast, is one of 
coexistenee rather than eonflict. In effect, the humanists won their battIe 
for recognition without vanquishlng their erstwhile rivals, the scholastic 
philosophers. Instead, the values of humanism pervaded scholarship as a 
whole, driftíng up from the renewed emphasis on the "trivial" values of 
rhetoric and classicalliterature, the revivified remnants of the old trivium. 
Philosophers had by now routinely received hurnanistic training under the 
new edueational dispensation. As an almost inevitable result, one finds in 
the sixteenth century scholastic commentaries on the works of Aristotle that 
are written in humanistic, classical Latin instead of the barbarous Latín of 
the medieval scholastics, and consider the niceties of the original Greek 
texts rather than eoncentrating solely on medieval Latin translations (them­
sel ves "barbaric"). 

There was much more to the new humanistic seholarly ethos of the 
sixteenth-century universities than elegant Latin, however. Cicero was a 
role model for the humanist rhetorician because he had combined elo­
quence with wisdom in the conduct of civic affairs. His perceived pre­
eminence rested on the assumption that classical antiquity had seen the 
highest achievements in all areas of culture, achievements that had not 
IIITIn' bc('n equalled, mueh less surpassed. So the grt'i1tl'Ht orator-statesman 



How lo Learn Things in Ihe Sixteenth Century 3-1 

of antiquity was, practically by definition, the greatest orator-statesman of 
all time. By the sarue token, the greatest practitíoners or authoriHes in prac­
tically all other areas of endeavour themselves served as pre-emincnl 
models. Thus the improvement of present-day cultural and scholarIy activ­
iHes carne increasingly to be seen as a matter of restoring the highest accom­
plishments of the ancients. Not progress, but renewal was the humanist 
watchword. The wisdom of the ancients should be sought, in order lo 
reverse the decline that had been occurring ever since the last days of tlll" 
Roman empire. 

II The scientific renaissance 

The word "renaissance" means "rebirth." The humanists liked to chamc­
terize their own time by using such terminology, beca use they pretended 
to be bringing about a rebirth of classical culture. In doing so, they were 
rejecting the barbarism of the periad that intervened between classícé11 
antiquity and itsrebirth in the present - the "Middle Ages"; it is to Ihc 
humanists that we owe that name. 

The ideal oE renewing culture by a return to antiquity first appears in the 
sciences with any prominence in the rnid-fifteenth century. The centT,,! 
figure here was Regiomontanus, a.k.a. Johannes MülIer, whose preferred 
appelIation was a seIf-consciousIy classicized version oE the name of h¡~ 
home town, K6nigsberg. Regiomontanus was a mathematician é1nd 
astronomer, but he was also a hurnanist specialist in Latin literature (espl'­
cialIy Vergil). The attendant attitudes towards antiquity deterrnined hIN 
other scholarly work, and appear with stark clarity in the Epitome vf /1It' 
Almagest, the work that he wrote with his oIder contemporary Georg l'cur­
bach, another hurnanist and astTonomer in Vienna.2 The preface to ¡hl. 
work, written in the early 1460s, is a hurnanist paean to the glories of é1nl!l!o 
uity and the contrasting cultural poverty of the present. Regiomontol\LlII 
harangues his audience on the sad state oE mathematical studies, and on 
the only proper way forward - the one that he promoted. He took thiM !TIn­
terial on the road in the 14605, most notabIy addressing university audl­
ences at Padua in 1464 in a surviving lecture on the history of mathemé1tlc., 
the Ora/io introductoria in omnes scientias mathema/icas ("Introduclory 
oration on all the mathematical sciences"). Regiomontanus's approach In 
the Ora/io is designed to place hirn in a mathemaHcaI tradition that can bc 
traced from the Egyptian origins of geometry, through the ancient Greek 
mathematicians and the successive transIation of their work into Arnbk 
and then Latin, to yield the present-day mathematicaI enterprise. This 10llt, 
continuous with antiquíty, ís that in which Regiomontanus himself por­
ticipated (again through forms of translation). And he regarded astronomy 
as lhe highest of the millhcmntico! sciences. 

RegiomontanuB thll~ II'nl1l1ferred lhe !anguagt' of the hllmonl!!ls, (J1l 

uccllnt, and rcncwí1I, lo tlw lI].wdfk nl'CIlO of t!w ITIl1llwlllnlll'ol /lCll'I1CC/i. '1'114' 
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Oratio and his preface to the Epitome are typical statements oi humanist 
ideology, and can be found echoed in major texts oE the sixteenth cenhIry 
that similarly address sdentific matters. The Epítome had a large influence 
on astronomical training at the end of the fifteenth century, after its even­
tual printing in 1496, and its humanist rhetoric of "restoration" elearly 
found a receptive audience. Perhaps the most important oE all the astro­
nomical practitioners who followed in Regiomontanus's footsteps was the 
Polish canon iamiliarly known in Latin as Nicolaus Copernicus. In the early 
1490s Copernicus studied at the University oE Krakow, one oi the new 
Polish universities oi the fifteenth century and an institution with a quite 
vigorous tradition in astronomy. In addition to its astronomical status, 
however, Krakow had also become, by the end of the century, something 
oi a centre for the new humanist learning, stressing the importance oi the 
elassical languages and the value oi erudition in the texts of antiquity. 
Copernicus was studying in ltaly when the Epítome carne off the presses in 
Ven ice (he returned to Poland with sorne expertise as a medical practitioner, 
although he never took a medical doctorate). A few years later, in 1509, his 
first published work appeared: a Latin translation of a Greek poern. By 
around 1512, he had produced the first version oi a new astronornical 
system intended to repIace the worId-system of Ptolemy. This text, known 
as the Commentaríolus ("little commentary"), began with a consideration of 
PtoIemalc astronomy and its supposed shortcomings; all the evidence 
suggests, however, that Copernicus's detailed knowledge oi Ptolemis 
astronomy at this time was stiU dependent on the account given in the 
Epítome o{ the Almagest rather than on Ptolemy's Almagest itself - a text that 
remained unprinted until a medieval Latin version from the Arabic was 
published in 1515, the original Greek text itself not appearing in print until 
1538. The Commentariolus carne to be known quite widely in astronomical 
cireles during the sixteenth century, but only in manuscript formo The 
printed account oi Copernicus's new system did not appear until much 
la ter, in 1543. 

That later work, De revolutionibus orbíum coelestium (nOn the Revolutions 
oi the Celestial Spheres"), which turned the earth into a planet that orbits 
the sun, was presented explicitly as a renovation of the andent Greek astro­
nomical tradition. In the preface to the work (dedicated to Pope Paul nD, 
Copernicus tells oi the route he had taken in arriving at his new ideas. They 
centred above a11, as had his rnuch briefer remarks at the beginning oi the 
Commentariolus, on the shortcomings to be found in the current state oi 
astronomical practice. Deelaring that his intention was to improve matters, 
Copernicus makes the typical humanist move - he canvasses the available 
ancient authorities. 

I undertook the task of rereading the works of ¡¡JI ti1\' rhilo¡¡ophers which 
I could obtain toleilrn whether anyont' híld l'v('r pl1lpllHI'd other motinn~ 
of tl1l' l111fvl'rH("H Hplll'Tl's thl111 1I1O.~t' ('xpound"d by 1111' Irndll'fM of mll'ron-
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omy [lit. "mathematics") in the schools. And in fact first 1 found in Cicero 
that Hicetas supposed the earth to move. Later 1 also discovered in 
Plutarch that certaín others were of this opinion. 1 have decíded to set 
his words down here, so that they may be available to everybody ... 
[there follows a quotatíon from the Roman Plutarch's Opinions of ¡he 
Ph ilosophers V 

Copernícus's conclusion to this apparent digression is instructive. He says: 
"Therefore, having obtained the opportuníty from these sourees, 1 too 
began to eonsider the mobility of the earth. And even though the iden 
seemed absurd, nevertheless 1 knew that others before me had been 
granted the freedom to imagine any círcles whatever for the purpose of 
explainíng the heavenly phenomena."4 Finding andent precedent for tht' 
suggestion that the earth might move was essential to justifying his own 
consideration of the matter: it provided him with an "opportunity" that he 
would otherwise have lacked. Presenting one's work as innovative wns 
seldom regarded as the best way to be taken seriously; innovations were 
light and insubstantial. 

It needs to be stressed, however, that we cannot regard Copernicus's way 
of speaking as mere packaging. There is no basis whatever for thinking thot 
Copernieus did not see his "ne"," astronomical system as a legitimate con­
tinuation of the andent legacy represented by Ptolemy, and his own work 
as that of restoration. Furthermore, we have good evidence from a reliablc 
source that this was indeed Copernicus's view of his own endeavour. Tht' 
first printed discussion of Copernicus's sun-centred astronomy appeared 
in 1540, written by Joaehim Rheticus, a mathematics professor from tIw 
Uníversity of Wittenberg. Rheticus (a Lutheran) had travelled to Thorn, or 
TofUlÍ., in western Poland, to visit Copernicus (a canon in the Catholk 
church) in 1539. Rhetieus was evidently drawn there by the high reputa­
tíon that Copernicus had aequired over the years as a mathematical 
astronomer (he was never mueh of an observer) and by rurnours of Coper­
nicus's new astronomical system. Rheticus wanted to Iearn more, and t1w 
work of 1540, called Narratio prima (the "first aeeount" of CopernicuH's 
system), contains an outline of Copernicus's ideas and praise for tllt'ir 
virtues - which for Rheticus amounted, when aH was said and done, to 
their being frue. Rheticus refers frequently in Narratio prima to the as-yct­
unpublished text of De revolufionibus, which he was instrumental in pt'r­
suading Copernicus to have published; in a letter he mentioncd thol" 
Copernicus's great work had been written "in imitation of Ptolemy".~ Tlw 
word "imitation," unquestionably used by Rheticus as él term of élpproval, 
shows once again how Copernicus and his !1stronllmical contempornrl('1"I 
vicwed hi~ work. Copcrnicus imitated Ptolcmy iu~t ns él budding humnn­
ist rlwtnrlcin11 imitnlt'd Ci!'t'ro; it was tl1l' way lo ncq\llr!' th('lr liklllH. 1-I('11C(' 
('ll!WrnÍt'lIs's grt'al('sl ilchlt'vl'11w11ls In 1111' l'y!'S of hll'l mnlhl'mntlcnl con­
ll'mpllrnrll'lI Iny In hiN 1"011l1l1n1l'101I' i4klllln dl'vllllnJl, Jl,1'1l11wtrtcnl modl'llI of 
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Figure 2.1 Copernicus's basic world-system, without the additionnl cire/es needed for accu­
racy. From Copernicus, De revolutionibus. 

celestial motions using the same techniques as Greek astronomers them­
selves - induding the fum restriction to uniform circular motions as Ihe 
models' components. (See Figure 2.1.) 

All this was despite the fact Ihat Copernicus departed from Ptolemy 
radically, by setting Ihe earlh in orbit around a now-stationary central sun. 
This reformulation was more Ihan simply astronornical, a new way to 
calculate Ihe motions of lights in the sky; it also possessed physical, cos­
mologicaI significance if taken literally. A moving earth that was no longer 
al Ihe centre of Ihe universe undermined many of t1w central tenets of 
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Aristotelian physics. As we shall see shortly, however, one way for the 
astronomer to stop short of drawing unwelcome physical implications from 
Copernican astronomy was precisely to be an astronomer, and not 11 natural 
philosopher.ó 

In pursuing a technical enterprise by hailing a return to the practices of 
the ancients, Copernicus was participating in the great scholarly cultural 
movement of his time, that of renaissance humanismo We should not, 
therefore, expect him to be alone in this kind of enterprise. The norms and 
conventions of humanist discourse conditioned not only the forms of 
presentabon used in various of the sciences, but also the nature oi those 
enterprises themselves, as we have just seen in the case of Copernicus. The 
goal of restoring modern society by returning to the cultural practices of 
antiquity could not be cleanly separated from the procedures of those 
sciences thernselves. The "Scientific Renaissance," as we have caHed it, 
spans the sixteenth century precisely to the extent, and in the same 
way, that humanist education infused the scholarly perspectives and 
judgements of practically all those educated to anything near university 
standards. 

1II Finding out how the ancients did it 

The anatollÚst and physician Andreas Vesalius of Brussels affords another 
striking instance of a renowned figure in the history of science who must 
be seen as a part of this same cultural movement. Vesalius is best known 
for his influential publications - printing being, again, an integral part of 
the story. His greatest work is De humani corporis fabrica ("On the Fabrir of 
the Human Body"), published, like Copernicus's De revolutioníbus, in ·154:1. 
Vesalius had been trained as a physician at the University of Paris, and sub­
sequently taught at the universities in Louvain, Paris, and then Padllll. 
Most oí the specifics of what can be said about his early career depend on 
his own account of them, an account that was itself fashioned with partIcu­
lar, interested airns in llÚnd. Fortunately, enough is known independcnlly 
about the universities with which he was associated to allow check!i nn 
some of rus cIaims. But one of the things oE wruch we can be sure iR \ho\ 
Vesalius had the technical skills and the intellectual sympathies required to 
make him a humanist scholar. 

Vesalius was born ín 1514. In the 1530s he was drawn into collabornting 
on the production oE a new, scholarly edition of the works oi the pl'l. ... 
eminent medical authoríty of antiquity, Galen, an edition that appeared in 
1541. This edition was íntended to publish Galen's many Greek tcxts in 
good new Latín versions, with all the appropriate scholarly apparatus com­
menting on and explicflting the philological niceties of Galen's lnngung(' 
and tl'rminology. Such an enterpriHe stood at the centre of humanii-Il !ichol­
nrshlp; clnHslcnl culture could not bl' revlwd wlthnut Intlmntt' Ul1dl'r­
Htnlldlll~ of 1I11' HO\ll'Cl'H. In 111trodllcln~ tlll' n,· {rl/wlm, Vl'HnlhlR nvnlll'd 
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himself of the sarne humanist sensibilities. That book is presented, in a 
dedicatory preface to the Holy Roman Emperor, Charles V, as a contri­
bution to the general restoration of learning. Much like Copernicus on 
astronomy, Vesalius starts out by bemoaning the decadent sta te of con­
temporary medicine and of its decline since antiquity. He then speaks of 
how, in the present age, when "anatomy has begun to raise its head from 
profound gloom, so that it may be said without contradiction that it seems 
almost to have recovered its andent brilliance in sorne universities," he had 
thought it time to write lhis book lO assist that process of revivaJ.7 Vesalius 
explains his goallike this: 

1 decided that this branch of natural philosophy ought to be recalled from 
the region of the dead. lf it does not attain a fuller development among 
us than ever before or elsewhere among the early pro(essors of dissec­
tion, at least it may reach such a point that one can assert without shame 
that the present science of anatomy is comparable to tha! of the ancients, 
and that in our age nothing has been so degraded and then wholly 
restored as anatomy.8 

The touchstone of Vesalius's reverence for the medicine of antiquity was 
Galen. Galen had been the pre-enúnent medical authority of the Middle 
Ages, jusi as Ptolemy had been the dlÍef astronornical authority; but just 
as the humanist revival in astronomy fOCl.\sed on restoring Ptolemy's entire 
enterprise instead of simply making pragmatic use oi his results, so with 
the humanist medical project the object was to restore the kind of medicine 
thal Galen had written about, not simply to parrol his words as if they were 
ultirnate authorities on aJJ points o( facl and interpretation. Thus, in the 
passage quoted aboye, Vesalius speaks of reviving a method of dissection 
lha! could stand comparison with that of the ancients. Vesalius, as an 
anatomist, was particularly con cerned with stressing Galen's own works 
on that subject as well as his associated expertise as a surgeon. It is note­
worthy that Vesalius has here spoken o( anatomy as a "brand, oí natural 
philosophy," because that characterization emphasizes the contemplative 
aspect of the subject rather than its practical significance, which VesaJius 
had pointed out eJsewhere in the preface. And indeed, Galen's own 
approach lo anatomy had been deeply informed by AristoteJian philo­
sophical conceptions, in themselves aimed at understanding rather than 
at operation.9 While acknowledging the errors to be found in Galen's ana­
tornica! writings, Vesalius still upholds him as the model to be emulated, 
even to the extent of organizing Ihe De fabrica according rather to the prin­
cipIes of Galenic philosoph.ical anatomy than to the conventional practice 
of his own time. Galen had argued that the topical treatment of the {abric 
of the human body should proceed from the outer parts (veins, arteries, 
mU!lclcll and nerves) and only then move inwards to the VÍscera. Vesalius 
followl'd Glllen, .'Itnrtin~ oul by ~xplicating the skelet<11 struclure of the 
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body as its basic framework. JU Demonstration-dissections in Vesalius's 
time, by contrast, routinely displayed the viscera fjrst of a11, simply because 
they decay more quickly than other parts; this cuts no ice with Vesalius, 
because he is interested in presenting anatomy as a "branch oí natural 
philosophy/' and has "foIlowed the opinion of Galen/,l1 

Unlike Copernicus, Vesalius did not propose major changes in the theo­
retical framework of his science in the name of restoration. He did note that 
the moderos were better able to investigate human anatomy than Galen 
had been, beca use Galen had relied on iníerences from dissections of apes, 
nol of hwnan cadavers. On that basis, Vesalius was happy to show thal 
Galen could be corrected on specific points. But he was not concerned with 
undermining the broader medical system that Galen represented, to do 
with the causes oí disease and with the physiological workings of the body. 
Anatorny was basicaHy a descriptive science, speaking of the body's con­
struction; i! was no! centra11y concerned with the operations of the body, 
causally understood. Copernicus worked within an astronomical traditiun 
tha! had traditionally stood somewhat apart from issues relating to the 
physics of the heavens, but his astronomical innovations carried with them 
serious challenges to Aristotelian (and Ptolemalc) cosrnology. Vesalius pre­
sented his own work as part of an anatomical tradition, but did not attempl 
to question Galenic physiology on its basis - despite describing it as il 
"branch of natural philosophy," perhaps to inflate its dignity. (See Figurcs 
2.2 to 2.5.) 

Vesalius's humanist approach lo his specialty is not only unsurprising, 
in light of the cultural setting that had made him, but also consequentiill. 
Like Copernicus, Vesalius presented his work as restoration of an andenl 
practice; also like Copernicus, he pointed out flaws in the work of his grcil! 
model from antiquity; and like Copernicus, the rationale for his projcct 
emerged directly from hwnanist values and ambitions. Several centuries of 
learned anatomical knowledge had not seen fit to attempt the revivill 
of Galen's enterprise; now Vesalius prornoted it, and through the medium 
of print he disseminated il. We should note a further feature of his work, 
however: aboye aH, he is renowned as having advocated a return to hilnds­
on anatornical research, rather !han assuming that Galen was always right. 
While his own self-presentation in this light was certainly somewhat mis­
leading (he was not, for instance, the firsl professor to perform personillly 
the demonstration-dissections shown to students, as he rnade it appeilr in 
De fabrica), he was certainly a parl of a newly-vital tradition of research in 
anatomy that credited its inspiration lo Galen's example, and tha! con­
tinued after him at the University of Padua down into !he seventct'l1lh 
century. 

It would be tedious to enumerate every case in which the valucs of 
humanism infuHed tht, pracliCt'S of the scil'ncl'S in Ihe sixtecnth ccnlury. 
Copt'rnÍl'us nnd VcsnliuH cm' worlh nolin~, hUwl'vl'r, tlimply bl'C<lUHl' tlll'y 
¡1ft' lillrh major flHlITl'H In UlIl' lIndl'l'lililndlnH uf IIU' Ill'rilld; tlll'y cí1ntllll lw 
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2.2 2.3 

2.4 2.5 

Figure 2.2, 2.3, 2.4, 2.5 Idealized mlln and woman, in the c1assical Greek style (frOI/1 
Vesalius's Epítome of lhe De humani corporis fabrica), and surgícally butchered male 
and fema/e mdavers (from Vesalius's De humani corporis fabrica). The firsl two 
represl'rIl hlllnanistic physicnlnnd mlluml pl'Tfecliol1, while f/¡e secol1d lUJO re/m'sl'/lt n 
flllly lIIi1fl'ril1/i1.l'¡/ ",mfml/Y of ~"frl'ril/g. 
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dismissed as mere curiosities. One final example will perhaps serve to bring 
the point home. One of the architects of modern symbolic algeb~a was the 
French rnathematician Fran<;ois ViNe (1540-1603). His achievements 
towards the end of the sixteenth century were not put forward as the 
product of an original mathematicaI mind, however; his greatest work, 
in 1600, was called Apollonius Gallus ("French Apollonius"), to signal to all 
that he was emulating the achievements of the third-centu!Y Be Greek 
mathematician and astronomer ApolJonius. ViNe, like many other matI~­
ernaticians of his time, was convinced that the ancient Greek mathematl­
cians had known a form of "analysis" in geometry that had enabled th~m 
to discover the theorems for which they subsequently provided deduchve 
proofs from first principIes. It was a source of increduIity to many that the 
Greeks couId have found so many counter-intuitive resuIts if they had n{~t 
possessed an "art of anaIysis" by which to do it - everyone knew that tl 
was much easier to prove a result that you already knew. Sorne scant textunl 
evidence fuelled trus idea, most notably the late-antique text known as the 
Arithmetic (precise period of composition unknown), by one Dlophan.tus 
of Alexandria. Diophantus's work contained techniques ~or findmg 
unknowns which are, in hindsight, best understood as algebra1C; but they 
appear in the form of worked examples using actual numbers, and ar:'0unt 
to practical computational methods rather than part of a theoret~cally­
grounded branch of mathematics. 1t was the attempt to develop mto a 
properly-grounded branch of mathematícs both DiophantuS'S appronch 
and established mercantile ca1culatory techniques (known as "the art of the 
COSS")12 that yielded what Viete cal1ed the "art of analysis." Be presentl~i 
ít as a reconstructíon of the "art" whereby the ancient Greek mathematt­
cians had routinely found their results. In the earliest decades of the 
folJowing century, other mathematicians continued to adhere to this 
"reconstruction" approach to anaIysis. Even René Descartes, the inv(;)ntor 
of the modero symbolic algebra with which we are today familiar, believed 
early in his career (16205) that the ancients had indeed possessed such nn 
art, but that "they begrudged revealing it to posterity."D 

IV Renovation, ínnovation, and reception 

The new reformed Lutheran universities of sixteenth-century Genm1l1y 
illustrate sorne of the flexibility that couId attend the reception of ~t\l'h 
developments. Copernicus's follower Rheticus, at the time of their fl11l1 
personal encounter, was a professor of mathernatics at the UniV(;)~Hity of 
Wittenberg; shortly thereafter he took up a similar post at the UnlVl'~lly 
of Leipzig. 30th werc Lutheran institutions, Wittenberg the first ¡¡monji, 
them, ¡¡nd both were import¡¡nt sites for the reception oi Copernicus'H nt' 
Y!'Vo/utionibu¡; by ¡¡c¡¡demlr I\lItmnOlnerR. Wittcnbcrg's group of a~tr()nOIlWI1l 
WIlB (lf t.'Specinl sl~l1lfknnrt' In trnlnln~ ncw ¡¡HtronomerR ond In dlIlHPml· 
n¡¡tll1j1, pnrtklllnr npprondll'N (o the' "clt'I1Cl'. 
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Rheticus, despite his role in bringing De revolutionibus to publication, was 
not around to see the book through the press (jt was printed in Nurem­
berg). Instead, for reasons that are obscure, oversight was given to a 
Lutheran theologian, Andreas Osiander, who took the opportunity to add 
to the book's front-matter a short, unsigned preface which many subse­
quently took for Copernicus's own. The book also included Copernicus's 
dedicatory preface to the Pope. The Lutheran's addition did not amount to 
a theological conflict with Copernicus's views; rather, it was con cerned to 
defuse a potential problem that stemmed from the way in which Coperni­
cus had spoken of his system both in the dedicatory letter and in the body 
of the work itself. That problem related to the issue considered in the 
previous chapter: the physical status of astronomical models. 

There is no doubt that Copernicus saw his astronomical system of the 
universe, with its moving earth and stationary sun, as a true representa­
tion of how the cosmos was actually constructed. Book I of De revolution­
ibus is concerned, in irnitation of the Almagest's first book, with establishing 
the basic architecture of the universe. Where Ptolemy had used basically 
Aristotelian physical arguments in support of the doctrine of a central, sta­
tionary, spherical earth around which the heavens revolved, Copernicus 
had to make up a few physical principIes of his own to make the basic struc­
ture of his own universe at least plausible. Just as Ptolemy had imported 
such things into astronomy from outside, so too did Copernicus. Hence 
questioning them would not in itself affect the properly mathernatical, 
astronomical components of the system; it only bore on their interpretation 
as representations of reality. But despite the lower aslronomical importance 
of these physical considerations, Copernicus clearly took them very seri­
ously, because without them he would have had no basis on which to 
portray his system as mle. 

It is nowadays regarded by historians as well-established that Coperni­
cus not only regarded his heliostatic14 world-system as physically true in 
its general outlines, but also, in principie, in its operations. That is, Coper­
nicus appears to have credited the movements of the celestial bodies to the 
revolution of physically real spheres in the heavens, which carried them 
around. In this sense, he was followin~ directly in the footsteps of Peur­
bach in the New Theorics of the Planets.! Where Peurbach had represented 
the circles of his Ptolema'ic planetary models as if they were physically real 
bodies to which their visible passengers were attached, Copernicus seems, 
almost by default, to have assumed something very similar for the circles 
in his new non-Ptolema'ic system. Afier aH, something needs to account for 
the movement and the paths of the celestial bodies through space - but 
only if the relevant astronomical models under consideration are regarded 
as physically true representations that explnin celestial motions. 

The astronomers at the University of Wittenberg balked at taking this 
step: they held fast to the disciplinary division separating mathematic<ll 
astronomy from the physics of the heavens; the latter was no real concern 
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oi theirs. Thus, in adopting De revolutionibus in their teaching and practi('(' 
oi astronomy, the Wittenbergers cheerfully ignored its physical, coslUologi­
cal pretensions. Following the standard Ptolemalc model, however, tlll'y 
usually started out their textbook courses on astronomy with a brief dis 
cussion of the reasons for believing in a stationary, central earth, and tl11' 
other, similar points that appeared in the Almagest (including Ptolemy's 
arguments against the motion of the earth). Thereafter, they were fre~' lo 
use Copernicus's geometrical models as they saw fit, in keeping with LI\(' 
spirit of Osiander's anonymous preiace, entitled "To the Reader Conct'rn­
ing the Hypotheses of this Work." 

Osiander had taken pains to stress that Copernicus's astronomiral 
systern, as detailed in De revolutionibus, should not be taken as a repn.!sl'n­
tation oi physical reality. Instead, he says, the proper function of 1Il!' 
astronomer is to collect observational data and devise hypotheses for tlWIll 

which will enable "the motions to be computed correctly from the princi­
pies of geometry for the future as well as for the past": 

For these hypotheses need nol be true nor even probable. On the ron­
trary, if Ihey provide a calculus consisten! with the observations, lhal 
alone is enough .. .. For this art, it i8 quite clear, is completely imd 
absolutely ignorant oi the causes of the apparent nonuniform motiollH. 
And if any causes are devised by the irnagination, as indeed vcry m¡1I1Y 
are, they are not put forward to convince anyone that they are trul', bul 
merely to provide a reliable basis for computationY' 

Astronomy, says Osiander, i5 completely ignorant of the laws prod/ll'i/lX 
apparently irregular motions; in other words, its proper law5 are laws rl,hll­
ing to the description of celestial motions rather than laws proving cilLlHnl 
exp/anations. This i5 a stark staternent of the disciplinary divide bl'lwl'l'n 
astronomy and cosmology noted in the previous chapter; Osiander Ir('illN 
it as absolute, in contrast, for example, to Peurbach - or Copernicus hil11l1l'1f 
- who had tended to blur the boundary. On this basis, Osiander adviNl'S 
the reader not to take seriously Copernicus's foundational hypothl'sl's of 
the earth's motion, lest he "depart from this study a greater fool thall wlll'1l 
he entered it."17 

Osiander's intention, it is usually assurned, was to protect Copl'rnklls 
frem criticism on theological grounds (scriptural passages could bl', ilml 
very swiftly were, presented that appeared to indica te the earth'll stabilltyl. 
That would be a piquant situation, to have a Lutheran theologian alkmpl· 
ing to shield a Catholic canon. But in fact, as the foremost hh¡[oriiln 01 
Copernicanism, Robert Westman, has shown, Osiandcr's renlilrks ilTt' fully 
consonant with [lit' prnclicl' of lhe Lutheran Wittcnberg alllr(lnUllll'rs. MI'u 
such as Ernsmull Rl,tnho!J Ilnd Cl1spar Pel1ccr in thl' middll' lkl'lldL's uf 1111' 
l'cntury prnifll'd ('o~1('rnkU"'H IlNlronumk¡¡1 ill'hll'vl'nll'nls whlll' dlsl'0I11ll­
Ing hls l'cnlrnl l'oPll1lolof\ll'nl IIwNIN. (.'lIlwrn!t-uH's Illllllwmnlll'1I "ould Ill' 
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used for predicting motions as they appeared in the sky without assuming 
that the earth was actuaUy moving. It was just a matler of recognizing that 
one can switch from a reference-frame in which the earth moves but the 
sun is fixed to one in which the sun moves and the earth is fixed; all the 
relative motions remain the same. 1B 

The wider importance of Wittenberg in this story is connected to the fact 
that Peucer, in particular, trained students who themselves subsequently 
went out to spread these approaches to astronomy at other German uni­
versities. The University of Wittenberg was the f1agship of the newly­
Lutheran universities of mid-century, acting as something of a model for 
others. The person most responsible for the reform of the curriculum at Wit­
tenberg, to make it consonant with Lutheran views, was Martin Luther's 
schoJarly right-hand man Philip Melanchthon. The name enables us once 
again to identify humanism as a centrally relevant cultural dimension of 
Melanchthon's activities. Jt comes from the Greek, meaning "black earth," 
and translates the original German name Schwartzerd. This is the same phe­
nomenon that we have already seen in the case of Johannes Müller, 
"Regiomontanus," with the difference that Melanchthon uses Greek to 
designate his own allegiance to the ideals of classical culture where 
Regiomontanus had been content with Latin - knowledge of Greek was by 
now a lot more widespread among scholars than it had been just a few 
decades earlier. 

Accordingly, Melanchthon's curricular reforms at Wittenberg from the 
1520s onwards emphasized classical learning in the humanist style at the 
expense of some features of the old scholastic learning. In particular, 
Melanchthon pressed for natural philosophy to be taught not from Aristo­
tle but from the elder Pliny's Natural Hístory. The latter, aRoman text from 
the first century AD, recommended itself to Melanchthon on a couple of dif­
ferent grounds. One was simply that it was not Aristotelian. This is not to 
say that Melanchthon had no regard for Aristotle: Aristotle was, after a1l, 
a learned ancient, whose philosophical and logical writings had to be taken 
seriously by any scholar. But Melanchthon wanted to banish the scholastic 
Aristotle and his dominance of the old university currículum; throwing out 
use of many of the texts themselves was the most radical way to do that. 
The other important reason for preferring a natillal philosophy based on 
Pliny rather than Aristotle was that Pliny discusses malters of practical, 
operational significance. Where Aristotle is concerned to provide theoreti­
cal understanding mostly divorced from practical applications, Pliny by 
contrast gives techniques for making dyes or mining ores. A shift towards 
Pliny therefore implied a shift towards a diHerent, operational conception 
of natural philosophy. 

In the event, Aristotle's natural philosophical writings preved to be 
indispensable for any serious academic programme of study in areas as 
diverse as physics and psychology (the ¡atter following the long tradition 
of commentaries on Aristotle's On the SouZ). Too much oE academic schol-
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arly life had been bound up with Aristotelían texts for too long to cast 
them asid e; they contained too much of importance. But, in keeping with 
Melanchthon's humanist predilections, Aristotle began to be studied with 
much closer concern for fidelity to the original Greek text and to related 
philological matters. The original Aristotle was just as important to recover 
as the original Ptolemy - or the uncorrupted text of the Bible. 

V Restoration and a new philosophical programme: 
Archimedes redivivus 

There is scarcely a single branch of learning in the Renaissance thal was 
unaffected by the hurnanist cultural movement. Much as mathernaticians 
like Viete strove to recover the analytical capabilities of antiquity, botany 
too was revived through intensive work at identifying with actual species 
the plants described in ancient works by such as Aristotle's pupil 
Theophrastus. The route to cultural respectability tended to lie along the 
path of identifieation Witll ancient authority, and it constituted a recipe 
that many people found it advantageous to follow. While we have so far 
considered only those who appealed to ancient texts whose authenticity 
remains unquestioned to this day, there were also people who appealed to 
the authority of writings that were subsequently shown to be less than hlld 
been claimed. The previous chapter considered briefly the hermetie corpus, 
the body of late antique texts that Ficíno translated from Greek inlo Latín. 
The hermetie writings were c1aimed to date from remote antiquity, but 
in the early seventeenth century the classical scholar Isaac Casaubon 
established them as much more recent. The eredibility attaching to many 
forms of magieal practiee owed a great deaI to the authority of these texts, 
but that authority faded only gradually after Casaubon published hís 
results. 

For a small but significant group of seholars in the sixteenth eentury, the 
works of the Greek mathernatician Arehimedes were another sueh SOUTee 
of inspiration, legitimation, and example. If one eould portray one's own 
work as implicit in, eontinuous with, or having precedent in the work 
of an ancient (as we saw CopernÍcus attempt to do for the doetrinl' of 
the earth's motiont that new work would immediately appear more 
respectable and henee more like/y. Onee again, it should be stresscd thilt 
there is no reason to suppose that these associations with ancient author­
ities were cynieally conjured up to sell new ideas to an unsuspecting wurld¡ 
no doubt Copernicus really was pleased that he eouId find ancient pn~n" 
dent for a moving earth, just as Vesalius was genuineIy taken by whnl 
Galen had to say about fue performance óf one's own dissections. But lhe 
upshot of this situation was that the eharaeteristie form, in practiec, throu¡.¡h 
which new direetions were pursucd in learned activity at this timl' wnH thnl 
of Idcntificntioll wíth the pn~Ct'pt/l nnd cxnmplc of 11 thinkcr from nntlqulty 
- prdt'rnbly onl' who Wrotl' 111 (;r,','k Uf !1íood Latin. 



46 Revolulionizing the Sciences 

Printing continued to function as an important medium through which 
such programmes could go forward. In lhe 15505 Latin translations of some 
of the works of Archimedes (third century Be), known in Latin in the 
Middle Ages but little used, were printed in Italy in revised, restored ver­
sions under the editorship of Federico Commandino. They were swiftly 
adopted as appropriately c1assical models in the practical arena of mechan­
ies: Archimedes' two works known as On the Equilibríum of Planes and On 
Floating Bodies presented formalized mathematical sciences that related 
directly to mechanical devices for making work easier - machines in the 
c1assical sense. On the Equilibrium of Planes concerns the behaviour of levers 
and balances, as a prolegomenon to theorems concerning the determina­
tion oE the centres of gravity of various kinds of plane figures. On Floating 
Bodies examines the conditions under which solid borues will float or sink 
in ¡¡quid media, in regard to the specific gravities of eaeh. Both of these 
texts offered means for demonstrating with mathematical precision instru­
mental techniques relating to mechanical situations, but their significance 
was augmented by the image of Archimedes himself as presented sorne 
centuries after his time by the Roman Plutarch. Plutarch told of an 
Archimedes who assísted the king oí SyraclIse (the Greek colony city in 
Sicily in which Archimedes lived) in lhe capacity, in effect, of an engineer, 
aiding in the city's deience against the Romans. Archimedes could there­
fore stand as an ancient exemplar of the learned, yet also practical, engi­
neer, and the adoption oi Archimedean kinds of demonstrations in 
mechanics became lhe hallmark of a group oi northern Italians in the 
second half of the sixteenth centllry. 

Commandino, who had embarked on a programme of printing al! oi 
Archimedes' surviving mathematical works in Latín versions so as to bring 
out the virtues and illuminale the obscurities hidden in the medieval Latín 
translations, began this Archimedean revival in the !talian city of Urbino. 
He was foLlowed by two figures of particular note, Guidobaldo dal Monte, 
a nobleman; and Bemardino Baldi. Baldi wrote a history of mathematics 
that, among other things, reconstructed the history of mechanics using 
Archimedes as its pivotal point, thereby attempting to establish a tradition 
into which Italian mechanicians like him could fit. Guidobaldo is best 
known, besides his intellectuaJ accomplishments, for having been an early 
and influential patron of Galileo. It was under his influence that Galileo 
himself adopted lhe tenets of these "philosopher-engineers," which appear 
very strongly in his earliest writings from around 1590. Galileo there con­
centrates on underrnining Aristotelian physieal authority on matters of 
moving bodies, in favour of an Archimedean-style mathematical approach. 
In other words, while rejecting the contemporary (and eorrupted) author­
ity of Aristotle, this sehool of practitioners trumpeted the authentic antique 
authority of Archimedes. At the same time, they effectively challenged the 
assumption that intellechla1 knowledge was categorically distinct from 
pr~l"ti('~1 l'apilbilities. 
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Figure 2.6 The strie! !aek of paraIlelism befween the poten/ia! (uneonstrained) fines nf 
deseen! of the weigh/s al opposile ends o( a bafance. 

Familiar features appear also in this case: using an andent authority 
as one's model did not mean a slavish adherence to everything tha! 
authority had said or done. Guidobaldo dal Monte was just as ready to 
criticize aspects of ATchimedes' work as Copemicus had been of Ptolemy, 
or Vesalius of Galen.19 Here, the critidsm struck at the core of Archimedes' 
work on balances. In On the Equilibrium of Planes, Archimedes had con­
ceived of the weights on opposite ends of a simple balance as tendin); 
downwards in straight lines that were parallel to one another (see Figur¡' 
2.6). Guidobaldo objected that in fact (as Archirnedes himself would hilVl' 
known), heavy bodies exert thernselves towards the centre of the spherical 
earth (or universe). Thus the ends of the balance should tend downward~ 
along Iines that, instead of being paralleI, would, if proIonged, il1/t'r.~I'I'f 

at the earth's centre. Archimedes' demonstration of the law of tI1l' II'VI'r 
(i.e. that a balance is in equilibrium when the weights on its two arnlH 
are in inverse proportion to their respective distances fram the fukrllnl, 
or pivot-point) used this false assumption of parallelism throuj.\holll; 
Guidobaldo therefore condemned it as unrigorous and wished for nn 
improvement. 

Notice that this was not a matter of practical significan ce. Any Tenl ~illl¡l­
tion with a normal balance would invoIve a deviation from pari1I1l'lt~nl 

far too sma\! to be measurabIe; and yet Guidobaldo still worried nbotll 11 . 
The andent Greek mathematicaI enterprise, of which EucIid was the priml' 
example and Archimedes one of the greatest exponents, placed greaL ~tl'l'lI~ 

(as had Aristotle more generally) on the virtues of rigorous, absoJult, 
dernonstration, and its apparent absence in this case evidently bothcTl'd 
Guidobaldo more than it had Archimedes hirnself. The Italian philosllplwr­
engineers were altracted by the lure oi a formal scientific mechnnics Lh"l 
could hold up Archimedes as ils hera, bul theirs was not intended lo l'll' illl 
antiquarian enterprise of cclcbratíon; it was, once agélin, an l'fforl ni 
('mulntion. Guidohnldo, snid Bélldi, wns TCsponsibk for tlw "n'sloralio!l uf 
ml'chnnlcH to !tH ilIll'il'nt spll'ndollr."1tl 

'lhHl'lI1l'r wlth ViNl"1I qlll'Hl rOl' tlw Illldl'nl Ilrl of tll1lllysls, 1111' 
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Commandino-Cuidobaldo-Baldi Archimedean revival is perhaps the last 
important example of the "Scientific Renaissance". Strong convictions 
about the superior wisdom of antiquity began to give way in the new 
century to a subtly altered perspective. Viete's ambition had been to "equal 
and surpass" the ancients by learning their own game and playing it better 
than they had, just as Copernicus wanted to improve on Ptolemy by 
playing what he considered to be the same game better, and Vesalius 
wanted to improve on Galen by carrying on the enterprise of anatomy 
under improved conditions. But in the early seventeenth century, people 
increasingly wrote of rnaking a clean break with the past, as we shall see 
most starkly in the cases of Francis Bacon and René Descartes. Descartes, 
as noted above, had in the 1620s believed in the existence of an ancient 
mathematical art of analysis that had been lost. It was only after reviewing 
the new competences of his own analytic art in his famolls essay of 1637, 
the "Geometry," that he declared that he had invented something new, 
something that the ancients had surely not possessed. By the end of the 
seventeenth century, the so-called "battle of the books" in England as well 
as elsewhere typified a new situation: while controversy could stiU rage 
over the comparative literary merits of ancient and modern poetry, scarcely 
anyone was prepared by then to deny that recent developments in the 
sciences had leaped far ahead ot the andent legacy. 

Why this change in perspective had occurred is unclear; it may have been 
a result of the perceived achievements that had sprung from the res tora­
tion efforts of the sixteenth century, or it may have come about as more 
scholars came to realize that the legacy ot classical antiqllity was diverse. 
Different ancient allthOlities said contradictory things abollt the same 
topies, as the welter of readily available printed editions easily made mani­
fest. It became harder and harder to identify an andent orthodoxy to be 
restored. Anclent texts continlled to be enormollsly important resources, 
but no longer as signposts to a past golden age. 



Chapter Three 
The Scholar and the Craftsman: 

Paracelsus I Gilbert I Bacon 

1 Mastering the occult 

The restoration of ancient culture was just one oí the preoecupations of 
sixteenth-century discussions on the knowledge oí nature. Outside those 
arenas in which the university-edueated paraded their humanist ere­
dentials, voices began to be raised agaínst the dominanee oi scholastic 
values ín learning. In particular, the usual Aristotelian emphasis on con­
templative rather than practica! knowledge of nature carne in for severe 
criticism, usually on moral grounds. In Greek, this distinction was denotcd 
by the terms epísteme and techni!, eorrespondíng to the Latín scienfill 
and ars ("scienee" and "art"). The school stress on scíentia appeared to somt' 
crities as a deliberate neglect of practical matters, being of especial cul­
pability in the case of medicine, in which practical ends were most obvi­
ously at issue. 

The starkest example of these views in the first half of the sixteenth 
century appears in the work of Paracelsus. The German medical mystic 
Philippus Aureolus Theophrastus Bombastus von Hohenheim traded in his 
impressive name for the punchier "Paracelsus" probably as a means of 
advertising his clairn to have gone beyond the abilities oí ancient physi­
cians, represented here by the first-century Roman Celsus. Paracelsus spent 
his life travelling the Gerrnan territories of central Europe (especially 
Switzerland) promulgating his cosmological doctrines and their medically 
efficacious implications. 

lt was a central part of Paracelsus's teachings that a true knowledge of 
the natural world, on which medical treatment should be based, could only 
be acquired through an intima te acquaintance with the propertics oí thin!l;~. 
In this, he reflects a longstanding, if 80mewhat ul1orthodox, position ¡hal 
had becn rcprcHentl'd in the thirteenth century by lhe English frlar l~o!l;('r 

Bacon, who hnd ndvOl'ntt'd Mtl1nething Clllil'd Hch'I,tllI l'x/lI'ríIlWnfll/k ThlH 
WOM n romnntlc notlon nlml'd nI rrl'nl'ing n l'I'rlain IIIWIWNH 11l'twl'1'1l tlw 
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would-be knower and the object to be known, and in Paracelsus's case it 
was explicitIy spiritual and alchemical. Paracelsus's importance in the 
history of materia medica stems precisely from the fact that he and his 
foJIowers advocated use of varíous ínorganic chemical (Le. mineral) 
substances to treat diseases. Paracelsus argued for the use of these new 
medicines, while decrying the ineffieacy oi the usual Galenic doctrines 
taught in the universities, not by claimíng their greater authenticity as re­
presentatives oi a pristine cJassical medicine, as Vesalius might have done, 
but by cJaiming an essential novelty for them. These times, he said, have 
brought forth new and virulent diseases. The spread of syphilis in 
sixteenth-century Europe (once suspected to have been brought back from 
the newly opened-up Americas) was perhaps the most evident example. In 
the face of new diseases, new remedies were therefore called foro In effect, 
Paracelsus announced a break with the past: a new world of disease and a 
new world of medicine to confront it. 

The medical faculties of the universities had, since their foundation in 
the thirteenth century, taught according to the teachings above all of Galen 
and the Arabie philosophers Avicenna and Rhazes. 1 The two latter had 
written works on medicine that observed the main lines of Galen's theo-­
retical doctrines, so thal the overall approach in the western Middle Ages 
is appropriately labelled "Galenic." The central therapeulic doctrine con­
cerned the balance of the four "humours" tha! comprised the human body: 
blood, phlegm, yellow bile and black bile (this last nol identifiable with 
any modern physiological entity). A preponderance of any one of these 
humours corresponded lo a characteristic disposition: an individual with 
a preponderance of blood was sanguine, of phlegm phlegmatic, of black 
bile melancholic, and of yellow bile choleric. Too much of an imbalance of 
humours brought aboul a pathological condition, an illness, Ihat the physi­
cían attempted to cure. The basic means of doing this was to counter the 
particular combination of qualities associated with each humour. One of 
the properties of blood, for example, was Ihat it was ho!; a fever, regarded 
(owing to its heat) as being due to an excessively sanguine condition, was 
therefore bes! treated by attempting lo cool the patient.2 

Paracelsus poured scorn on such ideas. In their place, he spoke of sym­
pathies between different parts of nature, such as alchemical correlations 
between particular planets and particular minerals. These correlations 
extended, crucíally, to the human body itself. Knowing the appropriate 
occult sympathies between the parts of the body and the "virtues" of things 
in the worId (sueh as particular herbs or metals) enabled a deterrnination 
of the correct treatment oE some ailment. In setting up the justifications for 
such procedures, Paracelsus thus adopted the classical microeosm/macro­
cosm analogy inherited from antiquity. On this view, the human body is a 
mirror of the universe as a whole, a "microcosm" or small world reflecting 
the great world, the "macrocosm." Each part of the heavens in ParaccJsus's 
geocentric universe (the five planets, sun, and moon) WOK dt,t'l11l'd to hove 
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its correlate in the human body. Paracelsus's language here spoke of astm. 
An astrum was a virtue with its prototypical representation in the heavl'ns 
(a5sociated with a particular pIanet, for example) but with its corrdilll' 
in the human body. Thus "a wound below the belt contracted when tlw 
moon i5 new i5 unluckier than one contracted when the moon is full," 
while "wounds contracted under Gemini, Virgo, Capricorn are the mosl 
unlucky."3 Paracel5us's use of astrological ideas and categories went aIong, 
however, with an explicit repudiation of astrology itself: where astrology 
as Paracelsus understood it spoke of the causal influence of the heaven~ on 
terrestrial affairs, he himself, in what he caUed his "astrosophy/, saw only 
correlations or correspondences between these parts of nature. Astra Wl'n' 

also to be found with non-human terrestrial things (pIants and miner,,!s, 
typically), thereby providing a basis for medical treatment. The prt'­
existing alchemical associations between particular celestial bodies and 
particular metal s, such as copper and Venus or iron and Mars, facilitilll'd 
the identification of such correspondences. 

But just as Paracelsus borrowed from astrology while making considl'r­
able modifications to it, so also he modified the tractitional teachings nI 
alchemy. Alchemy had entered the thought of the Latin Middle Ages fmlll 
Arabic sources. Alchemists thought in terms of the four elements acceptl'd 
in ancient Greek natural philosophies, incIuding that of Aristotle: earth, ¡lir, 
fire and water. Paracelsus, although very critical of contemporary scholí1H­
tic Aristotelianism, did not rejed these elements; but he did supplemenl 
them in a rather ambiguous fashion. His favoured alchemical fundaml'n­
tals were the tria prima, namely salt, sulphur, and mercury, which hl\ Lil'H­
ignated "principIes" rather than "elements." Their chief function seems lo 
have been as property-bearing constituents oi bodies; ways, therefore, of 
designating the basic characteristics of a particular substance. An inflam­
mable body, for example, might for that reason be regarded as sulphurous: 
the fire that is revealed by the process of burning shows the body's lnll' 
composition. The four Aristotelian elements were, for Paracelsus, not truly 
elementary but, rather, representative of the material husks thal con la illl'd 
a body's tme and active spiritual essence.' 

The doctrines of Paracelsus and his many followers, while often Ob~CUfl', 
are clear in certain basic respects. Paracelsus rejected official school doc­
trines (except insofar as, unavoidably and unintentionally, he mlopll'd 
sorne of thern himself); he emphasized the direct interrogation of nalu N.' 1111 

the route to knowledge; and he regarded knowledge of natul'e aH pl'l'­
eminently practical and operational. Death from common medien! ,¡i1nll'nIH 
was a constant of life in early-modern Europe, and medicine W¡lH alwllyH 
one of the most prominent examples of concern with utilitilrian knowblfll'. 
For Parace!sus, tlll' Ill'W Het'kers after truth in nnturc were no! ((1 lw 
scholnfs, bul ordinilry ¡ll'ople in tOlleh with t!w natural wmld . 'I"hUH 
ParacelHuH's writll1)1,H ilppl'ltN.'d (mullt of tlll'm Uftl\I' hiH dt~llh in Ifi41) 111 
{;l'rmnn rnllll'1' Ihan I,nlln, 1111' MhllTl'd h'IlTlH'd Inn¡1,III1)1,l' (lf Wl'HIl'I'n ¡11It! 
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Central Europe, although Latin translations wcre soon available. Para­
celsus's later followers, such as Oswald Croll in the I¡¡te sixteenth century 
and Johannes Baptista van Helmont in the seventeenth, tended to be 
clustered disproportionately in the Germanic territories of Europe but 
could be found all across the continent. Paracelsus's legacy was thus 
adopted by those who were attracted by his message of practical 
knowledge of nature in the service of medicine, underpinned by a 
magical/alchemical view of nalure that saw the physician as a kind of 
magician who manipulated the sympathies and correspondences that 
knitted the world together.s 

II Craft knowledge and ils spokesmen 

Paracelsianism was but one manifestation in the sixteenth century of a 
growing sense that nature, to be understood, needed also to be mastered -
that those who truly lmew nature necessarily also commanded it. Those 
representatives of Iiterate culture who began to make such arguments 
were often placed in a strange social position. Like Paracelsus, they were 
advocating a much higher cultural prestige for the practical know-how of 
artisans and craftsmen, people usually far below them on the social scale. 
In order to make their claims effective, Iherefore, they needed lo attempt 
lo raise that prestige. In Chapter 2 we saw that the "philosopher-engineers" 
of the Italian renaissance glorified the work of engineering and mechanics 
by associating it with the name of Archimedes. Other spokesmen engaged 
the problem more directly, stressing Ihe importance of this kind of active 
knowledge rather Ihan the relative unimportance oí mosl of its practi­
lioners. In doing so, they could set themselves up as prophets of a kind of 
value-added practical knowledge wherein Ihe unlutored artisan would be 
disciplined by the Iiterate gentleman overseer. 

There are several prominent examples oí such work in the sixteenth 
century. Vanoccio Biringuccio's Pírotechnia (1540) was a work on the busi­
ness oi mining and metallurgy written in the vernacular; in 1556 (a year 
after its author's death) Ihere appeared another treatise on the same subject 
called De re metal/ica ("On Metals") by Georgius Agricola (Georg Bauer), a 
German mining engineer in Saxony. Agricola's work laid out in detail, this 
time in an elaborate Latin text, knowJedge associated with practical matters 
oi the mining of metalJic ores and their refining. Agricola wrote according 
to humanist models in a book clearly aimed at the educated élite, attempt­
ing in effect to make mining a proper pursuit for a gentleman by associat­
ing it with such high-c1ass ancient repositories of knowJedge as Pliny's 
Natural Histonj, and equipping it with a Latin techn.ical vocabulary.6 In Ihe 
second half of the century, assertions of the importance and value of such 
practicaJ matters had become a commonplace, whether associated with ver­
nacular texts aimed at the less learned and tending to expose traditional 
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craft secrets, or with Latin texts directed towards the educated élite and 
aimed at increasing the social status of such knowledge. 

Indeed, in the latter case, there was a convenient classical category that 
could lend additional respectability to practical kinds of knowledge about 
nature. Ancient as well as Christian moralists had written of the distinct 
virtues and disadvantages of the víta contemplativa, or contemplative life, 
and the vita activa, or active life. rhe first was alife devoted to the improve­
ment of one's own soul through solitary meditation and reflection, whilc 
the second stressed social engagement and involvement in civíe affairs. 
Such categories were easily adapted to considerations of the use and 
purpose of knowledge about nature, of whether it should be about under­
standing nature or about the practical exploitation of nature's capacities. 
Andreas Libavius, an important writer on chernistry at the beginning of the 
seventeenth century, stressed in his work the civíe role of the chemist and 
the importance of being an active participant in the affairs of one's com­
munity. He drew stark, explicit contrasts with the secretive labours oi the 
c10seted alchemist. One of the many notable features of Libavius's great 
textbook of chemistry, the Alchemía (1597), is its lengthy presentation of the 
types of apparatus employed by chemists, rerniniscent oi Ptolemy's di~­
cussions of astronomical instruments in his Almagest. Clinking glasswarc 
was becoming respectable. 

rhe art of navigation was of especial concero in these centuries of the 
expansion of European trade around the globe, and by the end of the six­
teenth century practical navigators had developed much knowledge (lf 
how to manoeuvre ships over enormous distances without getting too lost. 
Their practical mathematical techniques, as also those of landbound sur­
veyors, served as models of useful knowledge that appealed to many pro­
moters of the value of craft know-how. A sign of these changing attitudt,~ 
was the inauguration in 1597 of Gresham College in London, an institu­
tion intended to provide instruction to sailors and merchants in uscful 
arts, especially practical mathematical techniques. Late-sixteenth-century 
England was, indeed, rife with such projects, ofien airned at strengthening 
the state by improving the abilities, especially commercial, of its people. 
These ambitions were matched by the appearance of many printed booktl 
conta~ing¡ractical mathematical techniques used in navigation and land­
surveymg. 

The relationship between the work of such mathematical practitiOl1l'rH 
and the speculations of philosophers about the physical world was (lCCil­
sional rather than intima te, but it did exist. Thomas Digges was the son (lf 
Leonard Digges, a mathematical practitioner who was Ihe author of seVl'ral 
books of this kind¡ ThomfIB himself was concerned with the same mattl'~. 
In his 1576 rc-edltion of IIn IIlmnnac produced by his father, Thornns 
incJuded an appmdlx nf hlH own entitled A Perfil DClicríption ¡J! 11/1' 
"""'1clltinll OrIJ('II. ,[,hlH I1ll1ounlll to n Cll/lrnllloPíIcnI di~(,lI~si(ln ()f thl! lll'W 
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Figure 3.1 Water-powered heavy induslry in the sixleenth cCllt/lry, fmm Agricola's De re 
metallicA. 



The Scholar and the Craftsman: Parace!s¡u;, Gilbert, Bacon 55 

Copernican system of theuniverse, loosely based on Book 1 of De revolu­
tionibus. Its qualitative character took off from a nuts-and-bolts trealment 
of practica! (calendrical) astronomy, Digges apparently seeing no conflict 
in the juxtaposition. He shows clearly the potential of mathematics to speak 
to natural philosophy. 

A further example oi the mixing of mathematical practice and natural 
philosophy appears in the work of another Englishman, William Gilbert, 
who published in 1600 a celebrated work De magnete ("On the Magnet"). 
Gilbert was a physician (at one time in the service of Queen Elizabeth 
herself), and his book is notable upon several counts. First of a11, in a gesture 
increasingly to be found among advocates of iorms of empiricism, Gilbert 
was scornfuJ of established Aristotelian learning. Ostentatiously rejecting 
tradition, he proposed to leam truths about nature through first-hand 
exarnination of things themselves. Secondly, much of the natural philosoph­
ica! content of De magnete owes considerable debts to sixteenth-century 
writers in broadly magical or anirnist traditions, especially Girolamo 
Cardano. Gilbert viewed Ihe earth not just as a giant magnet (a contribution 
in itself), but also as in some sense alíve and self-moving, at least around its 
own axis if not around the sun - he is cagey about the lalter point. The 
Stoic-influenced philosophy of Cardano was a major resource for Gilbert in 
buttressing this view. Thirdly, Gilbert's approach to rus arguments con­
cerning the properties and behaviours oi magnets was both deliberately 
experimental, involving careful tests of alleged properties of magnets, and 
informed more generally by the lore of seamen. The use of the magnetic 
compass for navigation had become well-established by the sixteenth 
century, and the accumulated experience of sailors in ¡ts use provid\'d 
Gilbert with a stock of concepts, instruments, and alleged magnetic pro­
perties to use and to test in his experimental investigations. 

His debt to such know-how, furthermore, is an explicit one. He acknowl­
edges those 

who have invented and published magnetic instrurnents and rcad y 
methods of observing, necessary for mariners and those who make long 
voyages: as William BOTOugh in rus Httle work the Variation 01 the' 
Compass, William Barlowe in his Supplement, Robert Nom1an in his Neu> 
Attractive - the same Robert Norman, skilled navigator and ingenious 
artíficer, who first discovered the dip of Ihe magnetic needle.8 

Cilbert is not indiscriminate in his enthusiasm, however: 

Many others 1 pass by of purpose: Frenchmen, Germans, and Spaniards 
of recent time who in their writings, mostly composed in their VCrIlilClI-

1m Innguilgcs ... SL'Cm to tmnsmit from hand to hand, as it Wl'ft.', t.'r­

rolll'OlIH tcnchlngll In ('v('ry HelellC(' ilnd out (lf tlwir own Hl"tm' 1l0W and 
n~nln lo ndd !lo!nl'whl1l of (·rfof." 
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Figure 3.2 WiIliam Gilberl's iIluslration of the behaviour of compass needles on the surface 
of a magnetic terrella, or artificial earlh. 

Foreigners re1y on the authority oi others, wruch they promulgate uncriti­
caUy, while Gilbert's good English authors simply record new ways oi 
doing trungs or new instruments to aid the inquirer. 

In the vein of predecessors that inelude ParaceIsus, Gilbert notes that 
u men are deplorably ignorant with respect to natural things, and modem 
philosophers, as though dreaming in the darkness, must be aroused and 
taught the uses oi things, the dealing with things; they must be made to 
quit the sort oi leaming that comes only from books, and that rests onIy 
on vain arguments from probability and upon conjectures.u1o One oi the 
ironies oi De magnete is in fact the extent to which Gilbert himself cites the 
views of older, frequently elassical, authors, albeit oiten to clairn that they 
are in error. Gilbert's book was not itself written for an unIearned reader­
ship, however, any more than had been Agricola's De re metallica. De 
magnete is in Latin, and at one point Gilbert even quotes a passage from 
Aristotle in the original Greek,u De magnete contains geometrical diagrams 
as well as naturalistic depictions of mathematical instnIments and magnets 
used in experimental work, but it earries also prctcnaions to high culture. 
Gilbert co-opts the expertise of the navigator; h(' dueH no! defer lo it, nor 
does he presenl himlit'if as OI1l' of their numlwL', \lJ' lndeed os any kind (lf 



The Scholar and the Craftsm¡m: Paracelsus, Gilbert, Bacon 57 

mathematical practitioner. Instead, he claims to be in search of causes; 
Gilbert strives to be a philosopher.'2 

JlI Frands Bacon: philosophy, practical knowledge, and the 
place of antiquity 

The strength of these sentiments in the later sixteenth century was, as 
we have seen, particularly evident in England. The most prominent, and 
much the most influential, example is found in the work of Francis Bacon, 
whose publications in the early seventeenth century have been credited 
with spurring a growth in empirical and utilitarian research in mid-century 
England and with promoting the foundation of the Royal Society of 
Lendon in the 1660s. 

Frands Bacon was born in 1561, the son of Sir Nicholas Bacon, a promi­
nent courtier who became Keeper of the Great Seal (one of the major politi­
cal offices of the time). Francis was trained in the law, and clearly aimed 
from the beginning at the same sort oi career as his father. By the closing 
decades of the century, however, the long reign of Elizabeth 1 had led to 
something of a bottleneck in career paths for ambitious young courtiers. 
Although by the 1590s moving in government cireles at court (and having 
held a seat in the House of Commons since 1584), Bacon was to find that 
higher office was not quickly attained, and that his executive power was 
restricted. 

It was in these circumstances that Bacon first tried out his own plans for 
a renewed, practically-oriented natural philosophy in the service of the 
state. Rather like other Elizabethan promoters of operational knowledge, 
he conceived of the establishment of state institutions that would be dedi­
cated to improvements in the crafts and trades. Not only did Bacon wish 
to see greater state attention paid to such knowledge, but he also began to 
develop theoretical ídeas about the requisíte cognitive structure of a prac­
ticaI, fruitful natural philosophy. Being so close to the centres of power, he 
naturally had ambitions to see his plans realized through direct govem­
mental action. He lobbied unsuccessfuJIy in Elizabeth's court during the 
final decade of the sixteenth century for the implementation of his design, 
which included a menagerie, botanical gardens, a research library, and a 
chemicallaboratory. Despite the support of the Earl of Essex, one of the 
most powerful courtiers, Bacon's plan came to nothing. When James 1 suc­
ceeded Elizabeth in 1601, Bacon tried again, with no more success. It was 
at this point that he began to concentrate on the writing of manifestos, 
descríptions of his ideas intended to encourage the reforms for which he 
continued to hopeo 

The first of these texts to appear in print was an English composítion on 
the Advancement of Learning (1605). It is a work that presents many of the 
bnslc arguments and rhetorical f;trnl'egies that also feature in Bacon's ¡ater 
wrlttnp;!I. The fullest exprcs~iol1 or hlll vicws, however, is found in the 
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N?vum orgel/JUm ("New Organon") of 1620, with its hopeful dedication to 
Kl~g Ja~es. The work's very title indicates something of its character. 
Wntten lIl. Latin (and hence accessible only to the well-educated), it 
pu~ports to be a wholesale replacement for the complex apparatus of 
~nstote]¡an logic. The corpus of Aristotle's logical writings was tradi­
tlOnally kt\own as the Organon, a Greek word meaning "tool" or "instru­
ment." This was beca use logic was seen as an instrument to be used in all 
manner of specific subject-areas, restricted to none. In announcing his 
n('u~ organon, Bacon signalled his belief that the Aristotelian approach to 
l?gIc pursl.l.ed in Ihe schools was a thoroughly inadequate instrumenl, par­
tl~ularly for the purpose of generating natural philosophical knowledge. 
HIs replacement was by contrast perfeetIy suited, he c1aimed, for precisely 
that goal. 

Bacon's argumentative strategy was thoroughly radical. In ehallenging 
orthodox ~atural philosophy, he did not simply criticize the usual means 
foro pursu1ng it. lnstead, he advocated a reconceptualization of natural 
plulosophy itself. He attacked Aristotelian natural philosophy, as well as 
many other alternatives, for being wrongly slruetured: he rejected the 
nmtemplative ideal for natural philosophy altogether. Instead, he held that 
J1¡¡t~ra~ Pl:ulosophy, properly understood, should be direeted towards 
¡¡clllevmg irnprovements in the well-being of humanity - what we would 
I~()wadays think of as technological advances. Mere tinkering with scholas­
\Ir natural philosophy would therefore be of little use; the whole enterprise 
needed to be thought out anew. This Iheme is real1y the core of Book 1 of 
the Novu»¡ organum. 

Bacon 'Nas eareful, however, not to present himseJf as a straightforward 
foe ~lf established, and especially ancient, authority. Indeed, one of Bacon's 
carller publications had been a work of 1609 called De sapientia veterum (0/1 
~"(', Wlsdo»¡ 01 the Ancients), in which he had praised Ihe philosophical 
1I1:·;¡ght of the so-called Presocratics, those Greek philosophers earlier in 
time than the great age of Socrates, Plato, and Aristotle (Jate fifth and fourth 
l't'lltllnes \le). The Presocratics had the supreme advantage of being repre­
sl'\1ted not by their own original writings but by the seeond-hand aceounts 
of .Iater Creek writers (first among them being Aristotle himself) and by 
hn~of t]lIoted extracts from their works ("fragmenls") also found in later 
w~'ltl'rS, This left a considerable degree of latitude for interpretation, per­
ITIlttmg the ascription to them of a wide array of ideas and achievements 
Ihat Ihl' ~\lidence at least did not obviously forbidY Bacon's criticisms of 
Ar~stotl'h<l.n and Platonic doctrine were thus tempered by an avowed admi­
r'lllO\1 for the achievements of even more aneient authorities. 
n' ,I~<lrly itl l300k 1 of the Novum orgollllln, Bacon took eare lo observe that 

11ll' hllllour of the andcnl ¡¡ulhllrS sl<lnds firm, and so do es everyone's 
hOIl.Ollr; ""l' ¡Ul' nol introdlldlll-\ a romparison of minds or talents bul a com­
pnrlHOI1 uf W.lyH," J.I Thl' l'vldi'nn' oi' I k .~I/J!it'llti(/ 71t'tt'rum itself shows that 
HlIl'h n n'lllí1rk Hhould not. pl'/'hllpM, lll' lakl'l1 íII; <l m'ltll'r simply of deflect-
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ing criticism that he was not giving the andents their due; Bacon, like other 
crities in the seventeenth century, frequently made a point of distinguish­
ing between Aristotle himself and his latter-day seIf-styled followers. 
Bacon's idea was that of a bureaucratic administrator: progress would be 
made not by the fortuitous appearance of unusually capable individuals, 
but by the proper organization of collective effort. No doubt Aristotle had 
been elever, but that was not the point: "we are not taking the role of a 
judge," said Bacon, "but of a guide,';\5 

Novelty was an important feature of Bacon's perspective, since it was 
new discoveries that he sought. His attitude towards the justificatory func­
tion of appeals to antiquity and towards humanist acadernic culture (to 
which he, like alI others of his educational background, was inevitably 
indebted) was ambivalent in this regard too. Should novel ideas be pre­
sented as genuinely novel? In the Novum organum, Bacon in fac! explicitly 
rejects the use of ancjent authority to boIster his position. He notes: "it 
would not have been difficult for us to attribute our proposals either to the 
ancient cenhlries before the times oi the Greeks [Le., to the Presocratics and 
to andent eastern sagesl ... or even (for part of it) to sorne of the Greeks 
themselves." But this would be imposture: 

We do not think that jt is any more relevant to the present subject whether 
the discoveries to come were once known to the ancients ... than it 
should malter to men whether the New World [i.e. America] is the 
famous island Atlantis which the ancient world knew .... For the dis­
covery oi things is to be taken from the light oi nature, not recovered 
from the shadows of antiquity.16 

Despite this confident pledge oi allegiance to the cult of modernity 
instead oi that of antiquity, standing in elear opposition to the humanist 
views that we have aJready seen, Bacon could not in practice avoid entirely 
the presentational and rhetorical techniques of his intellec!ual forebears. 
Scholars like Copernicus or Vesalius had set themselves up as opponents 
of the status quo by appealing to the precedent of an ancient world when 
things were better; in doing so, they had adopted the cornmonplace tactic 
of telL'ng a tale of decline leading down to the present, when things were 
now to be set straight again. Bacon too tells a tale of decline so as to dis­
possess contemporary establishment philosophy of its authority. His tale 
takes a difierent form, however. Bacon again credits the Presocratic period 
as that "in which natural philosophy seemed to flourish most among the 
Greeks," but he does 50 in order to observe the brevity of its duration. Later 
on, he says, "after Socrates had brought philosophy down from heaven to 
earth, moral philosophy grewstill stronger, and turned men's mínds away 
from natural philosophy."17 (Elsewhere he says that the works oí the 
PrC8()CraticH wcrc ovcrwhclmed by "lighter works" that were chiefly 
conct'T1wd wilh rll'i1:;ing 111(' "lnsll' of tlw crowd," and that "time (Iike a 
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river) has brought down to us the lighter, more inflated works and sunk 
the solid and weightier.")18 The Romans subsequently concentrated on 
moral philosophy and public affairs, while Christianity in the West had 
devoted its greatest rewards and its best minds to theology. It was no 
wonder, therefore, that natural philosophy had made such Iittle progress. 
The lack of progress could be explained by a lack of applicatíon, and did 
not speak against the possibility of realizing Bacon's great vision of the 
benefits to be gained from a properIy condueted - and socially supported 
- natural philosophy.19 In effect, the capabilities of natural philosophy 
ought not to be judged by the achievements of its current practitioners, 
because history shows that we can do better. 

Like a true revolutionary, Bacon refused to be held to account by the cri­
teria of evaluation used by his opponents. Following the earlier remark 
about the untouched honoUT of the ancients, he explains that 

No judgement can rightly be made of OUT way (one must say frankIy), 
nor of the discoveries made by it, by means of anticipations (Le. the rea­
soning currently in use); for one must not require it to be aprroved by 
the judgement of the very thing which is itself being judged.2 

Bacon's vision of natural philosophy, in contrast to the Aristotelian, saw it 
as an endeavour that would be productive of works; that is, of practical 
applications. This was so mueh the case that he spoke of this productive­
ness as not merely a consequence of proper natural philosophical knowl­
roge, but as the very criterion of its truth. In a remark that expresses the 
point famously (if also, in its original Latin, somewhat ambiguously), 
Bacon said Ihat "truth and usefulness are (in this kind) the very same 
things"; he goes on to say that "works themselves are of greater value as 
pledges of truth than for the benefits they bring to human life."21 This is 
no! to say, however, that Bacon therefore saw practical works as no more 
than means to the end of finding philosophical truth. Thus, in criticizing 
the inquiries of other philosophers in the Novum organum, he remarks at 
one point that "roen do not cease to abstraet nature until they reach poten­
tial and unformed matter,22 nor again do they cease to dissect nature till 
they come to the atom. Even jf these things were true, thetJ can do little to 
illlprove mm's fortunes.',n 

Philosophy, for Bacon, was not an end in itself. Book 1 of the Novum 
orgnl1um is largely devoted to undermining the pretensions of existing 
philosophical schemes so as to clear the way for the establishment of his 
()wn approach, designed to supersede them all. But his main strategy is 
n()! one of analytical eriticism, aimed at showing the ineffectiveness or 
ungroundedness of his rivals' arguments; instead, ht, eoncentrates on 
impugning their goals as unworthy. The fault of the Arislott'lj¡ms Hes abo ve 
nlIln Ihelr misconlltrual of the Ilm'lltlsl' (lf natural phtlOIlHphy. To show eOI1-
l¡'mpl for prnctklll kl1()wl(·d~l·, tlll' .~ort thill can pl'tlvldl' hl1mnnlty with n 
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better lite, is to act immoraIly. Bacon expresses this view using a Christian 
idiom that forms an important part of his en tire position: Aristotle's unpro­
ductive philosophy is a dereliction of the Christian duty of charity towards 
others. Natural philosophy can in principie help people, and so it must be 
directed to that purpose. "The true and legitimate goal of the sciences is to 
endow human life with new discoveries and resources":24 

Just let man recover the right over nature which belongs to him by God's 
gift, and give it scope; right reason and sound religion will govern its 
use.25 

The "right" oi which Bacon speaks is something to be claimed, or asserted. 
Once the propriety of seeking power over nature has become accepted, then 
its pursuit becomes a matter of "right reason and sound religion": religion, 
because the goal wiIl be knowledge for proper Christian purposes, and 
reason in the form of Bacon's new organon. 

IV Knowledge and statecraft 

Bacon presented his method, what he called a via el ratio ("way and pro­
cedure") for the making of knowledge, as being starkly opposed to the 
Aristotelian approach advocated in the academic world. Above aH, Bacon 
criticized the Aristotelian fixation on the demonstrative syIlogism.26 A 
logical point underlay his condemnations. When a conclusion was drawn 
from its premises in syllogistic logic, that conclusion was about a particu­
lar. The major premise from whích it was derived, however, was a univer­
sal statement. As an illustration, we may consider once again the classic 
syllogism: 

Al! men are mortal 
Socrates is aman 
Therefore Socrates is mortal. 

Major premise 
Minor premise 
Conclusion 

Bacon's point, in essence, is that we are only prepared to accept the truth 
of the major premise beca use we already believe it to be true of al! partícu­
lar instances. Of these particular instances, Socrates's mortality is just one 
case. In general, therefore, our knowledge of the major premise is the resuIt 
of our knowledge of a large number of individual instances like that of 
Sacra tes. The syllogism therefore argues backwards: in order to gain true 
knowledge, Bacon maintains that one must work back from individual 
instances fa the universal knowledge-statement. The lalter comes at the end 
of the knowledge-making process, therefore, not at the beginning (as it does 
in the syllogism). Thus, "[als the sciences in their present state are useless 
for lhe dilll'Overy of workR, so logic in its prescnt state is useless for the dis­
cllVl'ry of fldl'11l·l'Il.,m llllll'l'd, "llw HcknccH WC now havc MC no more than 
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elegant arrangements of things previously discovered, not methods of dis­
covery or pointers to new results."2S 

Bacon placed his faith in a particular form of "induction." By this 
word (or the Latin inductío), Bacon meant the creation of general truths 
("axioms") concerning aspects of nature that would be analogous to the 
major premise of a deductive syllogism. lnduction, moving in the opposite 
direction to that of deduction, would crea te the best-founded such truths, 
much superior to those currently accepted - for "[c]urrent logic is good for 
establishing and fixing errors (which are themselves based on common 
notions) rather than for inquiring into truth.,,29 This induction was not, 
however, to be simply an accumulation of instances leading to an 
abstracted generalization: Bacon explicitly rejects "induction by enumera­
tion" (a common ploy in the discipline of classical rhetoric) as childish. 
Rather than just piling up examples, and perhaps ignoring inconvenient 
exceptions, one should employ "rejections and exclusions," so as to end up 
with the truth by having eliminated aU possibilities but one.JO The result 
will, ideally, be a general statement ("axiom") built on experiential particu­
lars, and having in addition a scope greater than that of the particulars from 
which it was derived. It would thus point the way to the discovery of new 
particulars.31 

Bacon privileges the knowledge of the artisan in discussing the sources 
of natural-philosophical experience and their promise of leading to works. 
Hc extols the value of the relatively recent innovations in Europe of gun­
!"I(lwder, silk thread, the magnetic compass for navigation, and printing 
with moveable type, characterizing them all as new discoveries that had 
bl'l'n stumbled upon by untutored, albeit practical, people. If these things 
l"Ould be found by chance, he argues, how much more might be expected 
rroll1 a disciplined, methodical inquiry.32 He aimed, as he put it, at an ex­
p\'rlmce "finally made literate."33 This meant, in practice, the production 
01 writtcn lists of individual facts drawn from experience, which would be 
\'llIl'loycd in the sorting process by which the higher axioms would be 
,1c'rlV\'d by elimination. These lists, or "tables," and their use are explained 
.111\1 disclIssed in Book TI of the Novum organum together with illustrative 
(,~llmplt'S. 

'rhe historian Julian Martin has characterized Bacon's approach to an 
ildiv\' n;ttural philosophy as that of a lawyer and civil administrator - such 
liS B¡lCOn, as we have seen, actually was. Towards the middle of the century, 
William Harvey (whose theory of the circulation of the blood had a great 
iml'acl in the study of physiology and medicine) reportedly said of Bacon 
Ihal he "wrote philosophy like a Lord Chancellor."" UsuaJly taken as a dis-
1l1iss¡1l of Bélcon's philosophy, this remark nonetheless cOl1tains a great denl 
01' trulh, as Murtin has shown. l3acon W<lS involvcd in a prujcct, at the begin­
nln)!; oi Uw sl'Vl'ntcl'nlh l'cntury, intl'ndt'd lo codify al1d syslt'l11c1tizc English 
IIlW, Thls involv\'d dl'll'rmíl1il1)!; ti1\' prt'cl'tll-nts l1l'lllillly 1II'\'\'Il\('d by judgt's 
In ti1\' ddl'rmlnnlion of \'(l\lrl \·ilMI'H, ilS .1 111"ill1~ of l'l'dlldll~ ti1\' ("0111111011 
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law to a definitive body of explicit sta tute law. The project called for the 
organízation of cases into taxonomic categories, from which the legal prin­
cipIes underlying the decisions made in them could be abstracted. This, of 
course, is a bureaucratic piece of statecraft remarkably similar to Bacon's 
later programme for the reform of natural philosophy, a project that, líke 
legal reform, Bacon put forward as one that would be in the interests of the 
state and oE centralized control. 

Bacon outlined in sorne detail his vision of the polítical organization of 
knowledge-making in the New Atlantis, which was published (in English) 
in 1626, the year of his death. The book presents a fabulous account of a 
mysterious island in the Pacific, unknown to Europeans, with its capital 
Bensalem. Above aH, the island is a rationally governed state in which men 
concerned with the generation oE useful knowledge play a central role. 
Such utopían visions were by no means unprecedented at this time; two 
seventeenth-century examples that preceded Bacon's, Johann Valentin 
Andreae' s Christianopolis and Tommaso Campanella' s City of the Sun (1619 
and 1623), described ideal cities that, like Bensalem, instantiated a philoso­
phical vision of the creation and transmission of knowledge about the 
natural world. The intellec!ual hub of Bacon's version was an institution 
ca11ed "Salomon's House." Bacon describes the number oE personnel 
involved and their strictly segregated roles: people (all are men) to travel 
the world gathering facts, peopIe to conduct experiments to generate new 
facts, people to extrae! from books candidate facts to be tested experimen­
tally, and further up the hierarchy, men to consider a11 these experimental 
outcomes and direct the performance of new experiments. Al the top of the 
tree were the Interpreters of Nature, men (three of them) who would take 
these solidly altested facts and use Ihem to produce the axioms that were 
the crowning glory of Baconían inductive philosophy. In addition, there 
were others whose sole task was to draw conclusíons from these axioms so 
as to yield specific practical benefits. Salomon's House, so constituted, was 
directed towards "the knowledge of Causes, and secret motions of things; 
and the enlarging of the bounds of Human Empire, to the effecting of all 
things possible."}.' 

Bacon's concern to get at natural causes, the province of qualitative 
natural philosophy, gave him a correspondingly dull interest in math­
ematics - his conceptual categories, that is, betray a continuing debt to the 
philosophy of scholastic Aristotelianism. He spoke of mathematics in the 
Novum organum, remarking that it "shouId only give limits to natural phi­
losophy, not generate or beget it."36 Bacon wanted to know how things 
work, so as to be able to control them; that meant tangible causes, includ­
ing the "St'cre! motions of things." Although not a central element of his 
major diliellssilln in t)w Nmi/lm (lrsanum, a theory of matter, to do with the 
lwhi1villllrS Ilf submÍl'rosl'Opic pnrticles, their motions, sympathies and 
nl1lipalhil's, plllYl'd il Kif.:nit'icillll role in Bacon's view of nntural philosophy. 
))l'spill' hls i1vow,·¡j 1'1'1,','1101101' t)1('ir work for its St'crl'tiV('IWSS nnd lnc'k uf 
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concem for the public weal, Bacon's matter-theory in fact owed a great deal 
to the alchemists and magicians, as [or example h.is use of such alchemical 
notions as that of the natural sympathies and antipathies to be found 
between the smallest parts of various substances. The ideal of the magus, 
hamessing the powers of the stars, which implicated a kind of knowledge 
that had practical ends, itseU c1early coloured Bacon's own conception of 
the value of natural philosophy. Together with the increasing cultural value 
placed on artisanal knowledge, the field of magic (especially so-called 
natural magic, which made use of the hidden properties of natural things) 
provides an indispensable context for understanding the sources of Bacon's 
ideas in natural philosophy. 

The real significance and consequence of Bacon's writings, however, 
relate centrally to his methodological opinions - rather than to the sub­
stantive content of his views on nature and its make-up. Bacon spoke of 
such exotica as "latent process" and "latent structure" in describing the 
hidden inner particulate and spiritual structure of kinds of matter}' but in 
practice those ideas acted as tittle more than physicalizatíons of his method­
ological precept that knowing whal a thing is and knowing how lo produce 
it are essentially identical. Creating gold, tor example, by superinducing 
upon a piece of matter the appropriate qualities oE gold - to make the 
matter yellow in colour, of a particular density and malleability, and so 
forth - was a process that he understood in conventional1y "mechanical" 
terms.38 That is, these were properties to be given to a body by applicatíon 
of the techniques of a craftsman, or "mechanic"; hammering, heating, 
sifting - any of the sorts oi operations that can be done on pieces o[ malter. 
So the effective underlying structure of matter was accommodated to that 
model: matter is made up oi parts that can be reshaped, rearranged, beaten, 
jostled around by heating, and suchlike.39 As Chapter 7 below will show, 
Bacon's stress on first-hand experience and experiment, together with a 
high evaluation of utility, was used to promote precisely the kind of prag­
matic corpuscular mechanism that is so typical of the early Royal Society 
later in the century. 



Chapter Four 
Mathematics Challenges 

Philosophy: Galileo, Kepler, 
and the Surveyors 

1 Natural philosophy - the only game in town? 

Bacon's notion of an operational natural philosophy took its lead from 
the kinds of natural philosophy taught in the schools. Bacon attempted a 
radical reformation of natural philosophy, but it was still a reformation 
rather than a completely different enterprise. This fact might suggest that 
the available scope for rethinking the study of nature was severely 
restricted - as indeed it was. But natural philosophy was not the only modeI 
provided by learned culture for the study of nature. There were other 
relevant areas oí inquíry too, areas that could be turned to account by 
people dissatisfied by (or unínterested in) the enterprise of the physicists. 

RecaIl that Aristotelian physics aimed at understanding qualitative 
processes. Quantities were at best peripheral to it, because they íailed to 
speak of the essences of things - of what kinds of things they were. Meas­
urements, whether of dimensions or of numbers, were purely descriptive, 
while the natural philosopher's job was defined by its attempt to explain, 
not merely describe. 

During the sixteenth century, certain Aristotelian philosophers had 
denigrated the mathematical enterprise on precisely these grounds. 
Scholars like Alessandro Piccolomini, and prominent natural philosophers 
Iike Benito Pereira, published critiques of mathematics that contrasted it 
unfavourably with physics. Mathematics, they said, did not demonstrate 
ils conclusions through causes. This disqualified mathematical proofs from 
hl'ing scientific in Aristotle's sense, because Aristotle had specified that true 
scientific demonstration always proceeded through the identification oí 
a n'levant explanatory cause for its conclusion. Such causes, falling under 
Ol\l' of Aristotle's four catq~ories of formal, final, efficient, and material, 
Wl'Te what made a proof illlo a piece of science.1 None oí these kinds of 
,'¡IIIRI' W<lS utilizt'd in mlltlll'll1illil'H, its (rities claimed, and hence math­
"l1HllÍl's W<lS Ilot 11 sl'il'l1l1lk dlsdplhll'. Ind('l'd, the most damning short-
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coming of alI was malhematics' failure to speak of fornwl causes, that is, 
explanatory causes Ihat relied on specifying Ihe kind oE thing that was 
involved. In other words, mathematics did no! get at Ihe true natures oE its 
objects, and was restricted to discussing only superficial quantitative prop­
emes (in Aristotelian terminology, quantitative accidents unrevealing oE a 
thing's nature, or essence). 

Needless to say, there were contemporary mathematicians who resented 
such assertions. They wished to portray their own discipline as a "science" 
because Ihat was the highest grade of knowledge; they did not want 
second-c1ass status behind the physicists. Accordingly, several mathemati­
cal writers in the later sixteenth century and Ihe early seventeenth century 
produced counter-arguments to estilblish, against Ihe natural philosophers, 
thal mathematical proots were indeed causal and properly scientific. Fore­
most among them were mathematicians belonging to the Catholic religious 
order called the Society of Jesus - Ihe Jesuits. 

During the second hall of the sixteenth century the Jesuits (founded by 
Ignatius Loyola in 1540) beca me Ihe foremosl teaching order in the Catholic 
world. Their colleges quickly sprang up all over Europe, with a reputation 
for excelience that was second to none. The education that the ]esuit col­
leges offered was comparable to the arts education available at universi­
tieso Apart from the explicitly religious aspects, which underlay the whole, 
Jesuit education thus consisled oE a great deaI of humanist training in 
ancient languages and literature, as well as education in the traditional 
scholastic subjects based on the texts of Aristotle - physics, metaphysics, 
and ethics, together with the subjects of Ihe quadrivium, Ihat is, math­
ematics.2 The Jesuit mathematicians were frequently different people from 
those who taught natural philosophy, and some of them objected lo the 
belittling characterizations oE their specialty found even in the writings of 
their own philosophicaI brothers, such as Pereira. The earJiest concerted 
defence ca me from the leading Jesuit mathematician of the late sixteenth 
century, Christoph Clavius, professor of mathematics at the Jesuits' flag­
ship coliege in Rome, the ColIegio Romano. Oavius explicitly rejected the 
claims of the philosophers concerning mathematics, and pointed out the 
pedagogical harm that could be caused by their teachings on the subject. 
There were those, he complained in the 1580s, who told their pupils that 
"mathematicaJ sciences are not sciences, do not have demonstrations, 
abstract from being and Ihe good, etc.".3 Clavius wanted the teachers of 
mathematics to be accorded as much respect as Ihe teachers of natural phi­
losophy and metaphysics, and the scurrilous charges against malhematicaI 
knowledge hindered this goal. As regards substantive responses to the 
hated arguments, Clavius himseU was less effective, although he estab­
lished a position in support of miltl1ematics that was subsequentIy widely 
imitated by olher jl-Huit mathematiciilns. He relil-d I'Spt·("i¡111y 011 Arislotlt"s 
OWIl diHl'uHsioI1H, poll1lill¡.\ oul lhal Arbtotlc hnll incllldt'd malhcmatics as 
ilI1 Illtl'~ri\1 par! or IlhiloHllllhy nlongHidl' naluml phi IO/tll l' hy, 111l'rl'hy imply-
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ing that it had an equivalent cognitive status, and that Aristotle had 
described the mixed mathematical disciplines (astronomy, music, and so 
on) as being "subordinate sciences"; that is, sciences that relied on results 
borrowed from other higher sciences - meaning arithmetic and geometry. 
There couId thus be no doubt that Aristotle regarded mathematics as truIy 
scientific. 

Later Jesuit matJ1ematical writers supplemented Clavius's appeals for 
fair play with philosophically-based refutations of the anti-mathematicaI 
arguments. A former shldent of Clavius, Giuseppe Biancani, in a work of 
1615, wrote at sorne length on the question, denying the view that math­
ematical demonstrations did not employ causal proofs and that math­
ematical objects (geometrical figures or numbers) Iacked true essences - in 
effect, that they were not real things. Biancani says that, on the contrary, 
geometry defines its objects in such a way as to express their essences. He 
means that a triangle, for example, is a figure composed of three right lines 
in the same plane that intersect one another to yield three intemal angles 
- that is what a triangle ís. Similarly, geometrical figures have their own 
matter (the subject of material-cause explanations), in this case quantíty. 
Using such arguments, Biancani attempted to refute the philosophical 
crilies of mathematics, while also following Clavius in claiming a certain 
superiority for mathematical demonstrations over those oi natural philoso­
phy. This superiority flowed from the generally accepted certainty of math­
ematical proofs, which by common consent exceeded that of other kinds of 
philosophical argumento 

Thanks initially to Clavius, these Borts of arguments were well known, 
especially among Jesuit mathematicians, in the early seventeenth century. 
They served as a means of increasing the confidence of mathematicians 
that their sciences were not only on a par with natural philosophy but were 
perhaps in some ways even better at making reliable knowledge of nature. 
One such mathematician was an Italian friend of Clavius, Galileo Galilei. 

II Galileo the mathematical philosopher 

Galileo was bom at Pisa, the second city of the Grand Duchy of Tuscany 
in northern Italy, in 1564. He was the son of a musician, Vincenzo Galilei, 
who was from Tuscany's capital city, Florence, and Giulia Anunannati, and 
the family held minor noble status derived from its Florentine iorebears. 
Galileo attended the University oi Pisa to study medicine, but his lack of 
vocation conspired with his aptitud e for mathematics to cause him to 
lCilve in 1585; he subsequently retumed to the university in 1589 to take 
up il chair in mathematics. The chair had be en secured on the strength of 
personill recommendations from established mathematicians, especially 
Guidobilldo dilI Monle (GilIileo hild ilIso met Clavius by this time, on a visit 
to l~om(' in 15H7):' 

Mlleh l)f (;,llil('o':-¡ HllhHl'lllll'lllr<\rl'l'r mllsl l1<' l'xplail1l'd by rl'fl'I"l'ncl' lo 
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his aggressive and ambitious personality. His approach, however, and the 
values that he expressed, were not idiosyncratic, but can be understood 
as part of the outlook of a university mathematician of his time and place. 
Although other people in similar positions íailed to acquire Galileo's fame, 
Galileo did what many oí them would no doubt have liked to achieve -
he stood up to the higher-paid, more prestigious natural philosophers and 
refused to concede to their expertise. 

The earliest example of this dates from around 1590, during Galileo's 
professorship at Pisa . An early manuscript treatise surviving from that 
period, usually known as De motu (nOn Motion," composed in Latin), 
signals by its very title that Galileo intends to take on the despised Aris­
totelian physicists. Motion, as an example of change, was a central topic of 
Aristotelian physics. The natural philosopher spoke of motion so as to 
explain why things moved, and one of the typical kinds of such explana­
tions invoked an appropriate final cause. In partícular, to explain the free 
fall of a heavy body, Aristotle had described it as a natural motíon, since it 
is in the nature of heavy bodies to fall when unimpeded. But why do they 
faIl? Aristotle decided that they feIl because they were seeking their proper 
place at the centre of the universe. FaIl thus appeared as a process of travel, 
wherein the moving body set off from its starting place in an endeavour to 
reach its goal. That goal, the centre of the universe, coincided in Aristotle's 
cosmos with the centre of the earth - beca use the earth is simply the accre­
tion of all heavy bodies bunched together around their natural place, 
towards which they strive. 

One of the Aristotelian rules governing fall that emerged from this 
conceptualization was that the heavier a body, the faster it faIls. Weight 
expressed the motive tendency of the body, so if weight increased, so too 
should the speed of descent. A body that weighs twice as much as another 
ought therefore to descend twice as quickly as the lighter body. Galileo, 
in De motu, argues that this familiar Aristotelian claim is false, and he 
provides a number of arguments intended to show it. One, for example, 
imagines two independently falling bodies becoming linked together by 
il piece of cord as they fallo Becoming connected, they should now con­
stitute a single aggregate body. Such a body, being heavier than either of 
its original components, would, according to Aristotelian doctrine, fal! 
more rapidly than either one. And yet, Galileo urges, it is not conceivable 
that the two pieces would suddenly speed up as soon as the cord linkcd 
them. 

Galileo's strategy becomes clearer when he calls on the precedent nf 
the ancient mathematician Archimedes to aid him.5 In On Floating [{odies, 
Archimedes con\idered the relationship between the specific gTilvily (nr 
density) of a body and thnt uf tlw medium in which it was immcnil'd. 1 !l' 
ulied this relationship to dl'l"rmilll' whelher the body should flnat nr sink: 
if lhe body was denMl'r thnll 1111' ll11'dium, it Hélnk; if les!! densl', it flllntl'd. 
G"lill'u t"kl'i"I tlll' HnlnL' nppl'lllU"h 111 111M (lwn diHeUHHiun of fnltill/ol hodl"M --
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in effect, he treats falling bodies as if they were a1l sinking in a COmIDO n 
medium, the air, and compares their rates of fa1l by comparing their spe­
cific gravities in relation to air's. 

Galileo, notably, does not ask the question "why do heavy bodies falJ?" 
That would ha ve been a natural philosopher's question. Galileo, the math­
ematician, asks only how fast they fa 11, and what the relationship is 
between their densities and that of the medium; like Archimedes, Galileo 
does not ask what weight is. Against Aristotle, he conc1udes, first of alJ, 
Ihat two bodies of differing weighls - say, differently sized iron balls - will 
nonetheless fall al identical speeds. The speeds are a function of the balls' 
specific gravities in a COmIDon medium, air; since both balls are made of 
the same material, solid iron, their speeds too are the same. 

In 1591 Galileo left the university at Pisa to take up a similar, although 
rather more illustrious, professorship al the great thirteenth-century 
university of Padua. The cily of Padua, in norlh-eastem Italy, was at this 
lime a par! of the independent republic of Venice, and Galileo's academic 
position feH under the control of the Venetian sena te. For nearly two 
decades Galileo remained at Padua, lecturing on mathematical subjects 
and engaging in occasional controversies with Aristotelian philosophers 
there. He supplemented his income by making and selling mathematical 
instruments designed for surveying work, an activity that was a common 
feature of practical mathematical pursuits at the time.6 By 1609 he had 
developed lo a high degree his work on Ihe mohon of heavy bodies, includ­
ing Ihe famous doctrines of Ihe uniform acceleration of freely fallíng bodies 
and the parabolic paths of projectiles. This work, however, was nol lo 
be published until 1638, in his Discorsi ("Discourses and Demonstrations 
Conceming Two New Sciences," often referred lo in English as the 7Wo 
New Scíences)? His aversion, as a mathematician, to the natural philosophy 
of his Aristotelian colleagues continued to motivate him, and probably 
contributed to his readiness, from the 1590s onwards, to entertain the 
unorlhodox doctrines of another mathematician, Nicolaus Copemicus. 

GaJileo's interest in Copemicanism existed from at least 1597, when he 
mentions Copemicus in two letters. One of these letters was sent to the 
).\reat astronomer Johannes Kepler, acknowledging receipt of the latter's 
t 'opernican book Mysterium cosmographicum ("Cosmographical Mystery") 
of 15%; Galileo, famously, claims to Kepler that he too was a Copernican, 
ami had been "for many years."8 It was not until the fust decade of the 
~('vcnteenth century, however, that Galileo took up astronornical and cos­
Illological issues in a serious way, especiaHy from 1609 onwards when he 
11l'gan to use a telescope to make astronornical observations.9 Copemican­
i~1Il s('enlS lo have appealed to Galileo aboye all because it was a useful 
tool for nttílcking Ihe Aristotelian physicists. First, it advocated the accep­
t.Ull·!' of il sun-ccntred univcrsc, which would tear to shreds Ihe physical 
wOl'ld-Ilil'luft' 011 whirh tlw pntire Aristlltelinn system was bascd. If the 
I'llrth w('n' no IOI1¡¡¡l'r alllw ('('111ft' of Ilw l1niVt'rSl', fur ,'xnmpll', tlU' bllllf 
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heavy bodies (and the rise of light bodies) could no longer be explained by 
their desire to reach a destination defined in lerms of the centre of Ihe uni­
verse, because the Iatter would no longer coincide with the earth's centre. !O 

Secondly, the chief arguments in favour of Copernicanism were astronomi­
cal rather than cosmological: that is, they were the arguments of a math­
ematician, concerned with reducing the apparent motions of Ihe heavens 
to order, rather than those of Ihe physicist, concerned wilh Ihe nature of 
Ihe heavens and Ihe explanalion of their movements. Al Ihe same time, 
Copernicus and a few followers of his doctrine, su eh as Kepler, had 
embraced the cosmological inferences lhal they nonelheless dared lo draw 
from the new astronomical system. l1 

Galileo thereJore attempled lo use Copernican astronomy as a math­
ematician's means of subverting Aristotelian cosmology. He Irampled on 
the usual demarcation between physics and malhematics by slressing that 
Ihe natural philosopher had to take into account the discoveries of the 
mathematical astronomer, since the lalter concretely affected Ihe content of 
the natural philosopher's theorizing - Ihe astronomer told the physicist 
what the phenomena were that required explanation. In his Lelters on 
Sunspots (1613), Galileo made this point strongly in arguing for the pres­
ence of variable blemishes on the sun's surface. The Aristotelian heavens 
were held to be perfect and substantively unchanging; all Ihey did was to 
wheel around eternally, exhibiting no generation of new things or passing 
,1way of old. The marks fírst seen on the face of the sun by Galileo and 
others in 1611 did not appear to show the permanence and cyclicity char­
ncleristic of celestial bodies, and Galileo took Ihe opportunily lo argue that 
¡hey were, in fact, dark blemishes that appeared, changed, and disappeared 
irregularly on the surface of the sun. It was important lo the argument 
that the spots be located precisely on the sun's surface itseU. The Jesuit 
Christoph Scheiner, Galileo's main rival for the glory of their discovery, at 
lirsl thought Ihat Ihe spots were actua1ly composed of small bodies akin to 
moons, which orbited around the sun in swarms so numerous as to elude, 
thus far, reduction to proper order. Accordingly, Galileo presented careful, 
gl'ometrically couched observational reasoning to show, first of all, that 
lhere was an apparent shrinkage of the spots' width as they moved across 
Ihe face of the sun from its centre towards the limb (and corresponding 
wiuening as they appeared from the other limb and approached Ihe centre); 
illld secondly, that this effect, interpreted as foreshortening when the spots 
wert' seen near the edges of Ihe sun's disc, was consistent with their having 
il loc<ltion on the very surface of the sun itself. The precise appearances, he 
,1l·~lIl'd, would be noticeably different if these necessarily flal patches were 
<llly dist<lnce abo\>2 the sun. '2 

Calill'o's argument leads lo lI1I' f"lIowing point: if it is established that 
llll' slIn's slIrfaCl' is bll'miillll'd by d'll·k paLches thM mnnifcstly ilppear 
fmm I1tlLhing nnd ultímnLl'ly vI,nIMh, LIll'll il" hcctlnll's undl'ni<lhll' thnt 
lI1('l"I' 111, l'onLmry Lo ArlHLlllt'lInn dlll"lrhll', ~l'lll'raLioll illld rorrllpLion in Ll1l' 
IWIlVl'llM, (;l1l1h,tl hllM lllllVI.d 11'11111 ,1 "11111111,'n1<1l1l'i11" C'XI'Iíl"illiOIl IIf 1111' 
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Figure 4.1 Galileo's reasoning concerning the lorcshortcning 01 sunspots as they approach 
the sun's limb, lo show thal Ihey are on the sun's surfl/ce. 

externa! properties of things (here, the apparent size, shape, and motion 
of the sunspots) to a properly physical conclusion about the matter of the 
heavens. 

As he explained elsewhere in rus pub!ished contributions to the debate 
with Scheiner, the true essences of things as distant as the celestial bodies 
cannot be determined by the senses, and indeed the same should be under­
stood also of bodies near at hand: "1 know no more about the troe essences 
of earth or fire than about those of the moon or sun, for that knowledge is 
withheld from us, and ís not to be understood until we reach the state of 
blessedness."13 Hence all that remains to us is knowledge of those manifest 
propertíes which are accessíble to the senses. 

Hence 1 should infer that although it may be ín vaín to seek to determine 
the true substance of the sunspots, still it does not foIlow that we cannot 
know some properties of them, such as theír locatíon, motion, shape, size, 
opacity, mutability, generation, and dissolution. These in turn may 
become the means by whích we shall be able to philosophize better about 
other and more controversia! qualities of natura! substances.14 

No! only c(luld tlll' m¡lIlik'st (¡lI1d nll'nsurnblt') propcrties of bodics be 
known, bu! Hlleh kllowh'd)1.l' wOllld I'llnhll' Ill'ttl'r philo¡'¡0l'hizill~. Thl' work 
01' tl1l' 111111111'11111111'11111, IhllllH,l'Illlld ~lIldt' 111111 01' tl11' l'hYHldMI. 
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III The rising status and cognitive ambitions of the mathematical 
sciences: Galileo and Kepler 

Galileo sometimes used the self-descriptive label "philosophical astrono­
mer"15 to represent the kind of work that he purported to be achieving in his 
work on sunspots and on the Copernican world-systern. There is a hin! of 
continuing deference to the category of natural philosopher, if not to natural 
philosophers themselves, in the way he Jiked to characterize himself. 
While negotiating with the Tuscan court in 1610 over the terros of his new 
service to the Medid (see Chapter 6, section 1I, below), Galileo insisted that 
his official title be tha! of court "philosopher and mathernatician." It was 
common for a princely court to retain a mathematician <Tycho Brahe and 
Kepler both played that role), but this was clearly insuffident for Galileo. He 
wanted to be recognized also, and perhaps first, as a philosopher, someone 
who had things to say about the nature, not just the disposition, of the 
universe. 

The Jesuit Biancani's arguments for the full causal character of math­
ematical demonstration expressed very much Ihe sarne sentiment. In 
Biancani's case, however, there was no real attempt (Clavius's paean to the 
peculiar certainty of mathematics notwithstanding) to set up the techniques 
of mathematicians as potentally superior alternatives to those of the physi­
cists. The Jesuit mathematicians' goal seems to have been one of achieving 
parity with their natural-philosophical colleagues; Galileo's goal was to 
reform natural philosophy itself, so tha! it would be recognized as a disci­
pline for mathema!icians. Either way, such promotion of mathematicaJ 
sciences as exemplary ways of learning about the natural world typifies 
a widespread movement in the first haIf oi the seventeenth century. 1t was 
a movement that began to be recognizable through its gradual adoption 
of an identifying label: "physico-mathematics." 

The value oi this !abe! sprang from its imprecision. It served to unite the 
notion of the physica! with that of the mathematicaJ, but the nature of the 
juxtaposition was ambiguous. It apparently designated a kind of math­
ematics (in the broad contemporary understanding of that word) that was 
in some way of physica! relevance. There were older, pre-existent terros for 
what !ooks like the same thing, as we have seen in Chapter 1, section II: 
"mixed mathematics" was perhaps the most common. And yet there seems 
lo have been a felt need for the new termo Why? 

This is where Galileo is such a useful figure. His endeavours help us to 
understand what the spread of "physico-mathematics" meant to those who 
eagerly adopted the termo Galileo's polemics and propaganda set into 
rclicf, perhaps),,"\ exaggerated form, thosc i1lsues the debating of which form 
lhe core of what we can call lhe Sdl>ntifíc Revolution. These issues con­
l"crncd the qucstion of tlw pnllwr dHlracler of natural philosophy: what 
Hhould it be ilbout, how HhllUld 11 !w I)UJ1;Ul'CI, and why? Chapter 3 con­
Hkll'l1'li tllt' nttl>mplM oC }wo!,I,'III,,' JlmnriH 13ílcon to reform l1otions of what 



Malhematics Chnllenges Philosaphy: Galileo, Kepler, and the SUYVl!ljors 73 

the purpose of natural philosophy should be. In arguing that it ought to be 
directed towards practical utility, Bacon at the same time effectively altered 
the ways in which it should be conducted, as well as how íts knowledge­
claims should be constítuted and presented (his new definition of "forms"). 
The endeavours of the mathematicians, while different in focus and scope, 
acted in concert with this new stress on knowledge for practical use to 
promote a view of natural philosophy that emphasized the operational. In 
doing so, they came close to rejecting natural philosophy in its old sense in 
favour of an entirely difierent enterprise, simply applying to it an old name 
borrowed from the rejected discipline. 

The case of Galileo illustrates how this complete break in fact failed to 
take place. He, in common with users of the contemporary term "physico­
mathematics," retained a claim to the label of natural philosopher. The 
properties that he and other mathematicians wished to attribute to math­
ematical knowledge, properties that they resented the physicists for 
denying to it, were lifted from natural philosophy itself. Mathematicians 
did not simply declare the vírtues of the mathematical sciences in isolation 
from those of physics; the relative status of the two disciplinary areas meant 
that mathematicians would still have been left - however certain their 
demonstrations - in command of what most others saw as an inferior kind 
of knowledge. In this regard the mathematicians resembled the craftsmen. 
The change in values expressed by Bacon involved the investing of practi­
cal, artisanal knowledge with a higher social status. It had been (and to a 
considerable extent continued to be) associated with low-status work -
manuallabour. Bacon in particular argued for a higher evaluation of utility 
by c1aiming its importance for the sta te, as well as through moral and 
religious arguments that associated it with Christian charity. And yet he 
wanted this newly-upgraded practical knowledge to receive the prestige 
already possessed by natural philosophy. His solution was to argue as if 
"natural philosophy" were a category much broader in scope than usually 
admitted by academics, one that ínc/uded practical knowledge; he then 
chased out purely contemplative knowledge by criticizing the goals of the 
latter, thus leaving the field to his own proposed endeavour. 

Sirnilarly, Galileo and other mathematicians rejected the disciplinary 
boundary between natural philosophy and mathematics by arguing that 
mathematics was crucially important in drawing legitima te physical con­
c1usions. In effect, the label "physico-mathematics" served to signa! that 
the mathematicians' own expertise would not thereby be subsumed to 
that of the natural philosophers. Instead, the cuckoo's egg of physico­
mathematics would (if Galileo had his way) serve to expel most of the 
original occupants of the natural-philosophical nest, so as to leave the 
mathematicians in the position formerly occupied by the physicists. In both 
this and Ihe previous case, the established category "natural philosophy" 
was a vn)uahlc rl'llourcc for those who wantcd to raise the status of their 
OWIl fnvourt'd klnd of knowlt'J~t'. 
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Another important advocate oi the central place oi mathematics in 
natural philosophy was the Copernican astronomer Johannes Kepler. 
Kepler's approach to astronomy was, like any astronomer oi the time, fun­
damentalIy mathematical. But he went much further in his promotion oi 
mathematics than most oi his colleagues: ior Kepler, the mathematics that 
structured astronomical theory was the very mathematics that underlay 
the structure oi the universe itself. Thus, in his work as a mathematical 
astronomer, Kepler at the same time endeavoured to create a mathemati­
cal physics. For Kepler, the universe is properly intelligible in mathematical 
terms; it is mathematics, especialIy geometry, which allows insight into the 
mind oE God, the Creator, and hence into the deepest realms of natural 
philosophy. In one oE his last publications, a work oí 1618 calIed Epitame 
astronomiae Copernicanae ("Epitome oE Copernican Astronomy"), Kepler 
describes his own special field as a part oE physics: 

What is the relation between this science [astronomy) and others? 1. It is 
a part of physics, because it seeks the causes oE things and natural occur­
rences, because the motion of the heavenly bodies is amongst its subjects, 
and because one oE ils purposes is to inquire into the form of the struc­
ture of the universe and its parts .... To this end, [the astronomer] directs 
al! his opinions, both by geometrical and by physical argl.lments, so that 
truly he places before the eyes an authentic form and disposition or fur­
nÍShing Di the whole universe. '6 

Kepler put these principIes into effect in his restructuring of Copernican 
astronomy. As a student at the Lutheran university in the German town of 
Tübingen, he had become convinced of the truth of the new Copernican 
cosmology from his teacher in astronomy, Michael Mastlin. Belief in the 
literal truth Di the Copernican system, as opposed to a recognition oi the 
value oi Copernicl.ls's De revolutionibus in the practical computational work 
oi mathematical astronomy, was not widespread among astronomers at 
this time, and Kepler's early guidance by one Di the exceptions to this rule 
is therefore noteworthy. Kepler's metaphysical and theological predilec­
tions expressed themselves in reJation to Copernican astronomy in his first 
publication, the Mysterium cosmographicum ("Cosmographical Mystery") 
o[ 1596, when Kepler was working as a school teacher in Austria. The 
most noteworthy ieature Di the work is its presentation Di Kepler's proud 
discovery oi a relationship between fue dimensions oE the planetary orbits 
(cnJculated according to the Copernican system) and certain interrelation­
ships among the so-called "perfect" or "Platonic" or "regular" solids. 

The latter were so lid figures that had been demonstrated by Eudid to 
Ill' restricted to precisely five in number. They were solids that are con­
lililwd by identical facets which are themselves regular polygons, such as 
l'l)lIililll'nll triangles, squnr('tI, llf pl'nlagons. The five solids, as El.ldid had 
HhoWI1, Wl'fl' lhe l<'lralwJroll, 1I11' rulw, Ihe octaht.'<.il"llll, lhe dodecahedron, 
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Figure 4.2 The nested perfect solids structu¡·ing the universe, frOIn Kepler's Mysterium 
cosmographicum. 

and the icosahedron, of four, six, eight, twelve, and twenty faces respec­
tively. TI1l' f<lr[ thM these five solids were unique of their kind implied to 
Kep!er lhnt t!wy n'pn'sented something profound about the nature of space 
and (Jf 1I1l' ~('onll'll'!t'ill principies on the basis of which Cod had created 
Ihe llnivl'rl4t', In !lit' M,II,~/I'rilllll t'osmograf'hiwm, Iw shows lhat (imaginary) 
!iplll'rt·!ol tli'II·d lo ~'prc'"t'nl IIIC' Tl'lnlivt' SiZl'S of tlw vnriolls Copl'rnknn plnn-
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,'I,IIY orbits around the sun are separated by various distances that closely 
nrmmmodate the perfect solids as spacers between the spheres. Using 
rlvailable data, Kepler was able to show that the sizes of the planetary orbits 
rlosely fit the sizes allowed by the interealated solids, to within an error of 
'll'llund five per eent. In 1600 he joined Tyeho Brahe in Prague so as 
lo gaín access to Tycho's famed data on planetary motions, whích Kepler 
hoped would enable him to reduce the error still further. Furthermore, 
Kepler's model accounted for there being, in a Copernican universe, 
11rccisely six planets - the number that could be adequately spaced by five 
intervening solids. 

Kepler was enormously proud of this result, which he believed brought 
lIim nearer to an intimate understanding of the structure of Cod's Creation. 
'rhe role of geometry in hls argumentation was fundamental: geometry was 
1\ot simply a tool for calculating dimensions and motions in astronomy; it 
was capable of providing explanations of why things in the world are as 
they are. The geometry of the five perfect solids serves not only to describe 
the number of the planets and their distances from the sun, but to make 
sense of those facts. Kepler believed in a fundamentally mathematical con­
stitution to the universe, in the sense that mathematical intelligibility of the 
kind provided by the perfect solids accounted for why certain things are as 
they are. The nature of such an explanation is not, in the present case, one 
that provides mathematieal, demonstrative necessity to the things that it 
explains (as with showing, as Euclid does, why the base angles of an isosee­
les triangle are equal to one another); but it does show, Kepler believed, 
what was in Cod's mind when He chose to create thlngs in the way that 
He did. In many respects, in fact, Kepler's entire astronomical career was 
ane direeted towards gaining an understanding of Cod's mind, of corning 
closer to Cod through the medium of astronornical study. This was natural 
philosophy in íts starkest, most theocentric formo 

Kepler's major work was the Astronomía nova of 1609. It was the pub­
lished result of a project !hat he had originally undertaken at the behest 
of Tycho, to determine a satisfactory astronomical model for the motion 
of Mars. Mars had always been a planet whose motion was particularly 
troublesome to model with exactness, and since Tycho's great observational 
project had been designed as the foundation for much more accurate plan­
t:'tary models, the eontinuing recalcitrance of Mars was a souree of especial 
concern to him. Tyeho was particularly interested in having Kepler solve 
the difficulties in terms of Tycho's own favoured cosmological system, a 
kind of compromise between Ptolemy and Copernicus that he had first 
published in a book of 1588. This scheme had the moon and sun in orbit 
afOund a centra';' stationary earth, but with the planets orbiting that moving 
sun. The resultant relative motions thus remained the same as in Coperni­
l'US'H Hystl'm (disregarding the illHUC llf the fixed stars), with Copernicus's 
nnl1lH11 orbit of the corth ilrllund IIw Hun bcing cxactly mírrored in the 
nnl\llllllll'billlf ti\!' HUIl IlTllllnd 1111' l'llrth. Kpr1N fl'Hrllndl'li to the rh"lIl'ngl' 
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by producing models that couId be expressed in Ptolemai:c, Copernican, or 
Tychonic terms Csimply by shifting reterence-frames). But, for Kepler, the 
Copernican remained the true account. 

Several years oI intensive work by Kepler resulted in an achievement 
that was remarkable in several ways. First, Kepler produced a model tor 
the motion of Mars of unparalleled accuracy, both as determined by com­
parison with Tycho's observations and as confirmed over time by its pre­
dictions. Second, in doing so, he had come to abandon the elassical Greek 
astronomical reguirement, followed proudly by Copernicus as well as by 
Tycho himself, that the component motions used in creating astronomical 
models each be a uniform motion around a cirele. Third, Kepler developed 
his new laws governing planetary motíon on a basis that involved specu­
lation about the physical causes that brought about that motíon. 

His new planetary orbits around the sun took the form of ellipses, with 
one focus of each ellipse located on the sun itself. He knew the geometry 
of the ellipse, one of the conic sections, from the treatise on conic sections 
written by the Greek astronomer and mathematician Apollonius of Perga, 
and Kepler's desire to find mathematics written in the fabric of the uni­
verse was thoroughly satisfied by this result, even though it meant aban­
doning cireles. Furthermore, his elliptical orbits were traversed by the 
planels üneluding the earth) in such a way that the space swept out by the 
line joining the planet lo the sun was uniform - egual areas swept out in 
egual times. 

Egually importantly for Kepler, however, he had achieved these results 
in continual dialogue with ideas on the causes of planetary motions. These 
ineluded the idea of a motive force emanating from the sun that drove the 
planets around in their orbits, together with an idea about a kind oi mag­
netic attraction and repulsion between the sun and the two poles of each 
planet that served to explain why planetary orbits were not perfectly cir­
cular. Making explicit reference to William Gilbert, Kepler used his notion 
of the earth as a giant magnet to explain why planets successively approach 
and depart from the sun in the course of their elliptical orbits. The celestial 
spheres were gone CTycho had already rejected them); Kepler's planets 
moved independentIy through space. 

Kepler's views on the place of mathematics in understanding the 
physical world were thus more directly related to a purely philosophical, 
as opposed to practical, conception of natural knowledge than were 
Galileo's. The very nature of the mixed mathematical sciences, however, 
was such as to encourage, even in Kepler, a concern with sorne operational 
criteria of knowledge. The instrumental function of optics in assisting 
astronomicaI investigations was a major part of his justification for pub­
lishing Ad Vitellionem paralipomena quibus astronomiae pars optica traditur 
CU Additions to Witelo, in which the Optical Part of Astronomy is TreatedU), 
in 1604.1'l Kcpler conllidcrs the imperfection of sciences such as astronomy 
ano optlcll, ns ("(lmpafl'tllu tlw dt'monstrillivl' ideill of geomelTy, hut ilrgues 
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Figure 4.3 Kepler's elliptical orbit for the planets, and his area-laIO. The planet, P, pursues 
¡ts elliptical path IOith the sun, S, al one focus. The line joining the p/anet lo the sun sIOeeps 
out equill areas in equal times, so thnl lhe distance traversed by Ilu plunel IOhm nearer lo 
the sun (P.,-P4) is gre¡;¡ler lJum ¡hnl lraversed when farther from ¡he sun (P,-P,J. From 
Mi/rie Boas, The Scientific Renaissance 1450-1630 (New York: Harper and Brolhers, 
·1962), © 1962 by Marie Boas. 

that optical theorems should be sufficient to satisfy an astronomer's 
nceds. 'R 

IV Knowing, doing, and mathematics 

Mathematics was itself traditionally related to practica! endeavours such 
as land-surveying or the building of fortifications. Both feH under the 
Ill'nding of "mixed mathematics," along with such others as astronomy and 
ll11'fhnnics. The latter too were of great practicaI importance. Astronomy 
liad been valu~'.d in Latin Europe "ince the Middle Ages for its use in marine 
nilvigiltiol1 ilnd in astrology, a practical <lrt much used in Iearned medieval 
1lll't1idlll'. Ml'chanic~ cOIH'l'nwd milChincs themselves (such as wind or 
wall'r milis), but mOl"l' l'sP"'I'Íi,lIy disl"lISSl'd the dassical domain of the 50-

(""IIt,tI silllpil' mill'hllll'H, whkh 1'01ISitll'l"l'd l'l'rlnin dl'vin'H illld tl'chniqul~s 
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(such as levers or pulleys) that made work easier. The practical and arti­
sanal associations of many oi the mathematical sciences were thus vcry 
hard to miss. 

During the second half of the sixteenth century, mathematicians, espe­
cially in England, had begun to make strong elaims for their discipline that 
revolved around its practical dimensions rather than focusing on the more 
phílosophical justifications preierred by increasing numbers of bookish 
mathematicians. In 1570 there appeared a new translation into Englísh oi 
Euclid's Elements, bearing a preface written by John Dee of Martlake. He 
used this opportunity to praise the branches af mathematics far their 
usefulness "in the Common Iyfe and trade oi men," as witnessed by the 
practices of many and diverse accupations.19 Dee had himself already had 
dealíngs with ane such endeavour, navigation; the interrelated concems 
oi navigation (ineluding in this period increasíng interest in the magnetíc 
compass and terrestrial magnetísm) and of cartography were important, 
and unassailabIy mathematica!, subjects of books by a number of Englísh 
authors in the decades around 1600, such as Robert Recorde, Thomas 
Digges, and Edward Wright. Most such authors wrote in Englísh rather 
than Latin, and presented themselves as men oi practical rather than con­
templative bent. Typical examples oi the genre inelude works on survey­
ing techniques, the demand for whích seems to have grown during the 
second haH oi the sixteenth century, in concert with the increasing enelo­
sure of iormerly common land and the surveying oi church lands now 
seized by the Crown following the English Reformation. 

Mathematics thus had, besides its association with leamed classical trea­
tises and the niceties of formal demonstration, a practica!, computationa! 
image somewhat at odds with the academic, philosophical discipline pro­
moted by schoIars such as Clavius. At the same time, its Ieaning towards 
practicality enabled it to appea! to the same sensibilities that Bacon's pro­
paganda exploited. The kind of knowledge that mathematicaI practices 
tended to promote was not simply utilitarian, however: its elevation to 
philosophical importance by such as Galileo implied a revaluing of math­
ematical characteristics as being peculiarly important to true understand­
ing of nature. 



Chapter Five 
Mechanism: Descartes Builds 

a Universe 

1 A world to fit the knower 

1I was one thing lo hold aloft particular ideals, operational or mathematical, 
concerning the sorl of knowledge about the world that was desirable. Bu! 
was the world itself the right kind of world for providing that knowledge? 

Francis Bacon, as we saw in Chapter 3, does no! seem to have worried 
Ilvcrmuch on this point: when he disrnissed questions about the divisibil­
ity of malter, he wrote that we need not worry aboul whether atorns are 
lhe ultimate constituents of matter or not, since "[e]ven if these lhings were 
[rue, they can do little to improve men's fortunes."¡ Bacon's vision of 
knowledge allowed some lruths about nature to remain unknown, lo forro 
no part of his natural philosophYi he did no! worry that such unanswered 
questions might compromise the useful answers one might acquire to other, 
addressable questions. But otllers had less eccentric conceptions of natural 
philosophy, conceptions tha! were not so single-rnindedly tied to opera­
t¡onal critería. For such people, it did matter whether nature in itself was 
fully captured in their accolmts of il. If the accounts were incomplete, so 
loo was the natural philosophical enterprise - not only incomplete, but 
<lIso potentially flawed, since who knew wha! unknown causes might be 
involved in subverting the effects of known ones? 

flor Ihose who subscribed lO the mathematical and operational ideal of 
Ili'lural knowledge, therefore, there were two main altematives to pursue. 
Dile was to behave, like Bacon, in a pragmatic fashion, being satisfied 
wilh what works and leaving aside useless questions. The other was to 
plll forward a view of the natural world that wOllld consist of precisely 
lhos(' ingredien\:<; tha! a mathematical-operational form of knowledge was 
rapabk of discussing, and 110 morc. The mosl successful and influential 
I'hilllsophl'r lo adopl this !it'wnd allt'I'Il¡üivc, ilnd to attempt to bllild a uni­
Vt'rSt' lo HUi! his mnlht'molknt 11I.'lIt of Ililturt', was Ihe Frenchman René 
I)('I-!t'¡¡rh's. 

HIl 
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Descartes was born in 1596, and was educated at the élite Jesuit colIege 
at La Fleche in northern Franee. After he left the colIege in 1614, Descartes 
acquired a law degree at Poitiers. By 1618 he had joined the Dutch army of 
Prince Maurice of Nassau, as a mercenary. This was a Ihoroughly unre­
markable career development for a moderately well-to-do young gentle­
man in this period; it gave Descartes, as he later reIated, an opportunity to 
see a bit of Ihe world as well as to rnix wilh new people.2 

One of the new people that he met in the Netherlands at thls time was 
a schoolmaster named Isaac Beeckman. Beeckman is especially well-known 
to historians for hís surviving Journal, whích records many of his extraor­
dinary ideas. The Journal also talks about his acquaintance with Descartes 
and the latter's intellectual virtues. In partícular, it records Descartes's 
ínterest in Beeckman's own concern with micro-Ievel mechanical explana­
tions of natural phenomena. Beeckman attempted to develop hypothetical 
accounts of the causes behind various physicaI phenomena, accounts whích 
were"rooted in the idea of matter as being composed of mínuscuIe bodies, 
or corpuseles" The shapes, sizes, and movements of the corpuseles were 
used as the exelusíve causes of macroscopic, visible phenomena. For 
example, Beeckman wanted to explain magnetic attractíon in terms of tiny 
corpuseles emítted from the magnet and impelling pie ces of iron towards 
it by mechanical impac!. This form of corpuscularianism, associated for 
Beeckman with the elassical doctrine of atoms, went along with his pro­
nounced ínterest in the traditional mathematical sciences. These ineluded 
especially hydrostatics as well as such questions as the acceJeration of 
freely-falling heavy bodies. Beeckman tended to elevate such sciences to a 
privileged status in attempting to understand Ihe physical world, and was 
one of the first promoters of Ihe term "physico-mathematics.u3 His liking 
for such explanations, ineluding the more speculative corpuscular expla­
nations, was evidently due to the fact that, for him, they "put sensible 
things as it were before the imagination.u4 In other words, much like 
Francis Bacon, he wanted physical explanations to be couched in Ihe terms 
of practica! mechanícal activity, akin to the activity of the artisan, in which 
bodies hit or push against one another, and in general exhibit a tangible set 
of causal properties and relations that can be pictured concretely in the 
mind. 

After Descartes met up with Beeckman in November of 1618, he evi­
dentIy beca me an enthusíast for Beeckman's style of phiJosophizing; 
Beeckman's joumal notes his new acquaintance as being one of the 
very few properly to appreciate physico-mathematics and íts advantages. 
Descartes's adoption of physico-mathematicaJ philosophy beca me his 
trademark during the following years, along with a determination to 
systematíze hü¡ approach to gaining knowledge - knowledge not just of 
nature, but of cverything. Both of these ambitions are represented in hís 
famou~ publicntion of 1637, the Discourse on the Method together with 
the thn'l' "lllll~tmlilln¡.¡" of that nwthod, thc "Dioptrks," "Ccometry," and 
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"Meteorology." Descartes had spen! most of the 1620s living in Paris and 
mingling with others of compatible philosophical interests (generaIly 
anti-, or at least non-Aristotelian), such as Marin Mersenne, Claude 
Mydorge, and - when he was in town - Pierre Gassendi. But in 1628 
Descartes had decided to seek a degree oi seclusion, and went to live in lhe 
Ne!herlands. He had resided there already ior severa! years, therefore, 
when !he Discourse and its "Essays" appeared irom the EIzevier publish­
ing house in the Dutch university town of Leiden.5 

The famous "method," which Descartes published here for !he first time, 
represented an attempt to ground all of his ideas in the various sdences on 
a foundation of certainty. Not for Descartes was there to be a conjectural or 
hypothetical presentation of the causes at work in the world, as Beeckman's 
had been; Descartes wanted to present explanations lhat could not (he 
hoped) possibly be challenged. In other words, he wanted certainty rather 
than mere opinion; his ideas were to be accepted for their truth, not simply 
for their likelihood or even mere ingenuity. 

Descartes's enormous ambition, in fact, had led him to dream of replac­
ing Aristotle as the master of philosophy. As part of !hat desire, he sent as 
a gift one of the first copies of the Discourse to his old coIlege at La Fleche, 
apparently in hope of persuading the intellectually sophisticated Jesuits to 
use his writings as part of their teaching curriculum. Descartes envisaged 
the replacement of the pre-eminent andent aulhority, rather than a human­
islic emulation. In the opening decades of the seventeen!h century he was 
by no means alone in Ihis goal; it is of a piece with Galileo's militan! anti­
Aristotelianism, and strikes a similar note to !he work of Pierre Gassendi, 
another French world-builder oi the periodo Like Descartes, Gassenru dis­
Jiked Aristotelian philosophy; unJike Descartes, however, Gassendi still 
looked towards classical antiquity for his modeIs of philosophica! inquiry. 
Retaining a standard humanist perspective on ancient authority, Gassendi 
simply substituted lhe ancient atomism oi Epicurus for Aristotle's phi­
losophy, while attempting at !he same time to rid it of its atheistical con­
notations (Gassendi was himself a Catholic priest). Descartes's approach, 
in rejecting ancien! authority completely, thus represents a si gnificant 
departure from the usual cultural norms. 

Seeking the security of absoJute certainty for his philosophy was 
not simply an attractive luxury for Descartes. The attacks on lhe 
Aristotelianism of the schools, which had become so frequent by the early 
seventeenth century, had produced a fearsome armoury of argumentative 
weapons. The most lethal, particularly in France, where !hey had proven 
especially popular, were the weapons of philosophical scepticism. Once 
again, we have here to do with classical sources: andent Greek scepticism 
had already created the chief arguments that were adopted so eagerly in 
!he second haH of the sixteenth century and beginning of the seventeenth. 
Chief among these ancient sourres wcre the writinp;s (lf tlll' lutl'-untiquc 
writl'r Scxtus Empiricus (c.2()() AIl), and his positilln, known ilS l'yrrhonism 
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(named after the supposed founder of this philosophical posi.tion, Pyrrho 
of Elis), provided the mosl deslructive weapons of all. Sextus had devel­
oped a multitude of standard argumenls against the possibility of acquir­
ing certainty in any kind of knowledge whatsoever. These boiled down to 
two main kinds. 

First, knowledge obtained through Ihe senses necessarily lacked absolute 
certainty beca use we know that the senses deceive, as any number of 
optical iIIusions bear witness. So it is never possible to be completely certain 
of the truth of anything leamed through our senses; we could always be 
deceived. Notice that Sextus's position was no! that we are routinely likely 
to be deceived, in mosl ordinary situations. Instead, his point was to under­
mine the pretensions of dogma tic philosophers such as Aristotle, who 
purported to be able to give absolute demonstrative proofs in philosophy, 
akin to those of mathematics. 

So the second source of knowledge that Sextus attacked as uncertain was 
human reason, inclucling mathematical deduction itself. In the lalter case, 
Sextus directed his arguments against the formal deductive proofs famil­
iar from Euclid's great work Elements. Imagine, says Sextus, checking a 
deductive proof in geometry by working through every step in the argu­
ment so as to show that the conclusion followed infallibly from Ihe start­
ing assumptions. Human beings are not perfect reasoners, he notes, so that 
in checking a claimed proof, one might rnistakenly accept an inferential 
step as correct when it was in fact falseo How could such an error be 
avoided? One could check the proof several times lo make sure of its 
soundness, of course, bul il would still be possible to make an oversight on 
every occasion. One can never, therefore, be absolutely sure of the proof's 
validity. Again, Sextus wanted to show that philosophers who claimed cer­
tainty for their assertions were not juslified in doing so, however likely 
those assertions rnight seem; he advocated suspension of judgement on a11 
issues. 

Recall once more that Descartes's ambition was to supplant Aristotle as 
the pre-eminent philosopher, whose works were studied in all the schools 
of Europe. Pyrrhonian scepticism was one of the weapons that had been 
successfully used to weaken the hold of Aristotelian philosophy, precisely 
by showing that the supposed certainty of its conclusions was nothing but 
an illusion. Scepticism of this sort was therefore a line of attack against 
which Descartes wanted his own philosophy to be secure. Given the fun­
damental nature of the Pyrrhonian argumenls, however, this was no easy 
task. Was there anythíng that could be immune to Pyrrhonian assaults on 
both tlle senses and reason? After aH, these were not arguments against par­
ticular knowledge c1aims, such as the centrality of the earth in the universe, 
but altacks on all dogmatic c1aims to truth whatsoever. 

Descorles found himself, then, with él kind of natural philosophy, the 
phYHico-lllatlll'lll<lticnl corpllHCuléll'iHm of Isnac I3eeckman, that he wnnted 
lo n rf.:1I (' WilS ¡.¡url·rior lo ilny oll1l'r (')(i¡.¡ling kind. Al' tl1l' H<ll11l' lillll', Ill' 
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wanted to demonstrate the clear superiority oi that natural philosophy over 
Aristotle's by showing that it was rooted in an absolute certainty that 
AristoteJianism lacked. His solution, as first put iorward in the Diseourse 
on the Method, was to convince his reader that the universe is composed oi 
nothing but those things that mathematical magnitudes are suitable for 
describing, and that causal explanations for a11 observed phenomena can 
be provided from mechanical principies that filted such a universe. 

On this basis, Descartes hoped that an operationalIy defined philosophy 
of nature could be made to appear as a complete natural philosophy, 
leaving no loose ends. 

11 Getting inside the mind ol God 

Without the idea of God, Descartes's remarkable project would have been 
impossible. In order to be certain of what the world contains, and how it 
can be spoken of, Descartes needed to circumvent Pyrrhonian scepticism. 
As we ha ve seen, refuting Pyrrhonism was not really possible; its arguments 
were so fundamental that they automatically applied to any refutations 
brought against it. So Descartes took a difieren! route towards creating 
conviction in his reader's mind of the truth of his c!aims. 

His tactic is a famous one: it involved inviting the reader to think along 
with him so as to become fully persuaded oi Ihe trulh of his claims. Formal 
reasoning, one oi the targets oí the sceptics, was thereby avoided. Rather 
than wrangling with sceptics, Descartes used their approach as a resource: 
he begins, in the DiseouTse, by considering the question of how we can be 
certain of anything at al!. He notices how easy it is lo find grounds for 
doubting things, as the Pyrrhonists had long ago found out. Accordingly, 
he approaches the problem from the other end, so to speak, and asks 
whether we are in fact left with anything whatsoever if we decide simply 
lo Teject, as if it were clearly ialse, anything that could conceivably be 
doubted - no matter how outlandish the grounds for that doubt mighl be. 

The usual sorls of considerations lead him to reject on this basis all 
sl'nsory evidence, and even the truths of mathematics itsell. Could any­
thing at a11 be left? Descartes tells the reader of how he beca me aware 
of one Ihing that could not be doubted, even with everything eIse ap­
p¡¡rently in mins. That one thing was his (mm existence: "1 think, therefore 
I am" (je pense, done je suis in this French text, or cogito ergo sum, as it appears 
inlMI in his Latin work known in English as the Meditations).6 At last, an 
lIllljuestionable truth - but how to make it do any work? This is the point 
.lt which God comes in. In being aware, as his reader should aIso now 
I.w, of his own~"istence, Descartes is simultaneously aware of his own 
illlpl'rfection. A perfect being, after ¡¡II, could not be so full of doubts. 
Ál\d the concept of impcrfl'ction i~ ilself cleilrly just the inverse of a concept 
of ~'l'rfl'ction; the former ¡'Ol\l·l'pt pmnlppllKl'S the lalter. Where, th~n, did 
hl¡.¡ llwn mnceplllf pl'rfL>t·thm l'tlll\(, ¡ro m? IIl're Dl'Sl"<utt'1-I S¡¡ys th¡¡t he could 
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not have acquired the concept of perfection from anything that was itself 
less than perfect, just as one cannot produce something from nothing; 
as he argued more formally in the Meditations, a cause cannot be les s 
than the effect that ít produces.? That cause cannot be himself, since he is 
manifestIy less than perfecto So it must come trom something outside 
himse1f that is perfecto In this way; he establishes the necessary existence of 
a perfect God. 

Furthermore, the perfection of Cod means that He would not mislead us 
in regard to those things that we perceive "very clearly and very distinctly" 
(of which the awareness of one's own existence was, of course, the proto­
type for Descartes); a propensity to deceive would be an imperfection. 
Thus, clearly and distinctly perceived ideas must be true. And that was 
Descartes's refutation of philosophical scepticism.8 

Physics, Descartes's real quarry, followed hard on the heels of this meta­
physical argument. Having established a proper criterion for the truth of 
ideas, Descartes immediately applied it to matter. Matter and its properties 
were central to the kind of explanations favoured by Beeckman and now 
Descartes: aboye aH, matter was assumed to be inert. This meant that a 
piece of matter had no propensity for moving itself - it was, in fact, dead. 
Thus the only way to get it to do anything was to apply to it sorne outside 
moving agency. 

The existence in a body of sensory qualities such as colour or tem­
peratuie constituted a particularly crucial point oi contention between 
Descartes and the Aristotelians. For the latter, qualities were real things 
possessed by the objects exhibiting thern: a red dress is red because it 
possesses the quality of redness, much as a rich man is wea1thy because 
he possesses wealth; a fire is hot beca use of the large amount of heat in it, 
and so forth. Descartes rejected such a view, holding instead that such 
qualities are just psychological impressions in the person experiencing 
thern. He had already explained the idea in a little book that he had written, 
in French, about four years earlier (it was only finally published after his 
death):9 in the opening chapter of Le monde ("The World"), he had described 
such phenomena in terms of the purely conventional meaning of words: 

Words, as you well know, bear no resemblance to the things they signify, 
and yet they rnake us think oE these things, frequently even without 
paying attention to the sound of the words or to their syllables . ... [W]hy 
could nature not also have established sorne sign which would make us 
have the sensation of light, even if the sign contained nothing in itself 
which is similar to this sensation? Is it not thus that nature has estab­
lished laughter and tears, to make us read joy and sadness on the faces 
of men?lO 

The sounds of words, he nrgucs, cause certain motions in our sensory 
npp~rnt118 and then~by C'!'f.'Oll' in our mindf¡ the ideas that we have leélrned 
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to associate with those particular movements. Similarly, he says, our sen­
sation of light could be described as resulting from certain motions created 
in our eyes, which the mind similarly experiences in a way unrelated to the 
real nalure of the causal agent. Descartes then steps back from these psy­
chologicaIly involved arguments to give another, more direct example oi 
the difference belween our sensations and the reality lying behind them. 
The sense oi touch is the most irnmediate of all, he says, bul even here its 
lessons to us need in no way bear witness to a real quality exisling outside 
USo A feather lickles us; do we then say Ihat the feather possesses within it 
something that resembles that sensation? Descartes makes these arguments 
in order to draw a formal distinction between our taIk of a quality as some­
thing that we experience and our taIk of that quality as a property of the 
thing experienced. This is beca use he wants to talk about qualities (specifi­
cally, in Le monde, light) as something that is really only a property oi the 
motions, or tendendes to motion, of material bodies. 

Because Descartes's real goal was to provide a solid philosophical under­
pinning for ros physico-mathematical corpuscularism, he moved in Le 
monde directly from "clear and distinct ideas" and God's guarantee oi their 
truth lo Ihe nature of matter, so as to show that matter had just those prop­
erties, and only those properties, that his favoured kind of physics was 
capable oi discussing.lf he could succeed in doing that, then he couId cIairn 
that his was a comprehensive natural philosophy capable (in principIe) of 
explaining everything. What is mal ter? The onIy cIear and distinct idea we 
have oi a material body is of ils spatial extension: think of a body, and you 
can imagine it being of a different colour, even oi a different shape, oi a dif­
feren! lemperature, of a different smell, and so on; but your idea oi that 
body cannot dispense with the notion that it is extended in space. Hence, 
as the only truIy cIear and distinct idea we have of what a body ís, and 
thereiore the only true idea oi the nature oi a body, geometrical extension 
must be wha! malter really, in itself, is. To use Aristotelian language of a 
sort that Descartes preierred to avoid, geometrical extension was the essence 
nf matter. 

In the Díscourse he onIy outlined the physics that he had already devel­
oped on trus basis in Le monde. The full publication of the argurnents had 
lo await the appearance of the MeditatWns in 1641, dealing chiefly with the 
metaphysical foundations of his position, and oi the Principies of Philosophy 
in 1644, wroch is a greatly expanded and systematized version oi Le monde. 
In pursuing Descartes's world-building further, therefore, it will be 
I\ecessary to consider the construction of the universe iound in those two 
lilst-mentioned works. 

'.\ 

III Malter in motion 

I\y idt'nlifyin¡.; mflkrial substilnrc with gL'onwtrlml l'xll'llsillll, Descartes 
plilcl'd il fUlldilnH'ntnl l'Ol1~tr¡¡illl on 1I11' Il(lrl 01' world t[¡¡ll Iw l'lluld 
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build. In effect, he was saying that space and matter are identica/: where 
there is one, there is necessarily the othel~ because they are lhe same thing. 
Consequently, Descartes's universe could not contain any empty space, 
because there was no such thing - il was inconceivable, and therefore did 
not existo From the very begimÚTIg, then, Descartes's cosmology passessed 
properties that had consequences. Descartes built his universe by tracing 
them. 

In both Le monde and the PrincipIes 01 Philosophy, u Descartes teIIs a story 
about the creation and development of an imaginary world. There were 
theological difficulties with presenting dogmatically an account of the 
real universe, especially since Descartes wanted to give an account of its 
gradual formation to yield a world looking just like our own. So he adopts 
the fiction that his genetic account of the universe is just afable; an account 
of how a world just like ours could have come into being, even though (he 
is careful to note) we know tha! lhe real universe was in fad created by 
Cod just as it appears to us now.12 This account makes central use of the 
properties of malter as deduced from his essential definition of it: he staTts 
out with an undifferentiated and limitless expanse of pure extension, which 
is the same as tmdifferentiated matter. Left lO itself, of COUIse, this would 
be an uninteresting world in which nolhing could ever happen, or indi­
vidual objects ever come lo be. So Cod is commandeered to introduce 
motion into this continuum. 

The initial disturbance sets everything else in train. Since lhere is no 
qualitative difference between any one region of space/matter and any 
other, Descartes argues that the only kind of differentiation between dis­
tinct partions will come about as a result of their motions relative to one 
another. Furthermore, he is able to say something about the typical kinds 
of motion that will tend to appear in such a circumstance. Because matter 
is the same as space, it will necessarily be incompressible. This is because 
if you tried to compress a body, a volume of matter, by squeezing it, then 
in making it smaller (decreasing the size of a sphere, for example), you 
would at the same time have left behind a shell of space around it exactly 
equal to the volume by which the body had shrunk. The shrunken body 
would consist of less malter (because it would correspand to a smaller 
region of space), while lhe matter that it had lost would still exist, in the 
form of the shell of space left behind by its shrinkage. 

Because matter cannot be compressed, the movement of any material 
body will always require that another, adjacent body move out of the way. 
That adjacent portion of matter will, in turn, have to be made room for by 
the motion of another equivalent body, and so on. The only way that this 
could happen, other than having an infinite succession of bodies, each one 
maving so as to make way for the next, is, says Descartes, if the succession 
(Jf bodies ¡oins back onlo itself in a kind of cirde -like the motion of water 
in (1 whirlpool. 

Vorlknl motlol1, t1wn·(or,·, Will'l n fl1ndampnlal f('atun' of Cartesian 
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physics. It also served to provide immediate empirica! plausibility to the 
world-picture that Descartes was contriving. Tycho had rejected the notíon 
of physically real celestial spheres to carry the planets around in their 
orbits, as had Kepler. But Tycho had not suggested any replacement ior the 
spheres as the physical explanation oi planetary motion, while Kepler had 
suggested a rather elaborate kind of dynamics to push planets around the 
sunP Descartes now had a much more intuitively appealin~ and obvious, 
altemative: vortical motion of fluid matter around a central sun would 
serve to sweep the planets arotmd it much as floating bodies swir! around 
in a whirlpool. 

Before examining sorne of the details of Descartes's physical explana­
tions, we should first consider his conception oi his world system's cogni­
tive status - the character of the knowledge that it was fit to produce. Was 
it hypothetical knowledge of the real world; knowledge of an irnaginary 
world only; or was it based on grounds so unquestionable that it must 
correspond to the way our world truly is, because OUT world could not 
be different? Descartes' s answer reaffirms his basic cornmitment to physico­
rnathematical explanations. The concluding item in Part II of the PrincipIes 
is headed as follows: 

The only principies which 1 accept, or require, in physics are those oi 
geornetry and pure mathematics; these principies explain all natural 
phenornena, and enable us to provide quite certain dernonstrations 
regarding them.14 

Descartes goes on to explain what he means by this claim that his expla­
nations are "mathematícal"; once again, everything depends on his under­
standing of the nature of matter. 

1 freely acknowledge that 1 recognize no matter in corporeal things apart 
from that which the geometers call quantity, and take as the object of 
their demonstrations, i.e. that to which every kind of division, shape 
and motion is applicable. Moreover, my consideration oi such matter 
involves absolutely nothing apart from these divisions, shapes and 
motions; and even with regard to these, 1 will adrnit as true onIy what 
has been deduced from indubitable common notíons15 so evidently that 
it is fit to be considered as mathernatical demonstration. And since all 
natural phenomena can be explained in this way, as will become clear in 
what follows, 1 do not think that any other principies are either admis­
sible or desirable in physics.16 

\ 

His reasonin~ in other words, even ahout physical things, is "math­
ematical" in that it partakes of the clarity and soundness of true math­
l'matkal demonstrations, and does not even refer to anything that 
geometers do nnt indude in their own demonfltriltionH. And thi!l iR the Cilse 
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because Descartes recognizes as physical phenomena nothing except the 
behaviours of mathematically defined matter; there is nothing else. 

Except, of course, that there is actually rather a lot mOte. Descartes's 
account (abo ve, section 1) of the relationship between, on the one hand, per­
ceived qualities and, on the other, qualities as properties inhering in physi­
cal bodies was a crucial preparatory stage in his argument. What Descartes 
had to do, in order to make his account of the universe convincing, was to 
take most of the qualitative characteristics of things, from which our ex­
perience of the world is largely created - colours, tastes, smells, sounds, 
and so on - and displace them from the external physical world itself to 
our human perceptual apparatus. He could now assert that the correlates 
of those qualities out in the world ha ve no resemblance whatsoever to our 
corresponding experiences (unless that resemblance happened to be pureIy 
"mathematical," as in the case of a body's shape or size). The door was then 
open for Descartes to provide such tales as his explanation of colours, 
which spoke of the relative rates of rotation of the supposed tiny material 
globules that serve to transmit the pressure that our eyes receive and that 
our minds experience as sensations of colour. 17 Colour itseIf only existed in 
our minds; all el se was quantity. 

In order to banish qualities from the physical universe, then, Descartes 
had to consign them to a non-physical realm, that of the human mind. He 
described the totality of existence as being composed of two kinds of sub­
stances: one was matter / extension, which took care of the natural world, 
and the other was what he called, in Latín, res cogitans, "thinking stuff." It 
was characterized solely by its capacity for thinking, and complemented 
the physical body of a human being by playing the part of the soul. 
Descartes stressed that its categorical difference from the stuff oi the ma­
terial world meant that it existed independently of the body; the human 
soul, that is, did not die with the body but was immortal. Animals, he 
thought, have no such souls, and can be understood as elaborate automata, 
like c1ockwork toys. The human body too could be understood as a 
machine, even though it housed in addition an immortal, unextended and 
immaterial soul. Descartes, like many natural philosophers in this period, 
had a great interest in medicine and the prolongation of life, and attempted 
quite detailed accounts of how the body is put together and how to under­
stand its operations in mechanical terms. 

Connected with his medical interests, Descartes a1so wrote on a standard 
theme of the period, the "passions of the soul." His book on the subject, 
published in 1647, was prompted by rus extensive correspondence with 
an aristocratic admirer, the Princess Elizabeth of Bohemia, for whom 
Descartes served in these letters as a general medical adviser. 18 Elizabeth 
Wé1S also an acute crilie of Descartes's philosophy, and the combination of 
philosophicnl discllHsion and él coneern with advising the princess on 
w~y~ of combilling tiL·pn·~~i()n led Descartes to develop a quite systematic 
nccount of Ull' wnyH in whkh tl1l' mind WrtH offcrtl·d by th(' st~te of the body 
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(and vice versa) - the "passions" of the soul being precisely these ways in 
which the soul, or mind, was "passively" affeded by external bodily 
conditions, as opposed to its "active" control of the body by the exercise 
of the will. Descartes stressed ways of ameliorating the effects of the 
"passions" by characterizing emotions in physiological terms and consid­
ering how to affect those physiological states for the better. And the hmnan 
body in which these things went on was still, in principIe, mechanically 
intelligible. 

Dead matter, activated by motion originally impressed on it by God, 
exhausted the contents of both Descartes's natural philosophy and the uru­
verse to which it referred. But this was possible only by virtue of ascribing 
a11 the o/her aspects of the physical world to the inauthentic apprehensions 
of the res cogí/aY/s. 

IV Believing in Descartes's universe through practical analogies 

For Descartes's contemporaries and followers we11 into the eighteenth 
century, the importance and attractiveness of his natural philosophy lay 
not so much in its claims to be rooted in necessarily true assumptions as 
in the charac!eristics oi its individual explanations. Descartes provided the 
outline of a very powerful approach to explaining any and all natural 
phenomena, one that appealed even to people who thought that its 
concepts were more conjectural than certain. 

Descartes's natural philosophy appealed strongly to intuitions derived 
from the common experience oi practical engagement with the world. He 
uses in his physical writings countless analogies with everyday situations 
to illustrate, and to render believable, the often highly imaginative 
mechanisms thal he invokes as explanations of apparently very unme­
charucal phenomena. Light and colour, as discussed in the "Dioptrics," 
were reduced to pressure in a medimn and to rotational tendencies of tiny 
globules of matter. In fact, in the world-picture presented in Le monde in the 
early 16305, Descartes made optical phenomena central to his presentation: 
the full title oi the work is Le monde, ou le traité de la lumiere, that is, "The 
World, or Treatise on Light". Jt is because of his concern with light that 
Descartes starts out the work with the discussion of the senses considered 
aboye. Since he wished to design a world-picture around the behaviour of 
light, and al so to build that world-picture out of explanations that spoke 
of matter and motíon, he needed to establish a bridge between the two. By 
persuading the reader that light could be fulIy accounted for by reference 
to things lh,u themselves had no luminous properties whatsoever, he 
allowed himself to speak thereafter in terms of structural parallels between 
the experienced behaviours of light and the independently experienced 
(and conceptualized) behaviours oi material bodies. 

Descartes's use of mechankal analllgies to make his points is exempli­
ficd throughout Le monde, bl1t pl'rhnps nn ('Xnmpll' (rom tlll' slightly IM!'r 
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"Dioptrics" illustrates his style best of a11. He there tries to make plausíble 
the idea that vision is accomplished in a manner exactIy analogous to the 
perception of the world acrueved by a blind man using a can e - it is essen­
tially a kind of pressure, in this case exerted against the eye, and experi­
enced as light by the unaccountable process of our minds' apprehension of 
that pressure. Vision is achieved through the action produced by the seen 
object, an action that is spread from it in all directions. Here Descartes 
makes use of another analogy, this time with a vat of wine grapes. The 
weight of the liquid filling the gaps between the grapes exerts a pressure 
against the waIls of the vat that is the result of aH the liquid acting togetIler. 
The contributing action of those parts of the liquid at its surface, for 
instance, is feIt at every point of the vat's waIls equa11y: all the parts of 
the liquid conspire together to press against every point of the walls. 
Descartes' s non-trivial point here is that the action of light, like the pres­
sure of the wine, tends to opera te in straight lines emerging from the lumi­
nous body (he cites the sun) in all directíons, and that it is a kind of tendency 
to motíon rather than motíon itself. That tendency i5 transmitted through 
a material medium occupying the regíon between our eyes and the light­
source, just as the wine tends to move downwards by an action that is trans­
mitted through the body of the WÍne. In neither case is there actual motíon, 
but, as the wine example can again show, the phenomenon follows the 
same rules of behaviour as motion itself. Thus the wine's pressure is mani­
fested by opening a hole a! sorne place near the bottom of the vat; wine 
will spurt out, regardless of exactly where the hole is made, showing that 
the tendency to motíon reaIly does opera te towards many places simulta­
neously. Thus, while bodie5 cannot actually move in difierent directíons 
simultaneously, they can in tlús way tend to do so. 

Descartes's "Dioptrics" is somewhat unusual among his writing5, 
beca use it uses a variety of such analogies in an openIy inconsistent and 
imprecise way without purporting to present an unequivocal, absolutely 
true account of how light behaves and why. This is because the text is 
directed aboye all towards artisans: specificaIly, people who possess the 
skills to grind optical lenses with precision. Descartes wants to enlist their 
aid in the production of an opticallens that will be free of aberration, by 
focusing the light passing through it from sorne point-source a11 at the same 
focus point, instead of its being smeared out depending on which part of 
the len s had refracted it. Throughout his general discussions of the behav­
iour of light as it is transmitted, reflected, and refracted, Descartes renders 
rus characterizations plausible through the use of various analogies that are 
meant to convey an idea rather than to prove its validity; by accompany­
ing him, the reader is ultimately led, via a deseription of the sine law of 
refraction that introduced it for the first time in print,'9 to a description of 
a lcns-grinding nppnmtw; thnt is designed to produce a curved surface 
calculat('d to prodl1(,l' imn)!;('¡'¡ frl'l' of nbt·rriltiol1. It i5 for the artisan, who 
mi)!;hl arllllllly build ~lIl'h .1 dl'vkl', IIml 1)('¡.¡('art(~H is ostcnsibly writing, 
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Figure 5.1 The wine-vat , from Descartes's Dioptrics. 

rather than a prulosopher who would want to know whether the things 
Descartes says are true or not.20 The practical, operational purposes of this 
optícal treatise are therefore paramount; the details of the natural philoso­
phy underpinning them are secondary. 

In part lrus is beca use the essays following Descartes's Discourse were 
explicitly in tended as advertisements for his philosophical abilities, rather 
than being full slatements of his prulosophy: 

1 thought it convenient for me to choose certain subjects which, without 
being highly controversial and without obliging me to reveal more of my 
principies than 1 wished, would nonetheless show quite clearly what 1 
can, and what I cannot, achieve in the sciences.21 

However, Descartes used physical analogies almost as much in rus formal 
writings as in these purportedly illustrative accounts of rus results. In 
Le monde (which was originally intended for publication), as also in the 
Principies of Phi/osophy and elsewhere, the very "principIes" themselves, nol 
just their applications, are explained and made credible by similar use of 
everyday analogies.22 

In Le monde, for example, in explaining the possibility of circular motion 
in a world cOI1fpletely filled with incompressible matter, Descartes invites 
the reader to consider 

fish swimrning in the pond of a fountain: if they do not come too near 
the surface of the water, they cause no motíon in it at aH, even though 
they are passing beneath it with great speed. From this it clearly appears 
that the water they push bdore them dot'tl llol )111sh all the water in lhe 
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Figure 5.2 The crooked stick and ils straight /ransmissÍlm of force, fmm Desear/es's 
Le monde. 

pool indiscrirninately: it pushes only the water which can best serve lo 
perfect the cirde of their rnovernent and to occupy the place which they 
vacate.23 

In another place, Descartes uses analogies similar to sorne of those in the 
"Dioptrics" to explain his notion of the transmission of light in aIl direc­
tions frorn the sun. It involves his rnodel of Ihe rnakeup of the heavenly 
expanses themselves, which serve as the medium of transmission. 
Descartes represented the heavens as being composed primarily of 
roundish globules of sol id matter, all in contact with one another like 
pebbles in a bucket. These globules, which Descartes calls his "second 
elernent," communicate the pressure that is the underlying reality of light. 
Descartes explains how light-rays can appear to travel in straight lines 
despile the fact that the lumps of second element are not themselves 
arranged in linear fashion. So, in one case, he uses the example of a curly 
stick. When the end of the stick pushes against the ground, he says, the 
pressure is communicated up the stick to the hand at the other end, and 
Ihe direction of that transmission is a straight line, just as it would be were 
the stick itself completely straight. So, as the action, or tendency to motion, 
of light is communicated via the solid globules of second element, it takes 
place in an overall straight line despite the irregularity of the globules' 
arrangement. 

Descartes dealt similarly even with the most fundamental principies of 
hü; phYHicH. AH fundmTIl'ntnl, tlwy wcre supposed to be clt~ilrly deducible 
from hiH lllrl'fldY-('l'ilnblll'ilwd nwlnphYHkH, bul, n01wtlU'Il'HH, 1U' slll1 fdl 
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Figure 5.3 Aetion transmitted through globu1es representing partic/es of second element, 
from Desear/es's Le monde. 

the need lo persuade his reader with homely illustrations Ihat would 
integrate abstract physical principies with everyday experience. Thus, one 
of Descartes's fundamental "Iaws of nature" presented in his formal 
treatise Principies of Philosophy held that "al! motion is in itself rectilinear; 
and hence any body moving in a circle always tends to move away from 
the centre of the circle which it describes."24 The exposition of this Iaw 
involves reference to a picture of a hand brandishing a sling that contains 
a pebble. "For example, when the stone A is rotated in the sling EA and 
describes the circle ABF; at the instant at which it is at point A, it is inclined 
to move along the tangent of the circle toward c." This is beca use "we 
cannot conceive" Ihat it possesses any of its circular movement when it is 
considered at the single point A; all it then has "in it" is the rectilínear 
lendency towards C. "Moreover, this is confirmed by experience, because 
if the stone then leaves the sling, it will continue to move, no! toward B, 
but toward C."25 (See Figure 5.4.) 

Descartes's Iaws and principIes, then, involved frequen! and unavoid­
able recourse to the lessons of everyday experience, ra ther Ihan being solely 
grounded in and deduced from formal definitions and formal reasoning. 
Descartes inc1uded in his accounts of the laws governing matter in motion 
other laws conceming such things as collision between two bodies and 
their subsequent motions. The metaphysical principie on which he based 
his laws of c<r1lision had to do with Cod conserving the total amount of 
molíon that He had introduced into the world. Nonetheless, that principie 
did not enable Descartes to dispense with appeals, whether explicit 
or implicit, to everyday intuitions "bout how material bodics behave. 
Descartes could not have convinCt'd i1 dist'mbodicd pure intcl1i~encc of the 
trulh of his IClWS oi niltun'; Ill' nclllillly 11I'('(Ü'd n,'courSt' lo wh<1l hum"n 
lx'ingM alrt'ndy kncw. 
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Figure 5.4 Deseartes's explana/ion of lhe forces in volved in circular molian, from 
PrincipIes oi Philosophy. 

V Descartes's cosmos 

The cosmos that Descartes sketched out in his writings, chief among them 
Le monde and PrincipIes, was a vast attempt at surpassing Aristotle in com­
prehensiveness and scope. From his imaginary formation of the universe 
in Le monde and its original injection of motion, he traced the inevitable 
establishment of huge vorticaI swirls of matter. He then identified our 
(Copernican) solar system with one such vortex. The sun is an appearance 
generated by the presence at Ihe centre of our system of matter that 
consists of especiaUy small, fluid, and very rapidly moving particles, the 
incessanl jostling of which generales the outward pushing, Iransmitted 
through the solid gIobules of heavenly matter, that we see as light. Indeed, 
the matter from which the sun is composed is Descartes's "first element," 
just as the little globules in the expanses of the heavens are his "5econd 
l'iement." There i5, finally, a "third element," consisting of larger solids, 
which have no particular characteristic shapes and whích compose the 
l'ilrth, plancts ¡md ro m l'tS. D~'scartes justifies this restriction of the elements 
lo thn'(' bmlic kinds by rdl'TI'I1rI' lo 1111' tlwnll' of light, which structured the 
ill'l'()1I1l1 in I J' 111/11111,', ¡JIII,' tmi/I' ,/,'111 IlIlIIi"rI', ilnd plilys tlw snnw mlt' Tl'gl1rd-
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ing the elements in PrincipIes. There are three elements beca use there are 
three ways in which matter relates to light phenomena: bodies genera te 
light, transmit light, and reflect light. Each of these three corresponds to 
one of the elements.26 

The planets, including the earth, swirl around the sun in our solar vortex. 
There are also countless other such vortices in the universe: every star that 
we can see in the sky is, Descartes maintains, itself a sun at the centre of 
its own vortex. The idea of the stars as other suns, with a multiplicity of 
worlds dotted throughout a vast, perhaps infinite, expanse of space (which 
is matter for Descartes) was by no means new. Apart from dassical prece­
dents, more recently there had been the suggestlons of a Catholic cardinal, 
Nicholas of Cusa, in the fifteenth century, or, in the years immediately pre­
ceding 1600, the famous heretic Giordano Bruno, who was burnt at the 
stake in Rome for his unorthodox beliefs regarding the Boly Trinity. In 
more anti-Catholic times and places than our own, especially in the nine­
teenth century, Bruno was often portrayed, like Galileo, as a victim of 
CathoJic anti-intellectualism, and the reason for his condemnation implied, 
wrongly, to be his unorthodox cosmology.27 

In any event, Descartes was not worried about the potential heresy inher­
ent in his ideas about the extent oi the universe or the nature of the stars. 
Bis major concern, and the one that had persuaded him to suppress Le 
monde in 1633, was the unorthodoxy (as defined by Galileo's tria!) of 
holding that the earth is in motion. Descartes published the Principies, with 
its more elabora te version of the same world-picture as that of Le monde, 
only once he had thought of a way to deny the movement of the earth 
withoul compromising any of his cosmology. The trick (and that is what it 
really was) involved emphasizing the relativity of motion. 

In AristotIe's universe, everything had its place. There was a difference 
between di verse locations that was reflected in the natural motions of 
things. The centre of the spherical universe was a unique place with respect 
to which molions couId be characterized - towards, away from, or around 
the centre. It made a difference where something was. Descartes's universe, 
by contrast, was desígned from the ground up as a mathematical universe, 
and as such it mapped dírectly onto the space defined by Euclidean geom­
etry. Descartes's version of that geometrical space was defined by a great 
and lasbng mathematical innovabon oE his own contrivance, which became 
known (later) as "analytical geometry." This was first published in another 
of the essays, the 'ífeometry," that accornpanied the Discourse on ¡he Method 
in 1637. The ínnovative idea was to represent geometrical figures algebrai­
cally: a curve or a solid body could be talked about in terms of the Iocation 
of its lines or surfaces relatíve to three axes at right angIes to one another 
- axes that Descartes labelled with the Ictters x, y, and z. A cirde of sorne 
radius r, for example, could be rt'pn'sl'nted as a curve in the plane xy 
defined by the equabon r + .111 '" r'; tl1<' cirele is here imagined as having 
its centre at the origin (wlll'Tt, Ilw.r IInd y ax('s cross). 



97 

" ", 

..... :<! 
:' ......... :":: ~ :.:::~ 

:: ... ; ........... l.~. :.: ":. " ", '" ............ : 
t:~;~·.1~~[;,;~J~&]J.;r.~i~~jli:Jir1fi.ri~j;ri;!::;;:{"; .. l 
i ¡ 
1 i 

Figure 5.5 Celestial vor/ices, from Descartes's Le monde. 
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Descartes's conception of the indefinitely extended space framing the 
cosmos folIowed exactly the same pattem: it was a space that could always 
be represented by three orthogonal axes, and the origin of the three axes 
could be anywhere you liked. That is why Descarles's space lacked the 
absolute character of Aristotle's, where the centre of the universe (and the 
axes around wruch Ihe heavens rotated) uniquely defined measurements 
of position within it. Motion was something real in Descartes's universe, 
but it was not an absolute, something Ihat could be measured with respect 
to a unique reference frame. Instead, Descartes defined the motion of a 
body by reference to the matler through which it was passing. Motion, he 
wrote in the PrincipIes, "ís the transference of one piece of matter, or one 
body, from the vicinity of the other bodies which are in immedíate contact 
with it, and wruch are regarded as being at rest, to the vicinity of other 
bodies."28 Denial of Ihe motion of the earth was then quite easy to acrueve, 
as occurs formally in Part III of the PrincipIes: 

since we see that Ihe Earth is not supported by columns or suspended 
in the air by means of cables bul is surrounded on aH sides by a very 
fluid heaven, let us assurne that it is at rest and has no innate tendency 
to motion, since we see no such propensity in it. However, we must not 
at the same time assume Ihat trus prevents it from being carried along 
by (the current of) that heaven or from following the motion of the 
heaven without however moving itself: in the same way as a vessel, 
which is neither driven by the wind or by oars, nor restrained by anchors, 
remains at rest in the rniddle of the ocean; although it may perhaps be 
imperceplibly carried along by (the ebb and flow ofl this great mass of 
water?) 

The subtlety of Descartes's theology was matched by the subtlety of his 
physics. As far as he could helfo it, no one would be able to accuse him of 
teaching that the earth moves. o 

VI The success of Descartes's physics 

Descartes sometimes described his physics as being, in essence, mechanics, 
insofar as its explanations were meant to be couched exclusively in terms 
of matter pushing against other matter much as a weight pushes on the 
arm of a lever. The success of this "mechanical philosophy," to use Robert 
Boyle's slightly later expression, was extraordinary, and must not be taken 
for granted. Why did sorne natural philosophers prefer Descartes's picture 
of the world lo Ihat of Aristotle? 

Any fulI answer wouId be enormously complex, but several basic factors 
can be identified. Firsl of aH, Descartes had made it his mission to cover, 
as far as possible, all the subjects, including spccific [opics and phcnom­
ena, that Aristotlt· nnd his .~l1bs(·l\lIent inll'rpn'l('rs hild [hemi·\l·lvcs dis-
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cussed. Thus these were the prulosoprucal and natural philosoprucal ques­
lions that people would find familiar from the texls that formed the heart 
of conventional college and university curricula. Descartes, in effect, 
wanted to replace Aristotle as the accepted philosophical authority without 
shaking up the educational structure within which that authority held 
sway. So, for example, where Aristotle explained the fa1l of heavy bodies 
by reference lo final causes, relating to the nature of the element earth and 
its natural place at Ihe centre of the un.iverse, so Descartes too had to 
explain fallo In rus case, the explanation in volved the idea that a vortex of 
(primarily) second element swirls around Ihe earlh, and torces ordinary 
matter, made of third elemenl, in lowards the cenlre of that vortex. This 
occurs because the outward tendency of the revolving second element 
displaces the more sluggish bits of thlrd element inwards. In Ihe case of 
Descartes's "Meteorology," the third of the essays appearing with the 
Discourse, the very order of treatment of the issues that it discusses follows 
closely the standard late-sixteenth-century Jesuit commentary on Aristo­
tle's Meteorology that was used in Jesuit colleges like La Fleche. Descartes's 
ambition to replace Aristotle in the schools was in the event largely unsuc­
cessful, certainly in the short run, bul his approach meant that people 
who had been educated in ¡hose institutions were perhaps more readily 
receptive to his ideas. 

But aIongside the familiarity was also delibera te novelty, and hence unfa­
miliarity. Descartes had presented a picture of the world that allowed the 
practice of a kind of physics different from the one pursued by natural 
philosophers who followed the modellaid down by Aristotle. That i5, the 
world-pictures of Descartes and Aristotle corresponded lo díslincl ways 
of making explanations. The "mechanical" explanations Ihat Descartes 
put forward were premised on a foundation of metaphysical certainty 
for Ihe nature and behaviour of matter. Bul he himself acknowledged Ihal, 
so fecund were his explanatory principIes, Ihe only problem with explaining 
specific phenomena was that he could usualiy imagine severa!. Delermin­
ing wruch among a1l those possible was the correct explanation was a malter 
for empirical determination, and even then many explanations would never 
be able lo transcend Ihe hypothetica!. The ea se of imagining explanations 
was increased by Descartes's readiness to posit the existence of sub­
microscopic particles (bits of third element) of whatever particular shape or 
size he wanted for the purpose. He explained magnets by reference to 
screw-shaped particles Ihat whirled around between the magnet's poles, 
completing their circuits by travelling through invisible rifled pores lhat ran 
through the body of the magnet - the handedness of the screws determined 
¡he difference between north and south magnetic poles.3! In the "Meteo­
rology," Descartes explains why sea-salt tastes as it does: 

il i:-; nol :-;urpri:;in¡; Ih"III1I' l'i\1"tirll'!-j or ¡¡¡¡II ha v!' il lillarp ¡lI1d ¡wnl'lraling 
I"sll', which dir!"!'r¡¡ 11 fl,rt';\1 dl'nl fmm thlll or rn'tlh wl\ll'r: ror h('l"IIlIH('IIll'Y 
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canTIot be bent by the fine material that surrounds them, they must 
always enter rigidly ¡nto the pores oí the tongue, and thereby penetrate 
far enough into it to sting; whereas those which compose rresh water, 
because they are easily bent, merely flow softly over the surlace of the 
tongue, and can hardly be tasted at all.:'2 

The atomism of Pierre Gassendi followed a very similar general approach 
to the explanation of particular phenomena, positing atoms with particu­
lar characteristics as and w hen they were needed. With such a fertile palette 
from which to work, it is not surprising that this style of explanation 
became a big hit in many quarters, including those which favoured 
physico-mathematics. 

A generic kind of corpuscularism, making use oí ad hoe postulated par­
tieles invented at the whim of the natural philosopher, appears in many 
texts dating from the rniddle of the seventeenth century onwards. One par­
ticularly influential example appeared in England, and in English, in 1654; 
written by Walter Charleton, it bore the unwieldy title Philosophia Epicuro­
Gassendo-Char/etoniana. lts cheerful use of corpuscular accounts of natural 
(generally terrestrial) phenomena was typical of the pragmatic approach, 
very different from Descartes's systematicity, that characterized Robert 
Boyle's approving regard for such ideas starting in the 1650s. Boyle coined 
the term "mechanical philosophy" to describe all corpuscular-mechanical 
explanatory approaches, regardless of metaphysical issues such as the 
difference between Descartes and Gassendi over the existence of a true 
vacuum (Gassencli allowed one). And Boyle, Iike Gassendi but unlike 
Descartes, stressed the hypothetical status of these explanations. 

One other mechanical natural philosopher of this period deserves 
mention: the Englishman Thomas Hobbes. As we shall see in Chapter 7, 
Hobbes's particular conception of natural phílosophy bore considerable 
similarities to the Aristotelian, despite his emphasis on the mechanical 
intelligibility of physical explanations. 



Chapter Six 
Extra-Curricular Activities: New 

Homes for Natural Knowledge 

1 Changing places 

As we saw in Chapler 1, during the earlier parl of this period natural 
philosophy and the mathematical sciences were primarily inhabitants of 
the universities. One important aspect of the changes that occurred during 
the sixteenth and seventeenth centuries was the gradual development of 
significant new locations in which such studies couId legitimately take 
place. 

Philosophers of nature were not generally freelancers who conducted 
their inquiries cut off from the rest of the world. Typically, they possessed 
identíties that were intimately linked to particular kínds of institutional 
settings. Thus the university natural ph.ilosopher had as a primary aspect 
of his own persona the fact that he was (typicaIlyl a professor of sorne kind, 
whether specialízing in medicine, physics, or (increasinglyl astronomy 
and other mathematícal scíences, as in Galileo's case. However, because 
university natural philosophy and university mathernatics usually existed 
as distinct categories in the teaching currículum, people whose work and 
interests tended to blur the distinction between them often had difficulty 
in pursuing that work within the university's institutíonal constraints. The 
clearest examples from the sixteenth century come from astronomy, one 
of Ihe classical mathematical scíences and an area of inquiry in which 
physical, cosmological issues frequently became relevant. 

As we saw in Chapter 1, section IlI, during Ihe later Middle Ages the 
relationship between natural philosophy as applied to the heavens and the 
mathematical science of astronomy remained rather ambiguous. In prin­
cipie, the astronomers restricted themselves to calcuIating the motions of 
heavenly bodies, an instrumental task that ought not to interfere with the 
causal, explanatory inquiries of the physicists. But at the same time, phy­
sidstg could nol alway¡.¡ ignore Ihe {act that astronomers, in order to 
11l'rform thcir OWIl tn¡;kN, (oulld pnrlkulnr spl'cifkations of plnnctnry nrhil" 
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,Ind other hypothesized features of celestial behaviour essential to accom­
l1\odate their data, and that these specifieations typically deviated from the 
simpler models applied in natural philosophy. Thus astronomers aH used 
t'ceentrie cireles and epieyc1es to perform their ealeulations, and they did 
not do so as eomputational shortcuts but as constitutive elements of their 
work - if they had refused to use them, they simply would have been 
unable to make quantitative predictions with the same aeeuracy. So what 
was the physicist to make of this apparent faet? A popular solution to the 
problem was, as always, to ignore it. Astronomers took their basic, con­
trolling physical assumptions from the physieists, while the physicists 
largely ignored conceivable physical implications derived from the work 
of astronomers. 1 

As we saw in Chapter 2, Copernicus both adhered to this model of 
how to do astronomy, and deviated from it in spectacular fashion. He 
modelled De revolutionibus on the Almngest, even devoting his own Book 1, 
like Ptolemy's, to physieal issues concerning the place of the earth in the 
universe and the question of its motion or stability. Copernicus's most 
important deviation from precedent, however, lay not so much in his 
disagreeing with Ptolemy regarding the earth's motion as in the fact that 
he effeetively turned on its head the usual diseiplinary relationship 
between astronomy and natural philosophy. In his preface, Copernicus 
spoke scornfully of those who professed astronomy ("mathematics") in the 
schools, whose disagreements and inconsistencies had led him to make 
his attempted reform; however, his endeavours to lay down new physical 
constraints for astronomical theorizing - to do, in effect, cosmology -
challenged the physicists themselves even while purporting to do better 
than his hidebound astronornical colleagues. In effect, by trying to present 
himself as better than his fellow astronomers, he intruded on the profes­
sional turf of the natural phil050phers and even tried to use astronomical 
results themselves as arguments for the superiority of the physical princi­
pIes that he put forward. 

Thus Martin Luther, the great religious reformer, while no astronomer or 
physicist himself, eondemned Copernicus for his temerity in wishing "to 
reverse the entire science oí astronomy."2 The Lutheran theologian Andreas 
Osiander, who wrote an anonymous preface to the De revolutionibus, was 
more explicit, warning of certain scholars who would be "deeply offended 
and believe that the liberal arts, which were established long ago on a 
sound basis, should not be thrown into confusion."3 As the historian Robert 
Weshnan has shown, sueh a remark refleds the fact that Copernicus was 
not playing the appropriate role of the astronomer, subservient to the 
natural philosophers, but was trying to set himself in sorne way over them. 
This was not how the disciplines weJ'C supposed to be organized:1 And, as 
Westman has also noted, ít bt'co\1l\.'S t'spl'cially imporlant, therefore, that 
CopernÍC'us did not condu<'l his oHlrol\OIllÍl'nl work within lhe sl'lting of a 
univl'rsity, COlwmil'wl Wil/1 nol din'l·lIy nffl'l'lt'd by IIH' nl'ildelllÍl' diHl·ipli-
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nary hierarchy under the thurnb of which his university colleagues 
typically laboured, and was in consequence freer lo engage in whalever 
boundary-breaking innovations he liked. For Copernicus, astronorny, as a 
deeply humanisl enterprise, was a broader íifld of study than the "math­
ematics" of the renaissance university arts currículum. Ptolemy may have 
in effect subordinated his astronorny in the Almagest lo the constraints oí 
physical reasoning, but he nonetheless had discussed physics, and to that 
extenl physics clearly, as far as Copemicus was concemed, feU under the 
purview of the astronomer. 

If only from a negalive standpoint, then, Copemican astronomy already 
provides us with evidence of Ihe imporlance of institutional contexts for 
the shaping of the intellectual content of scientific enterprises. Copernicus 
was more readily able to use astronomy to draw physical conclusions about 
the universe because he was not a university astronomer, obliged to think 
in terms created by a welI-entrenched disciplinary and curricular structure. 
One can find similar features in the careers of other sixteenth-century 
astronomers, as Westrnan has shown: Copernicus's disciple Rheticus is 
practically alone as a universily astronomer who took seriously the cos­
rnological claims oi Ihe new astronomy (although even he had very pro­
nounced humanistic credentials).5 Most prorninent among the rest, Tycho 
Brahe, who rejected the motíon of the earth but who was fuUy prepared to 
challenge established physical assumptions about the heavens, spent his 
career not in a university but as a recipient of princely largesse: he was sup­
ported first by the magnanimity oi the King of Denrnark, and then, bríefly, 
as Imperial Mathematician to the Holy Roman Emperor. Johannes Kepler, 
an ardent Copernican, succeeded Tycho in the same cour! position afler 
Tycho's death. Royal courts were, by Ihe lale sixteenth century and early 
seventeenth century, beginning in many places to pro vide an altemative 
venue far astronamers to pursue their work, free from the structural intel­
lectual constraints af university Jife. 

However, the picture is not simply a negative ane, whereby places such 
as courts provided greater freedom lhan did universities. Whalever the 
institutional setting, the kind of life that a plillosapher of nature couId lead 
within it deterrnined in positive ways loo the content of the knowledge that 
carne to be produced. Ibis point becomes increasingly evident as more and 
more natural knawledge began to appear from the pens of people who 
were not part of a university. 

It should always be remembered, nonetheless, that nearly everyone con­
tributing to this learned culture in the sixteenth and seventeenth centuríes, 
whether working primarily in a university or in sorne other setting, had 
been trained to a greater or lesser extent at a university, and was familiar 
with Ihe kinds of nl.ltters routinely taught there. When, therefore, we look 
nt indiviJuals who did nol work ín a university (a rapidly increasing 
numbt'r in tllt' 1'\('V('lll('l'lllh ("t'nlury), wc are usually looking at people 
WhOHl' work WilH Mhnl1('d Ill\d dil'(·,·\(od hy tlwir I\lln-!lniv('r~ity Cilfl'l'rf' [mm 
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the starting point of their prior academic training. That is why it remains 
crucial to remember the scholarly standpoints and doctrines examined in 
Chapter 1; they often explain what the most innovative of ideas, generated 
in quite difierent contexts from those of the university, really meant, and 
the assumptions in relation to which innovations were devised. 

11 Galileo: from university to court 

The career of Galileo Galilei exemplifies these issues with particular clarity. 
Galileo spent the earlier part of his career, from 1589 to 1610, as a math­
ematics professor, first for two years at the University of Pisa (in Tuscany), 
and then, from 1592 w1til 1610, at the University of Padua, then a part of 
the Venetian republic. In 1610, however, he resigned from his university 
post in order to take up a position as Court Philosopher and Mathemati­
cian to the Grand Duke of Tuscany, whose court was in Florence. The move 
was both consequential and symbolic. 

At both oí the universities in which he taught, Galileo had held the com­
paratively lowly status of proíessor oí mathematics. Such posts typically 
paid salaries a lot lower than those received by professors oí natural phi­
losophy, reflecting the relative positions of the two subjects in the disci­
plinary hierarchy. Galileo did not like this. In particular, the kind of 
mathematics that he practised carried with it (that is, Galileo invested it 
with) the kinds of presumptions regarding its relevan ce to understanding 
the physical world that we have already seen in Chapter 4. That is why 
Galileo's position when he moved to Florence in 1610 was that of Court 
Philosopher and Mathematician rather than just "COUTt Mathematician." 
The latter title, as in the cases of Tycho and Kepler, was a standard one by 
this time in a number of Italian and German princely courts, and Galileo 
evidently regarded it as insufficiently august for him. The exact title of his 
newly-created post had been negotiated between Galileo and the Grand 
Duke's secretary in 1610, and Galileo was careful to point out in this cor­
respondence that he had "studied a greater number of years in philosophy 
than months in pure mathematics."6 That it was important to him to stress 
his philosophical credentials suggests that, while annoyed at the higher 
status of his phiJosophical colleagues at the universities, Galileo had also 
himself i!1ternalized many of the values that justified his inferior position: 
he too apparently regarded philosophy as more important, as well as more 
prestigious, than mathematics. 

However, note that he had specified, in his rather slighting reference to 
mathematics in the letter to the Tuscan court secretary, Vinta, "pure math­
ematics." Pure ·mathematics, as discussed aboye in Chapter 1, section II, 
consisted oí geometry and general arithmetic, which dealt respectively 
with continuous and discontinuous quantity. It was a category distin­
guished from "mixl'd mathematics," the \atter represented in the medievil\ 
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quadrivium by astronomy and music but in fact including any subject in 
which quantities of something were the proper subject-matter. Thus Galileo 
left open for himself a personal disciplinary stake in natural philosophy by 
virtue of his own expertise in mathematics, insofar as he regarded mixed 
mathematics as a legitimate part of a truly philosophical, causal science of 
nature. Pure mathematics could not count as such, of course, because it 
did not talk about the changeable natural things that defined physics for 
Aristotle, but only the unchanging ideal entities of pure quantity. 

In moving to Padua, Galileo beca me more able than before to pro mote 
his philosophical agenda. No longer was he subject to the indignity of being 
subordinated to qualitative physicists, who were not disposed to take 
mathematical arguments as being central to the resolution of important 
philosophical questions. lnstead, as one who now drew his status not from 
his circumscribed university position but from his place as a well-favoured 
client-courtier of the Grand Duke, Galileo could, as historian Mario 
Biagioli has argued, in effect redraw the disciplinary map that separated 
mathematics from physics in the academic world. 

It is worth pausing to consider exactly what, in concrete practicol terms, 
such a shift of sociallocation meant for a scholar in this period o When schol­
ars published their work, their na mes typically appeared on the title pages 
of their books together with an indication of their institutional affiliation. 
For a scholar who worked in a university, this would therefore be a sta te­
ment of that person's status as professor of philosophy, or theology, or 
mathematics, at the uruversity in question. A court mathematician, on Ihe 
other hand, as in the case of Kepler when he published his Astronomía nova, 
specified its author simply as "His Holy Imperial Majesty's Mathemati­
cian."7 Galileo, after his move, was now able to publish using his new title, 
a title that itself placed him explicitly under the authority and protection 
of the Grand Duke of Tuscany. This is not to say that the Grand Duke would 
be taken as actively endorsing anything that Galileo wrote, any more than 
a university collectively stood behind every pronouncement of one of its 
professors. It is to say that Galileo, in publishing as Ihe Grand Duke's 
philosopher, claimed the right to be taken seriously. It was a right that no 
longer depended on implicitly restrictive university accreditation, but one 
that derived from politica!, state power of a different kind. To draw a 
modern-day analogy, one rItight say that it was akin to a government sci­
entist claiming the authority of the state for his or her pronouncements -
except that in the early seventeenth century, the very institutions of Ihe 
modern state that provide the modern parallel were themselves only then 
starting to come into existence. 

Galileo's new position, therefore, pushed him in directions different 
(rom those tha! h<ld driven hi~ career during his days at Padua. In fact, as 
\3iaflioli Hhows, C;illil('ll, (<Ir from bein); simply freed of the constraints that 
Imd pwviowdy plnHlll'd hlm, Wí1H Il11W Hl1bjl'd lo Ilew pn'llsures ilnd ncw 
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imperatives that helped to determine his subsequent scholarly persona. 
In particular, the expectations that he had to meet were such as to pressure 
him into making claims as spectacular and attention-getting as possible. 

Galileo had achieved his position in Florence as the direct resuIt of 
an enormously showy discovery, one that he quickly parlayed into an 
offering to the Grand Duke that might, he hoped, be rewarded by a court 
position. The discovery was that of the four chief moons of Jupiter, which 
he made and then publicized in early 1610. These moons (or, as Kepler soon 
afterwards dubbed them, "satellites," that is, companions) were the most 
remarkable results of Galileo's turning the newly invented telescope to the 
heavens at the tum of 1609/1610. Galileo had heard teH of this new optical 
device in mid-1609, while visiting Venice, and had hurriedly improvised 
one of his own. When, later that year, he used a telescope to scrutinize the 
night sky, he found a number of wonders that formed the subject oi his 
Latin pamphlet of 1610 called Sidereus nuncius.8 

Besides the moons of ]upiter, Sidereus nuncius also annolillced the exist­
ence in the sky of countless previously invisible stars. The faint, irregular 
white band that stretched around the sky and was known as the Milky Way 
(vía lactea in Latin; or "galaxy," from the Greek term for milk) turned out, 
claimed Galileo, to be composed of masses of tiny stars closely packed 
together: "For the Galaxy is nothing else than a congeries of innumerable 
stars clistributed in clusters. To whatever region of it you direct your 
spyglass, an immense number of stars immediately offer themselves to 
view."9 Of more obvious cosmological significance was Galileo's report on 
the appearance of the moon. This celestial body, he said, could be seen 
through the telescope to be rough and mountainous, its irregular surface 
being more like that of the earth than the smooth, spherical and unchang­
ing orb imagined by those who adhered to the Aristotelian notion of the 
perfection of the heavens. 

But the companions of Jupiter received the greatest space in Galileo's 
little book, and figured most prominently on the work's title page. Because 
he had quickly come to regard his discoveries as his ticket out of the 
university world and into the Tuscan court, Galileo determined that these 
altogether new planets (as he caUed them) should be named so as to flatter 
his intended patrono He therefore initially named them the "Cosmic 5tars," 
to make a pun on the Grand Duke's name, Cosimo II de' Medici. However, 
Vinta, the Grand Duke's secretary, worried that the specificity of reference 
to the Grand Duke rnight easily be missed. Accorclingly, Galileo at the 
last minute changed the name to the "Medicean 5tars," thereby rnaking 
the dedication unmistakeable. The change carne so late, indeed, that the 
printing process was well under way; as a result, first editions of the 
Side-reus mmcius ha ve tlw description bf the moons as the "Medicean 5tars" 
on a strip of papl'r ¡.;llll'd 11Vl'r lhe previous, rejected name on the title pélge. 

WI1t'n once I'HlnhllHlwd in FloTl'l1el', Cnlill'o'!i mIl'N wa>l ~ pmrlkally 
lInrl'millin!l, H\lrl"l'HHlol1 of ronl rOVI'rM 11'", 1lli\lor Ill1d mll1or, wilh olhl'l· 
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philosophers, almost aB of them academic teachers at universities or 
colleges. As befitted his new celebrity, Galileo continued to present himself 
and his achievements in a light that would show them off as novel and 
remarkable. It would not have assisted his value to his patron, the Grand 
Duke, to have proceeded to write routine texts that did nol chalIenge 
received views. The Siderrus nuncius had immediately made Galileo famous 
across Europe, and he clearly intended to make good on the promise that 
had motivated Cosimo to take him under his personal patronage. 
Patron-client relationships of this kind were not purely one-way affairs. 

The ultimate outcome of the story was Galileo's famous 1633 condem­
nation in Rome following the publícation during the previous year of his 
ltalian Dialogo, or "Dialogue Concerning the Two Chief World Systems, 
Copernican and Ptolema"ic". That notorious work provided a wide variety 
of arguments in support of the earth's motion, aB in the guise of a dialogue 
that purported to represent the matter as a hypothetical question not admit­
ting of certain resolution. The church authorities were not fooled, and 
Galileo was forced to abjure belief in the motion of the earth and to spend 
the rest of his life (he died in 1642) under house arrest. His stellar career in 
the world of noble courts and fashionable readers (the Dialogo was written 
in the Tuscan vernacular of the Florentine cultural avant-garde rather than 
in the Latin of the schools) had suddenly phunmeted to earth. His original 
patron, Cosimo, was now dead, and Cosimo's successor had much less 
invested in Galileo' s career than had his predecessor. Even Galileo' s old 
friend from Florence, Maffeo Barberini, who in 1623 had become Pope 
Urban VIII, had more important polítical worries to consider in the face of 
conservative clerical opposition than Galileo's philosophical showiness. 
Galileo's adventures in extra-curricular activity thus came to a sorry con­
clusion, but it was one that had produced along the way sorne extremely 
noteworthy publications. GaJileo's great work on mechanics and moving 
bodies of 1638, the Discorsi ("Discourses and Demonstrations Concerning 
Two New Sciences") was written and published during the period of 
Galileo's house arrest, bringing to fruition a body of influential work Ihat 
had begun in the 1590s.\O 

111 Patrons and clients 

Patronage of mathematicians and natural philosophers, whether by royal 
princes in the context of an elaborate court or by lesser nobles on a more 
intimate level, becomes increasingly common during the seventeenth 
century. Instances of patronage in the later sixteenth century, as with 
Tycho's position as Imperial Mathematician, or the Duke of Hesse-Kassel's 
infatuation with alchemy and his financial support of its practitioners, mul­
tiply in succceding decades as more scholars, not just those involved with 
sCÍt'ntifir pursuíts, found pnlrons who used them nH privall' tutors for thdr 
I'nll1ilil'H (lf nH ndornll1l'nlH of lIwir ()wn HlnluH. /\ l1uml1l'r of notnblt, philll-
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sophieal examples can be found in England in this period, all of them 
pecple whose work was of wide influence. 

Among the famous English names whose careers need to be understood 
in the terms of personal patronage are those of Thomas Harriot, William 
Harvey, and Thomas Hobbes. Harriot and Hobbes both derived their 
support from their relationships with particular noble families rather than 
with the royal court, and a kind of retainer-role attached to them. Both men 
acted as tutors to the family offspring, as well as frequently gracíng the 
dinner tables of their patrons. As clients, they dedicated their works to their 
patrons in the usual manner, and owed at least some of their public 
presenee to the duty of such a client to be a presenee in the public intel­
lectual arena. Harriot was assocíated with the Earl of Northumberland, at 
the beginning of the seventeenth century, whíle Hobbes was the (rather 
aggressive) pet oi the Cavendish family during the century's middle 
deeades. In both cases, their work was at least facilitated in a non­
uníversity setting by these familiar relationships. In the specific case of 
Hobbes, his notorious tendeney to become embroiled in vicious public dis­
putes over philosophieal issues surely owed something, as with Galileo, to 
the relative institutional independence that resulted from his position. For 
Harriot, however, there is a noteworthy differenee from Galileo that sug­
gests an important contrast between Galileo's involvement in high-stakes 
court culture and the less intense experiences of lower-level patron--client 
relationships. Harriot is famous not for his publications (he did not 
publish), but for the interest of the work that he recorded in prívate manu­
scripts or sometimes discussed in correspondenee. The most famous 
example of such work is perhaps his observation of the moon with the aid 
of a telescope, over ayear before Galileo made his own mueh more famous 
teleseopie observations of the heavens. Where Galileo was to use his dis­
coveries to advance his eareer through association with the Florentine 
eourt, Harriot did nothing of the sort, treating his observations as matters 
of philosophical inlerest only.11 

A more complicated English example, perhaps more similar in some 
ways lo Galileo's career, and one that indicates subsequent developments, 
is that of William Harvey. His active career spans Ihe first half of the sev­
enteenth century, a period at the start of which he was a medical student 
at Padua, still the pre-eminent medical university in Europe, and at the end 
of which he was aman disposses5ed of many of hís writings and painstak­
ingIy colIected notes of many years. The loss (in 1642) was due to theft 
resulting indirectly from his relationship, as personal physicían, to King 
Charles, who was executed in 1649. Harvey is, of course, famous for having 
invented the doctrine of the circulation of the blood. This was an ambitious 
and, so to speak, revolutionary claim to make in the early decades of the 
seventeenth century because of its radical disregard for the medicaI ortho­
doxy of the time, an orthodoxy represented by Harvey's own professioTIéll 
community. 
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Unremarkably for someone destined for prominence in this period, 
Harvey was well-connected. He finíshed at Padua, soon afterwards receiv­
ing an official M.o. at Cambridge, in 1602; he had been an undergraduate 
at Cambridge prior to studying at Padua. Harvey then set about applying 
for admission into the College of Physicians, in London, the membership 
of which was necessary to practice medicine in that city. He was admitted 
as a candidate for fellowship in the College in 1604, and in the same year 
married Elizabeth Browne. This was a canny match: Elizabeth was the 
daughter of Sir Lancelot Browne, who had been chief physician to Queen 
Elizabeth up until her death in 1603, and who now served as physician to 
her successor, James. Sir Lancelot tried to secure a similar court position for 
his son-in-law, but failed, dying in 1605. Harvey was finally elected a 
Fellow of the College of Physicians in 1607. 

Harvey soon became a prominent member of that body, and was 
appointed in 1615 its Lumleian lecturer. The position was a significant 
source of income to him, as well as providing a platform for the disserni­
nation of his ideas in anatomy and physiology. Indeed, it was in these lec­
tures, fust given in 1616 and repeated at intervals over the succeeding 
years, that Harvey first publicized SOrne of his thoughts on the action of 
the heart. The full exposition of his views, however, appeared in 1628 in a 
modest Latín text entitled Exercitatio anatomica de motu cordis et sanguinís in 
animalibus (" Anatomical Exercise on the Motíon of the Heart and Blood in 
Animals"). This work argued that, contrary to the teaching of the second­
century medical authority Galen, the heart serves to pump blood continu­
ously around the entire body.12 

De motu cordís displays both its author's professional affiliations, as a 
Fellow of the College of Physicians, and his ambitions for furthering his 
position by tapping into the resources exploíted by his father-in-law. Thus 
there are two dedicatory prefaces to the book, one of them addressed to the 
president of the College, Dr Argent, and the other, appropriately appear­
ing fust, addressed to King Charles. The latter adopts the form that was 
typical of dedicatory prefaces to scholarly works in the sixteenth and sev­
enteenth centuries, one found, for example, in Vesalius's preface to De 
fabrica, directed at the Holy Roman Emperor (and successful in achieving 
its end of a court position), or Galileo's own preface to the Sídereus nuncius, 
aimed at Cosimo II de' Medid with the rapid success that we have already 
seen. Thus Harvey praíses Charles with elaborate metaphor, comparing the 
king in his kingdom to the sun in the universe, and both in turn to the heart 
in the body, the source of heat and life. As Harvey, with perfect self­
knowledge, expresses the matter: 

In offering your Majesty - in the fashion of the times - this account of 
the heart's movement, 1 have been encouraged by the fact that almost a1l 
our concepts of humanity are modelled on our knowledge of man 
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himself, and several of our concepts of royalty on our knowledge of the 
heart. 13 

Harvey will therefore take advantage of this situalion to press home Ihe fit­
tingness of dedicating to the King a work that will increase the under­
standing of the heart and, thereby, be of especial "service" to Ihat analogous 
source of good, the new king of England (who had only ascended the 
throne in 1625). 

In 1629, Harvey was duly rewarded for his loyalty (and for his appro­
priate family connections) by being made physician to the King and to the 
royal household. This elevation certainly did not hurt the fortunes of his 
very controversial physiological ideas. Even after he had cea sed to be an 
official member of the royal household, he still styled himself, in a work 
published in 1649, "serenissimae Majestatis Regiae Archiatro," that is, 
"chief physician to his most serene majesty Ihe King."14 A hint oi what this 
royal patronage did for Harvey is given by a remark that he makes in the 
same work to vindica te the idea that blood in the veins always travels 
towards the heart: "In the exposed internal jugular vein of a doe (in the 
presence of many nobles and the most serene King, my Master), divided 
in two across its length, scarcely more than a few dro~s oi blood carne out 
from the lower portion, rising up from the clavicle." 5 Harvey here turns 
the importance of these illustrious witnesses, and even the implied royal 
provenance of the doe, to powerful account in refuting his crilics. This too, 
in effect, is the purpose of the dedieatory letter to the College of Physicians 
that prefaced De motu cordis. 

Thal dedication makes the point that Harvey would have published the 
book sooner if it had nol been for his fear lhat he rnight have been accused of 
presumptuousness had he not "first pUl my thesis before you and confirmed 
it by visual demonstration, replied lO your doubts and objections, and 
received your distinguished President's vote in favour.,,16 Just as with his 
use of "many nobles" to underwrite his assertions about the demonstration 
using a doe, Harvey in his most famous work uses the authority of the 
"learned Doctors" of the College of Physicians as a bulwark against crities. 
Powerful allies were powerful to the extent that others would be likely to 
defer to them; this was one of the (less materialistic) reasons why having an 
aristocratic patran was so useful to a natural philosopher. 

IV Patrons and institunons 

Individual clients were not the only beneficiaries of noble patronage. The 
increasing prominence during the seventeenth century of philosophical 
groups, whether known as "societies," "acadernies," or "colleges," was 
itself typically a prod uc! (lf patronage by an aristocrat. Besides indicating 
his position as tlw Grand Dukc nf TUBcany's Philosopher and Mathemati-
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cian, Galileo, in his publications that carne after the Sidereus nuncius, also 
included among his title-page qualifications the label "Linceo" following 
his name. This designation indicated his membership in an exclusive group 
of philosophically minded gentlemen, a group that had originally been 
formed in 1603 under the patronage of the Marquess of Monticelli (and 
later a papal prince), Federico Cesi. The group's na me was the Accademia 
dei Lincei, the "Academy of the Lynxes." The name of this natural­
philosophical and mathematical society was intended to indicate that its 
members were acute observers of nature; lynxes were proverbially keen of 
sight. Galileo became a member in 1611, following a triumphal visit to 
Rome occasioned by his recent astronomical discoveries, during which 
the Academy held a banquet in his honour. He seems particularly to have 
valued this distinction, as his care to indicate it in his publications and in 
his printed references to other members shows. lt was a small and exclu­
sive group, and Cesi's part in it was that of the noble, and legitimating, 
collective palron; he was what made it respectable. 

There were two particularJy important functions that the academy ful­
filled. One, of especial interest in regard to Galileo, was that it paid for the 
publication of Galileo' s polemical work 11 saggiatore CThe Assayer") in 1623 
and of the great Dialogo in 1632, important acts of institutional patronage. 
The other was its role as the focus for the establishment by Prince Cesi of 
a major research library. lt is importan! to rernember the significance of 
libraries for natural philosophy even for philosophers who stressed first­
hand observation of nature. Francis Bacon in England also emphasized 
looking for oneself, but that did not prevent rum from explaining in sorne 
detail the indispensable function of books and writing in building the 
edifice of natural knowledge. Indeed, Bacon spoke of the irnportance of 
written records of experience (his standard term for this idea was experien­
tia literata, "literate experience,,).17 By this he meant the digestíng of obser­
vations in an organízed system of classification and cross-referencing. 
Bacon hímself, however, made liberal use of books in putting together his 
own compendia of natural "facts," such as his Sylva sylvayum of 1626; this 
practice is also instanced by his many occasional references to such "facts" 
in texts like the New Organon. For Bacon, stressing first-hand knowledge 
did not nec:essarily exclude drawing upon the first-hand knowledge of 
someone else. 

Cesi's Lincean library, indeed, calls to mind Bacon's own desire, duríng 
the 15905, to have the English state establish a number of research foun­
dations, one of which was a library.18 Bacon's thwarted attempts to estab­
lish a system of royal sponsorship for rus natural prulosophical project 
represents an unusually cJear formal recognitíon of the potentíal virtues oi 
governmental patronage. That is really what rus fantasy, the New Atlantis, 
i5 about. The line between the patronage of an individual natural philoso­
pher by a wealthy member of the aristocracy and the support by the state 
of sorne kind of organiz('d n~~l'nrch endeavour b in this rX'riod vl'ry t'vi-
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dently only one of degree, not oi kind. Besides works concerning the math­
ematical sciences, Cesi's llbrary also catered to interests in natural histori­
cal and medical matters, much along the lines of Bacon's own visiono The 
library was meant to create the basis for a reiormed organization of all 
knowledge. '9 

The Linceans' publication of works by Galileo formed a part of this 
project of reform in the knowledge oí nature. For our purposes, it is espe­
cíal1y important to notice the crucíal role of Cesi himself and oi the academy 
!hat was his instrument oi reformo The patronage of Prince Ce si len! an aura 
of social respectability to the work of the academy, a social respectability 
that, like his own association with the Tuscan court, meant a lot to Galileo. 
By his and others' membership in this college oi philosophers, the work 
done under its approving auspices cauld claim an irnmectiate status as 
something worth taking seriously. The Accademia dei Lincei stands as a 
fine example of the way in which the patronage of a powerful individual 
could also, and perhaps even more effectively, be mediated by an institu­
tional collaborative structure of sorne kind. 

Asomewhat later Hallan example serves to make a sin1ilar point. In 1657, 
a group oi experimenters was formed in Florence under the active guid­
ance oi Prince Leopold of Tuscany, brother of Ferdinand, the Grand Duke 
of the time. This group became known as the Accademia del Cimento, or 
"Academy of Experiment," and its activities were recorded contempora­
neously in a formal journal which was the basis for its sole publication. The 
book, published in 1667, bore the title Saggi di naturali esperienze fatte nell' 
Accademia del Cimento ("Essays [i.e. trials] of Natural Experiments made in 
the Accademia del Cimento"). This lengthy title continued appropriately 
to honour the group's patron: "sotto la prottezione del serenissimo príncipe 
Leopoldo di Toscana" ("under the protection oi the most serene Prince 
Leopold of Tuscany"). In fact, the book (intended for prívate distribution, 
the gift of a prince, rather than far sale) represents much the most solid 
realíty oi this "acaderny." Indeed, by the time the Saggi were published, the 
members of the group had ceased to meet or to conduct their philosophi­
cal activities. The academy never received any formal charter, was never 
officialIy disbanded, and merely became a dead-Ietter when Leopold, made 
a cardinal, moved from Florence to Rome. There were, with occasional 
changes of personnel, nine members of the group, calling themselves by 
the name "Saggiato" (compare with "Linceo"), that is, "trier" or "tester" or, 
broadly, "experimenter." 

The crucial feature oi thís group as an "Accademia" was its precise 
relationship with its patrono The fact oi its lack of a formal charter, 
combined with the absence of regular meeting times, shaws that it was 
very much at the whim oi Prince Leopold, who called meetings whenever 
he felt Iike it. Like his brothcr, the Grand Duke Ferdinand, Leopold took 
an active intcrcst in lIl\l!lItionH (lf natural philll!lOphy, and participated in 
tlll' ortivitil'¡'¡ uf hiH fljwup (Jf l'xIWrln1l'IILt'rH noL j\lst nH él diHtnnt pillwll, bllt 
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also as an experimenter himseU. However, features of the Saggi indicate the 
structural conditions of this group and its relations to its patron: the Saggi 
present experimental reports in a style designed to efface the work of 
particular members in their production. It is, in that sense, a collective 
publieation, recording what the group did, regardless of which particular 
individual did what. At the same time, as aIready noted, its title page blares 
out the central role of Leopold himseIf as the embodiment of the academi s 
social character. In that sense, the Accademia del Cimento was represented 
as Leopold, mediated through the work of his clients, the individual 
members of the academy. 

Mario Biagioli points out that one aspect of Leopold's relationship to his 
experimenters arose precisely from his noble status: experimental work 
was typically seen as "mechanical" (recall Bacon in Chapter 3, aboye), and 
hence risked appearing improper for the participation of a prince. Leopold 
could, oi comse, perform experimental work in prívate, for his own instruc­
tion and pleasure, but publication (including explicitly courtly publication, 
as in the case of the privately distributed Saggi) had to take aecount of his 
public image and status. By representing the varíous philosophers with 
whom he worked and corresponded as constituting an "academy" that 
operated under his patronage, Leopold in effect insulated himself from the 
messy work itself, while still receíving the reflected glory of its achieve­
ments. The work of the group, among whose most important members 
were Giovanni Borelli and Franceseo Redi, included a multiplicity of ex­
perimental trials of phenomena concerning such things as hydrostatics, 
barometrics, or the nature and behaviour of heat, all with ofien expensive 
apparatus, such as tailor-made glassware. Leopold ensured that the philo­
sophical claims made on the basis of this work were as undogmatic, and 
as focused on phenomena themselves (rather than causal explanations for 
those phenomena) as possible - hence reducing the risks attendant upon 
controversy. 

The two most importanl organized groups of natural philosophers in the 
seventeenth century, both established in the 1660s and surviving, with 
modifications, down lo the present day, were the Académie Royale des 
Sciences (Royal Academy of Sciences), in París, and the Royal Society of 
London. Both groups, as their names indica te, were formed under royal 
patronage, but in their differences further illustrate the fuzziness of the line 
separating individual patronage from cOllective, institutionally mediated 
patronage of natural philosophy in this periodo The creation of new venues 
for the study of nature was a process that required careful adaptation to 
existing norms of social status and respectability in order to be successful 
as a rival to the universities. 

The Academy of Sciences was founded in Paris at the end of 1666. It was, 
in effect, invented by Colbert, the chief minister to the King of France, Louis 
XlV. The basic politicnl strategy nf Louis and hi!l miniskrs was to cstablish 
tlw monéln:hy ns nn unrivnlll'u IO('lIs of pnw{'r in tIH' stnle; that is, t1wir 
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ambition was to set up an "absolutist" state whereby everything was, at 
least in principIe, dependent on central state control. One might analogize 
it to "totalitarian" regimes in the twentieth century, where much the same 
ambition was pursued, although generally with greater success. Louis XIV 
was called "the Sun King" precisely in order to emphasize the idea that he 
was the source of everything that happened in his kingdom. William 
Harvey's dedication of De motu cordis to England's King Charles had pro­
moted the same image in regard to Charles, whose own attempts at abso­
lutism were finally thwarted by parliament: Harvey had written that the 
king is "the basis of his kingdoms, the sun of his microcosm, the heart of 
the state; from him a11 power arises and all grace stems.,,20 Likewise, Colbert 
was concerned, in the 1660s, to ensure that such an image would appJy to 
Louis. This meant tying al! potentially independent sources of power and 
glory to dependency on the king. In the specific case of the sciences, natural 
philosophical and mathematical, Colbert wanted to group together the 
leading practitioners into a formal academy that was institutionally and 
officialJy an arm of the state. lt was this plan that quickly eventuated in the 
formation of the Royal Academy of Sciences, inaugurated in December of 
1666. 

As a serious arm of the sta te, the Academy, unlike the Accademia del 
Cimento, possessed a formal constitutíon that induded salaried positions 
for its regular members and expected duties for them. Those members were 
drawn not only from around France, but also from abroad; the star of the 
early Academy was the Dutchman Christiaan Huygens, whose renown as 
a mathematician and admirer of Cartesian philosophy had already raised 
him to the premier rank of European physico-mathematicians. A1s0 among 
the members was a prominent Italian astronomer, Giovanni Domenieo 
Cassini, the first of a long line of Cassinis who dominated Parisian astron­
omy down through the eighteenth century. In total, there were fifteen origi­
nal members of the Academy, twelve of whom were French (the third 
exception was the Dane Ole Remer). Promise oí generous salaries acted as 
a powerfui draw to Paris and to the Academy for these people; Huygens, 
for example, not only received his official salary, but was also given apart­
ments in the Louvre paJace. No expense was spared for the King's (and 
thus the state's) philosophers of nature. 

There were also striet rules regarding the scheduling and condue! of the 
meetíngs. When in regular session, the Academy met twice a week, on 
Wednesdays and Saturdays. These two time-slots were designated for each 
of the two sections into whieh the Academy was divided; a division that 
speaks volumes regarding the basie conceptions of natural knowledge that 
were taken for granted in the Academy's creation. One section was "math­
cmatical," the other "physical," corresponding surprisingly cJosely to the 
disciplinary division that had Ion)!, been institutionalized in the univer­
~itil's. and tha! rl'fll'ctl'Cl in tml1 an AriHtoll'lial1 vil'W of tlw diffl'Tl'nCl' 
lwtwl'l'11 lholil' two Tl'Olmli or I1l1tllrnl kl1owll'dfll'. ThuH llll' "Jnllllll'Jnnlil"lIi" 
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section was devoted to the mathematical sciences as we have met them 
repeatedly before: not just (or even especially) pure mathematics, but also, 
and indeed more central1y, "mixed" mathematics; that is, al! those areas oE 
study that had, during the course oE the seventeenth century, become 
labeIled by many practitioners "physico-mathematics." Thus mechanics, 
astronomy, optics, and aU Ihe usual classical malhematical sciences of 
nature (most practised, to sorne degree or another, by Huygens) feIl under 
the auspices of this specialized section, leaving to the "physical" section 
everytbing el se to do with the study of nature - that is, as in the Arislotelian 
mode\, al! qualitative studies of Ihe natural world, from natural history and 
chemistry to anatomy. 

Although Huygens was fond of postulating mechanícal causal explana­
tions for physical phenomena in a broad, non-dogmatic mechanistic idiom, 
he nonetheless was located in the mathematical rather than the physical 
section. However, such apparent blurring of boundaries does not seem par­
ticularly to have threatened tbis fundamental division of the early 
Academy. Huygens's work, after all, was performed in primarily physico­
mathematical areas where mathematical relationsbips between quantities 
were empiricaUy determinable; this work also, typically, promoted causal 
explanations for physical phenomena.21 lt was, as we saw in Chapter 4 
abo ve, precisely tbis claim on physical explanation that had motivated the 
wídespread adoption of the new category of physico-mathematics, which 
in the Academy retained its specifically mathematical mantle. Huygens had 
written, in 1666, that "the principal occupation of the Assembly and the 
most useful must be, in my opinion, to work in natural history somewhat 
in the manner suggested by [Lordl Verulam [i.e. Francis Baconl."n After 
al!, natural history in the Baconian sense was tbe general gathering oE 
facts about nature, and was thus itself exempt from further meaningful 
disciplínary subdivisions. 

The sectional division between "mathematical" and "physical" was in 
any case not intended to set up an unbridgeable barrier between two 
distinct groupings within the Academy. The members of one seetion were 
expected to attend the meetings of the other section as well as those of 
their own. Another example of the planned integration of the Academis 
efforts was the most elabora te early state benefaction to the Academy, 
the Observatoire de Paris (Paris Observatory), opened in 1672 and still 
standing today. This was an astronomical observatory intended for the 
use of aH the Academy's savants (i.e. "learned men"), its basements being 
suited to laboratory work. In practice, however, these savants tended to be 
restricted to Cassini and his astronomical assistants: it was the Academy's 
laboratory in the BibJiotheque du Roí that witnessed anatomical, botanical, 
and other kinds of natural-philosophical research in the late seventeenth 
century rather than the Observatory, which remained, therefore, strictly 
"mathematicaJ." 

Tlw inl'cncled colleclivity of lile Acadl'my wn~ nlslI cxprctls{'d in its 
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intended practice of publishing its work, much like the Accademia del 
Cimento, under the auspices of the Academy itself rather than under the 
names of the specific author or authors who had perforrned the work or 
written the text. The practice was never entirely satisfactory, however 
(especially to the specific authors), and was gradually abandoned. This 
was done in the first instance by exempting certain mathematical and 
hypothetical treatises from the rule, and substituting instead a process of 
peer review that enabled the Academy's approval to be granted without 
removing the writer's own name. This practice also served to distance the 
Academy collectively from an appearance of endorsing the necessary truth 
of the hypothesis involved. 

It is clear that the relationship between the Academy of Sciences and its 
ostensible royal patron differed considerably from that between the Accad­
emia del Cimento and its patrono Where Prince Leopold was himself 
directly involved in the experimental work of his unchartered academy, 
and, from his perspeetive at least, the group ac!ed as a mediation between 
his interests and the world at large, King Louis XIV had very little appar­
en! interest in the work of his own academy. In a sense, it was another gov­
ernment department, with official functions (such as, from about 1685 
onwards, assessing pa!ent applications for inventions, a duty formalized 
in new regulations introduced in 1699). Louis XIV never made a visit to 
his Academy until fifteen years after its inauguration, despite a fictitious 
engraving oi the new Observa!ory tha! symbolically suggested otherwise. 
The Academy was for Louis just another representation oi his power and 
glory: "l'état, c'est moi," he famously asserted, "the state - that's me!"; the 
Academy oi Sciences was itself just a part of the state, and its achievements 
just a part of the king's. In a sense, the Academy oi Sciences instantiates at 
the end of the seventeenth century the vision of state science promoted by 
Bacon at the beginning. 

IronicalIy, the most vehemently 8aconian of the seventeenth-century 
scientific societies instantiated this vision of state-science much less fully 
than did the Academy. The Royal Society of London for the Improving of 
Natural Knowledge was founded in the early 1660s, inforrnaIly in 1660, and 
receiving royal charters in 1662 and 1663. The latter charter is, in faet, the 
one under which it still operates today. Its distance from the more centrally 
initiated bodies that we have considered may be seen in the manner of its 
formation: whereas the Accademia del Cimento was a result of Prince 
Leopold's own active interest in the work of various philosophical clients 
and hangers-on of the Tuscan court, and the Royal Academy of Sciences 
was established as an official state cultural organization, the Royal Society 
was constiluted by its founding members as a society of like-minded indi­
viduals who w(lnted lo conduct on an organized basis experimental and 
natural hiHtorical inquiry, with a rhetorical stress, at least, on potential 
utility. Only 11ftl'r tht'y hnLl l'Onw tllget1wr nA n ~roup did lh0y Iltlccped in 
aC'quiring (or t!wIl1H,'lvl'H l1w royol opprovol lhllt l'nnbll'd 11ll'1ll lo lwconw 
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the Royal Society, and even then they received very little beyond the title 
itself: no state support of a material nature was forthcoming. 23 

The immediate forebears of the Royal Society were a group meeting in 
London in 1645, and a group organized in 1651 at Oxford, calling itself the 
Experimental Philosophy Club, which had a degree of common member­
ship with the earlier London group. The year of the Royal Society's or­
ganization, 1660, was also that of lhe Restoration of the Monarchy in 
England, following the Civil Wars of the 1640s and the interregnum rule of 
Oliver Cromwell in the 1650s. One of the early Society's leading figures, 
John Wilkins, had been brother-in-law to the deceased Cromwell, although 
lhat association did not prevent him from being made a bishop in the 
Church of England in 1668. Wilkins, who had been installed as Warden of 
Wadham College, Oxford by the victorious parliamentarian re gime, had 
been a member of the Oxford Experimental Philosophy Club in the 1650s, 
one of a number of leading lights in lhe later Royal Society who had lived 
and worked in Oxford during that periodo A striking feature oi the early 
Royal Society was its carefully non-partisan character: former royalists 
rubbed shoulders with parliamentarians, and even Anglicans with 
Catholics; an unusual kind of ecumenism lhat emphasized the Society's col­
lective determination to tum away from divisive issues of politics and reli­
gion. As Thomas Sprat, in the official History of the Royal Society of 1667, put 
it, the Societis determination was to put aside "the passions, and madness 
of that dismal Age," referring to the period that had preceded the Restora­
tion of Charles II.24 

So far was the Royal Society from being a personal patronage interest oi 
the monarch that the King notoriously referred to its members as "my 
fools," and allegedly mocked them for attempting to weigh the airo In lhe 
polítical atmosphere oi England, in which attempted royal absolutism had 
faHed, a broad distribution of authority and of autonomous domains of 
activity characterized the relationship between the state and the royally 
sponsored scientific society - just as the opposite was the case in absolutist 
Franee. 

Conformity with the new political settlement of the Restoration was the 
watchword of the Royal Society; it had its royal charter, to emphasize its 
polítical orthodoxy, while at the same time practising a kind of tolerance 
meant to avoid becoming too much identified with any particular polariz­
ing polítical position. Of course, despite this, it was anything but open to 
tatents from anywhere: in many respects it functioned as a gentleman's 
club, restricted in that way to men, and to men of a certain social class. Both 
points are nicely illustrated by a famous event of the Society's early years: 
a visit by Margaret Cavendish, the Duchess oí Newcastle. Not only was she 
a member of a family with significant ties to Englísh natural philosophy 
in the seventeenth century, Margaret Cavendish was herself the author of 
treatises on natural philosophy; <llbeit with <In anti-cxperimental slant anal­
o~ou~ to thal of ThomaH Hohl1t'~, whkh W(.' ~hall Hl'l~ in Chélptcr 7, rather 
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than being consonant with the experimental focus of the Royal Society. 
Nonetheless, and despite being a woman, she was allowed to attend a 
meeting of the Society, and, indeed fHed, in 1667. She qualified for such 
treatment by virtue of her aristocratíc status, which made her the social 
superior of most oí the men belonging to the Society. Similar considerations 
enabled Queen Christina of Sweden, or the Princess Elizabeth of Bohemia, 
to command the attention of Descartes (in the case of Elizabeth, to 
Descartes's considerable intellectual benefit). But such deference was 
always severely limited: an English contemporary, Lady Anne Conway, 
was a philosophícal writer of some note, but like the Duchess of Newcas­
tle was never able (unlike Conway's brothers) to attend one of the univer­
sities.25 Notwithstanding her aristocratic social status, as a woman 
Margaret Cavendish was never 50 much as considered as a potential Fellow 
of the Royal Society, despite her publications on natural phil050phy. The 
Royal Society's institutional form in fact effectively followed the masculine 
corporate models of Oxford and Cambridge colleges, or the College of 
Physicians, or the established Anglican Church, or parliament; there was 
nothing socially revolutionary about the Royal Society. 

Perhaps ironically, the Royal Society attempted to legitimize its role in 
English society by actively exhibiting the diversity of its membership 
(despite the considerable limitations just mentioned). The alleged lack of 
partisan interest - of whatever kind - served to present the Society as po­
litícally safe, both from the perspective of the government and also, at least 
equally importantly, from that of already establíshed groups, jealous of 
their own corporate rights. Such groups inc1uded the universities (Oxford 
and Cambridge, still the only two universities in England), and the College 
of Physícians, quarters from which it nonetheless received criticisms in 
its early years. The Society's major platform for propaganda was Thomas 
Sprat's History of the Royal Society (1667), whích also placed emphasis on 
another c1aimed feature of the Society, the potential usefulness of the 
knowledge that it was dedicated to creating. Central to its self-image, and 
of the image that it projected to outsiders, was the Society's adherence to 
the project of Francis Bacon, Lord Verulam. 

Bacon's stress on the utility that his kind of natural philosophy would 
surely bring to al! mankind, and in particular to the English nation, was 
something that the Royal Society took to itself as it ensured that Bacon's 
name was continually aS50ciated with its own. Baconian rhetoric had been 
culturally very successful during the 1640s and 1650s, becoming associated 
partícularly with reform projects promoted during the years of the Inter­
regnum by. people with anything but royalist sympathies. Nonetheless, 
Bacon's name remained one to conjure with even after the Restoration, and 
his close association during his career with monarchical régimes no doubt 
assisted in making him él gafe emblem in the 1660s. The frontispiece to 
Sprat's fIístnry itBC'lf stand" élH t'videncC' of this fact: two st'ated figures are 
di~pli1y~,tI promhll'ntly, Ulll' un l'i1l'h ~idl' uf a busl un a I)('d~'stal. '1'1)(' bust 
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is oí Charles JI, the royal patron oi the Society¡ the pedestal acclaims him 
as the Society's "Author & Patronus" ("Author and Patron," a characteri­
zation that attributes the spark and motor of the Society to the king himself, 
in a rather dim reflection of the "sun king" motif). One of the two sealed 
figures is Ihe Society's president, Lord Brouncker, a politically appropriale 
individual who had been in exile with Charles in Ihe Netherlands in the 
years before Ihe Restoration. The other figure is Prancis Bacon, Lord 
Verulam, labelled as "Artium Instaurator" (URenewer oi the Arts," evi­
dently reierring to both the liberal and the mechanical arts - pretty much 
all oí knowledge, in iact). 

Sprat's book attempts to vindica te this grandiose image by ciling sorne 
of the things that Fellows oi the Society had already accomplished during 
ils few years of existence. The major public tace of the Royal Society, 
however, was a journa\. The Philosophical Transactions started lite as a 
private, money-making venture by the Royal Society's secretary (until his 
death in 1677), Henry Oldenburg. Oldenburg was an expatriate German 
who had Iived in England since 1653 and conducted a large philosophical 
correspondence. The Philosophical Transactions, begun in 1665, grew out of 
his work as an "intelligencer" (to use the seventeenth-century term), but it 
was irnmediately seen as Ihe Royal Society's own joumal. This was due lo 
Ihe fact that Oldenburg's correspondence was now that oi the Society's sec­
relary, and the letters oi which he made ample use in the journal were ones 
that he now received in that oificial capacity. Nonetheless, the Philosophical 
Transactions did not itself become the official ¡oumal oi the Royal Society 
until Ihe middle oi the eighteenth century, since when it has been called 
Philosaphical Transactions af the Royal Society. 

Oldenburg's preiaces to the annual volumes of Ihe journal use Baconian 
rhetoric lavishly, stressing the utility of the work published in Ihe Philo­
sophical Transactions' pages and Ihe way in which that work was focused 
on the gathering of empirical facls of the kind championed for natural 
philosophy by Bacon. One syrnplom of this would-be Baconianism is Ihe 
scarcity of arlides in the joumal that might have appeared too theoretical, 
hypothetical, or speculalive. (Chapter 7 will examine a particularly notable 
inslance of Ihe Irouble thal this policy could cause, one involving Isaac 
Newton.) However, the same can to sorne extent be said of the Royal 
Society itself; Oldenburg's editorial predilections were in step wilh Ihose 
of other leading Fellows. The minutes of the Society's meetings display 
very much the sarne inlerests as those represented in the Philosaphical 
Transactions, and Ihe meetings regularIy involved the reading and dis­
cussion of lelters to the Society that Oldenburg subsequently printed in the 
journal. 

The literary oulpul of the Society should also be taken lo ¡n elude books 
published, with the Royal Society's official imprimatur, by ils Fellows. Those 
by Robert Boyle were probably Ihe mosl widdy read throughout Europe, 
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Figure 6.2 Frontispiece lo Thomas Spral's History of the Royal Society. 
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and the ones most oiten taken by contemporaries to be representative of 
the Society's own project. (Jt is also worth noticing that Henry Oldenburg 
himself did a good deal of work as, in effect, Boyle's publisher during the 
1660s and 1670s). Most such books were not publications of the Society 
itself, but among the small number of exceptions two are especial1y note­
worthy: Robert Hooke's Micrographia of 1665, and Isaac Newton's great 
Principia of 1687. Micrographia was the first illustrated book of observations 
made with a microscope (the book Experimental Philosophy, by Henry 
Power, another Fellow of the Royal Society, appeared the previous year, 
but is mostly bereft of illustrations). The painstaking engravings, some of 
which may have been made by Christopher Wren, another Fellow as well 
as architect of St Paul's Cathedral in London, display the strangeness of 
the world as seen under the microscope, as Hooke details the surprising 
appearances of products of art (fabric, the points of needles, printed letters 
in books) and of nature (the "cells," as he dubbed them, visible in pieces 
of cork, or the detailed anatomy of tiny insects). Art was surprising for the 
discovered coarseness of objects usually regarded as fine and delicate, 
whereas nature was remarkable for its hidden delicacy. One was the han di­
work of men, the other of God; therein lay the difference. 

The pubIication of Newton's Principia was, in fact, beyond the means of 
the frequently impecunious Royal Society. One of the great gripes of some 
of the Fellows was that they, unlike their counterparts in the French 
Academy of Sciences, received no state subsidy, and relied on members' 
dues. Such reliance was dangerous, beca use these monies were frequently 
in arrears, when paid at al!. A cash shortfall in the mid-1680s obliged 
Edmund Halley (after whom the comet was later named) to pay for the 
publication of the Principia out of his own pocket; he was reimbursed 
with copies of the Society's recent budget-busting publieation of Francis 
Willoughby's Historia piscium ("History of Fishes", "history" here meaning 
a compendious "natural history" in Bacon's sense). 

The publishing function of a society of the kind that this section has been 
considering was perhaps one of the most characteristic features of the new 
social forurns for the sciences in thls periodo The independence of such soci­
eties from the universities (if not from their patrons) was reinforced every 
time a book appeared with the stamp of their approvaI; furthermore, when, 
as was often the case, their patronage devolved from the state (in the person 
of a princely patron), those books carried the weight and authority not 
simply of intellectual orthodoxy, but of the políticaI orthodoxy of a 
temporal power. 

Finally, one other "place" in which nature couId be studied deserves 
mention: the home. Seholars have reeently begun to look at the ways in 
which domestic space was utilized for such purposes in the early-modern 
period, including the roles of women and servants (the most marginalized 
human components of formal knowledge-making in this periad). Ensy to 
ovprlook, the home nnd ils fUl1clional divisiolls CJ'("lll'd impllrlalll fOl'llsl's 
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Figure 6.3 A fold-out view o[ a [lea, from Hooke's Micrographia. 

for knowledge-making that intersected in obvious ways with the social 
status of the natural philosopher, and hence with the resources (material 
and social) available to render the knowledge so produced credible to 
others. 

V Institutions fOT conquering space: natural history and the European 
embrace of the globe 

The Spanish explorations of the Americas, together with voyages from 
various countries to other unfamiliar regions both east and west, had been 
an expansion of the European world not only geographically but also intel­
lectually and logi5tically. In the sixteenth century, a map of the world carne 
to contail1 mort' ilLTrl'dih'd pInces, real places to which travel was now pos­
siblc; bu! il "Iso dl'~igni\h'd pn'viously unknown thinRs whose very dis­
tnncl' crl'nlcd H~Wl'Íill pmbll'I11H or ill'l"lll11mo!lilliol1. Illlw l'lluld i\ Europl'al1 
know thill trnnHforllll'd wmld ·/ 1llIlwrto, ti\!' Wl'itill!l,M of tlll' Illwil'lllH hnd 
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delineated almost everything that was believed to exist: the astronomer 
Ptolemy, in hís great work the Geography, had provided the foundations of 
geographical knowledge, but hís world was largely restricted to Europe 
and the Mediterranean lands. The recent voyages had revealed much more, 
and expanding worId-wide trade required that it be known and controlled. 
The writings of such authorities as Aristotle and his successor Theophras­
tus, which had played similar roles in understanding the fauna and flora 
of the world, had similarIy become radically incomplete. One problem that 
this situation raised was whether the old framework represented by these 
classical texts was still appropriate; whether it sufficed simply to add new 
kinds of plants and animals to the old interpretive schemes. Another 
problem concemed the making of the new knowledge: in natural hístory, 
on whose authority and by what mechanisms were descriptions of new 
organisrns to be received into the body oi accepted leaming? 

A European science that would encompass the world needed to bring 
that world home. If knowledge of such places as South America were not 
transported back to Europe, that knowledge could not enter the storehouse 
of generally available truths that constituted the expanding legacy of 
European learning. In the main, it was knowledge of local particulars rather 
than of universal truths that highlighted this problem - knowledge of 
particular species of plants or animals, or even perhaps rock-types, that 
were only found across the seas. During the later sixteenth century and 
early seventeenth century, the Jesuit order constituted perhaps the most 
elaborate and well-organized intemational network in the world. Jesuits on 
missions to far-off lands such as China or Canada - unusually, not overtly 
intended to facilitate trading relationshíps - were required to report back 
regularly to their European masters, and the existence of thís resource 
was exploited in sorne quarters to acquire knowledge of nature for philo­
sophícal purposes. In the seventeenth century, the most important figure 
to make use of the Jesuit network in this way was Athanasius Kircher 
(1601-80), a mernber of the Jesuits' Roman College (Collegio Romano). 
Kircher's interests were boundless, and his enormous correspondence 
with Jesuits around the globe involved, besides matters of natural histori­
cal and scientific concem, discussion oi languages and cultural practices 
found worIdwide and at different times in the pasto Kircher's role as the 
principal node in a network of (largely Jesuit) correspondence, together 
with his many publications, rendered hím oi the first importance in facili­
tating the organization oi apparently miscellaneous reports from abroad. 
He produced on the basis of such material, for example, the first map 
depicting the world's ocean currents. Kircher's endeavours were too 
dependent on his own individual effoTts to establísh any long-term insti­
tutional continuity in themselves, and much the same is true of later 
Jesuits who took advantage of the same features of their Order's organi­
zation for scientific purposes. That such work wa!l possible, howevcr, 
illulitrntcs the cIose rdationHhip bt'twt't'n ndminiHtrntiV(' nctworktl nnd scí-
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entific networks, which possessed their own capacities for generating 
global, integrated knowledge. The Jesuit missionary Matteo Ricci in the 
early seventeenth century used his European mathernatical expertise 
(drawing on the Jesuit tradition in mathematical sciences that we saw in 
Chapter 4) as a means of ingratiating hirnself with the Chinese court, using 
science as a means of furthering diploma tic as well as spiritual endeavours. 
Trading and associated military networks established by governments or 
by governmentally sanctioned orgaruzations such as the Dutch East India 
Company (founded in 1602) are further examples of essentially the same 
phenomenon. 

The trading impulse thus appears as a major force behind the institu­
tionalization of a kind of knowledge tha! aimed at extending the grasp of 
Europe over the entire world. The Dutch, who became a major mercantile 
force starting in the late sixteenth century, and the French, pro vide clear 
examples of the role of geographical expansion for the more general 
expansion of the rnanagement of technical and natural historical infor­
mation in this periodo Before exarnining those cases, however, a glance at 
the situation that had grown up in parts of ltaly during the sixteenth 
century will show sorne of the options newly available to other European 
powers. 

Museums of natural history, as well as botanical gardens, appeared in 
profusion in Italy from the rniddle of the sixteenth century onwards. 
The meaning of these collections, however, is not as simple to determine 
as might at first sight appear. Ulisse Aldrovandi built up a private museum 
coHection in the second half of the century as well as initiating a botanical 
garden at Bologna. The ¡alter enterprise is easier lo explain than the former. 
Botanical gardens had a long history, having formerly been associated, 
for example, with monasteries. Their raison d'e/re was pharmaceutical; 
herbal remedies were sta pies of contemporary materia medica. The first of 
the new ltalian botarucal gardens was establíshed at the University of Pisa 
in 1543, and during the next couple of decades additional examples, 
including Aldrovandi's, sprang up at several other leading Italían univer­
sities. The establishment of new botarucal gardens in the sixteenth century 
was in par! a response to the sudden availability of increasing numbers 
of new plant species that were arríving in Europe, especially from the 
New World of the Americas. But this process at the same time risked 
overstepping the boundaries of ancient authority, by introducing plants 
that had of necessity played no part in the authoritative tradition of 
medieval medicine. Aldrovandi's natural history museurn itself iIlustrated 
the general problem: natural history as an intellectual enterprise was rooted 
in ancient texts, but its bounds were being expanded by the voyages of 
discovery "nd their "ftermath. What guide for collectors like Aldrovandi 
could the ¡mrien\ [l'xt!! ~till provide? And what material form would the 
mu~eum~ takl'? 

It i~ /!oml'whnl ironlr (1111 hOllll,h Hcnrcc\y surprising) lhat the general 
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response by museum-makers to the new worlds discovered to Europe in 
the sixteenth century was one of assimilation to existing cognitive models. 
Master narra ti ves of world rustory and human hi5tory, rooted in the Bible, 
continued to be used in attempts to fit newly-discovered peoples into a 
pre-existing understanding of human origins and dispersal on the earth. 
Were the peoples of the Americas related to the Lost Tribes of Israel? How 
were they related to Noah's sons, who had repopulated the world after the 
great Flood? Or were they (a rare, because heretical, option) descendants 
of people who had lived before Adam, separated from the main Une of 
biblical genealogy? In much the same way, natural historians did not 
usually regard their new subjects as violating c1assical norms: new plants 
and animals were still dealt with using the ancient models. Of these, the 
most congenial was that provided by the first-century Roman writer Pliny 
the Elder in hi5 work Natural History. This text had the advantage of failing 
to be very systematic at aH, so that it set up few generalizations that 
new discoveries might violate. lnstead, it pTovided a model for how to 
talk about new spedes¡ how to describe them, including discussion of 
such matters as their cultural or emblematic meanings and their practica) 
uses. 

The chief French institution devoted to natural history was the Jardin du 
Roi ("King's Garden," also called the Jardin des Plantes) in Paris. lt was 
founded during Ihe first half of the seventeenth century, and followed the 
pattern of the ltalian botanica) gardens - that is, it was originalIy designed 
for medical purposes. The first French emulation of the Hallan bolanica) 
gardens, with their pubLic university affiliations, had been the establish­
ment of a garden at Montpellier in 1593 by the French king at the time, 
Henri IV. lts Parisian counterpart was created, against constant criticism 
from the Faculty of Medicine, through the endeavours of Guy de La Brosse, 
a physician to Louis XIII. (The main royal edict for its foundation was 
issued in 1635.) Like its ItaJian forebears, the Jardin du Roi was intended to 
preserve and propaga te a wide variety of plants for their medicinal uses, 
and from a scholarly perspective its mission was also to take account of the 
)arge number of medicina) herbs that had not been discussed by the ancient 
Greek botanist Dioscorides - either beca use they were restricted to north­
ern Europe, or because they carne from the New World. As with the 
examp)e of Pliny, however, that oí Dioscorides was nol discredited by the 
novelties: what mighl appear as shortcomings were usually treated simply 
as ca lis for further emulation. Sínce Guy de La Brosse was a1so a champion 
of the new, and unorthodox, chemica) remedies that had been promoted 
during the sixteenth century by Paracelsus, the Jardin was also equipped 
with a chemical )aboratory. 

The Jardín du Roi's firsl published catalogue, in 1636, record s a stock of 
more than 1800 different p)ants. This )arge numbcr indica tes the practica) 
difficulties oi taxonomic management thnt Wl'rt' bl'¡.;inning to engulf Euro­
pean botimy, élnd thnt wOllld ll'ild by llll' l'nd of 1I1l' S('Vl'lltt'l'nth l'l'nlury lo 
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r:i¡';lIn: 6.4 A bOlan;cal illuslration of c1over, from John Ray's Synopsis Methodica Stir­
pillm Brit~nnicarum (1s1 edn, 1690; il/us, in 3rd edn, 1724), showing both nnluralistic 
1'I'}'l'l'sl'IIll/liol/ III11J taxlJllOmicaJly s;~nificant characlerislics. 
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the elaborate systems oi such as John Ray in England, or Joseph Pitton de 
Tournefort in France - and by the 1730s to the attempts of the Swede Carl 
Linnaeus. But more was involved in the impact of the New World upon 
botanical practices Ihan the increase in the nurnher of things to be known. 
First of aH, it is important to notice that the very means of coHection had 
changed: it was in sixteenth-century ltaly that Aldrovandi and other 
botanists first began to collect actual specimens of plants, rather than simply 
describing them in situ. This was essential to the notion of natural histori­
cal knowledge as being centred on collections of specimens brought from 
many diHerent locations. lt also shaped the classification of plants: names 
could be arranged even more easily than specimens into taxonomic systems 
that were universal; that applied everywhere. 

There was also a psychic impacto Comparisons between the extension of 
natural knowledge and the growth of geographical knowledge, of the sort 
often made by Francis Bacon, transformed perceptions of the natural world. 
In the 1630s the Dutch diplomat Constantijn Huygens, father of the 
physico-mathematician Christiaan Huygens, wrole the following concern­
ing the use of magnifying lenses: 

And discerning everything with our eyes as if we were touching it with 
our hands, we wander through a world of tiny creatures, till now 
unknown, as if it were a newly discovered continent of our globe.26 

This is a conception of the natural world as a vast field for investigation, 
in which horizons enlarge the further we go. The institutional results of 
such a perception may be seen in a variety of European countries. Bacon's 
own vision of natural philosophy as discovery had started, as we have seen, 
in the 1590s with his proposal to Queen Elizabeth for the establishment of 
a botanical garden, amongst other things, as part of a national research 
enterprise.27 In ltaly, the Accadernia dei Lincei bore a name that stressed 
much the same perceptual image as that expressed, more literally, by 
Constantijn Huygens. 

The opening and expansion of the world that was associated with the 
geographical discoveries of the fifteenth and síxteenth centuries thereby 
stimulated the development of institutions dedicated to the pursuit of 
cumulative knowledge of the natural world: in a word, to the noHon of 
research. Research implied the existence of things to be found out; and those 
things, as Francis Bacon was foremost in asserting, were matters of practi­
cal value. That practical value might, as Bacon sometimes suggested, have 
as its greatest virtue its capacity to underwrite truth; hut it was also of great 
importance in its own right. Issues of trade, along with improvements in 
industry and agriculture, were at the heart of the attempted reforms made 
in England during the middle decades of the seventeenth century by the 
sdf-styled "Baconian" groups that were echoed after 1660 by the new Royal 
SOCÍl'ty. 
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Research was also inlimately connected to the idea of discovery, and here 
we see an importanl and specific sense of Ihat word: "discovery" meant 
not just the finding out of something previously unknown, whelher a new 
land or a new form of malhematical analysis (to both of which the term 
was applied); it meant taking that piece of knowledge and integrating it 
into a system - the common storehouse of European knowledge - that 
would enable its effective exploitation. That slorehouse was not, however, 
truly common lo a11, beca use an extraordinary degree of organization was 
necessary to command it. By far the most important of the formal inslitu­
tions lhat sought this goal were national governments and their agents. 
Although the Royal Society and, especiaIly, the Academy of Sciences in 
París were among the flISt governmentally established bodies specifically 
devoted to "scientific" concerns, European expansion from the late fifteenth 
century onwards had already been intimately related lo scientific matters. 
Those matters had simply been cloaked under other names, such as trade, 
diplomacy, and colonizalion. All participaled in the same European global 
networks. 



Chapter Seven 
Experiment: How to Learn 
Things about Nature in the 

Seventeenth Centu~ 

1 Reconfiguring experience 

Aristotle had asserted unequivocally that al! knowledge has its origins in 
experience. He was echoed by scholastic Aristotelians, so that the aphorism 
"there is nothing in the mind which was not first in the sen ses" became a 
standard philosophical maxim in the later Middle Ages.' Despite this fact, 
many non-Aristotelian philosophers in the seventeenth century had taken 
to criticizing the approaches to learning about nature that were promul­
gated by scholastic learning for ignoríng the lessons of the senses. Francis 
Bacon was but one among many in his stated view that Aristotle "did not 
properly consult experience ... ; after making his decisions arbitrarily, he 
parades experience around, distorted to suit his opinions, a captive."2 
Bacon's became a common view: Aristotelian philosophy was commonly 
represented during the century as being obsessed with logic and verbal 
subtleties, reluctant to grapple with things themselves as encountered 
through the senses. The rhetoric of the Baconian Royal Society carne equally 
to incorpora te such a picture of Aristotelianism, its spokesmen making 
frequent remarks dismissive of scholastic obsession ,"vith words instead of 
things. 

Galileo too, among many others, had attempted to dramatize what he 
saw as the emptiness of the official school philosophy. In Galileo's Dialogo 
of 1632, Simplicio (the Aristotelian character) at one point purports to 
explain why bodies fall by reference to their gravity. Salviati, who speaks 
for Galileo, replies by ridiculing the use of a word as an explanation. What 
is it that moves earthly things downwards? "The cause oí this effect," says 
Simplicio, "is well known; everybody is aware that it is gravity." "You are 
wrong, Simplicio; what you ought to say is that everyone knows Ihat it is 
called 'gravity.' What 1 am asking you for is not the name of the thing, but 
its l'HSl'nCt', of which l'sscnce yOl1 know not a bit more than you know abont 
lI1l' 1'.~Sl'l\n' of wh<lll'Vl'r 1ll11VI'S 111l' stars ilround.'" 

LII 
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Why was Aristotle's natural philosophy assodated by ils critics with a 
neglect of the lessons of experience and the favouring of empty words? The 
answers to this question will illuminate just what the new emphasis on 
experimental knowledge meant in the seventeenth century. As we saw in 
Chapter 1, section 1, Aristotle's philosophy was centrally aboul under­
standing rather than discovery. Aristotle, while in practice very interested 
in empírical facts of ali kínds (as found especialiy in his zoologícal writ­
ings), wanled aboye a11 lo solve the problem of how we are lo understand 
ourselves and the world around uso Thus, in his more abstract philosophi­
cal writings, such as the Metaphysics, or in his logícal writings, the specific 
lessons of the senses are largely sidelined in favour of analyses of how to 
argue, how to understand, and in what terms we must make sense of our 
experiences. In the Posterior Analytics especially, Aristotle attempts to show 
how an ideal science should be structured so that it would be able to 
account for empirical truths; the acquisition of those truths was not cen­
trally at issue, and neither were any particular such truths themse1 ves. Thus 
when Aristotle's followers considered what Aristotelian natural science 
should look like, the model that they examined was one in which empíri­
cally acquired truths were taken as given, with only Iheir explanation being 
the truly important task. In a sense, therefore, an Aristotelian world was 
not one in which there were countless new things to be discovered; instead, 
it was one in which there were countless things, mostly already known, left 
to be explained.4 That Aristotle himself does not seem to ha ve believed this 
is beside the point; it was nonetheless the lesson that his scholastic follow­
ers in medieval and early-modem Europe tended to draw from those of his 
writings that they found most interesting and most teachable. 

The typical expression of empirical fact for such an AristoteJian was one 
that summed up sorne aspect of how the world works. "Heavy bodies fal!" 
is a typicaJ example: it was a statement that acted as an unquestioned 
reference-point in a network oi explanations that involved such things as 
the terrestrial elements and their natural motions, final causes, and the 
struclure of the cosmos.5 Such statements appeared in already generalized 
form, rather than in the forrn of singular experiences referring to histori­
cally specific events. One did not say "this heavy body fel! when 1 dropped 
it"; one simply said that all heavy bodies always fall - that is how nature 
behaves. In the absence of the reported particular, no room was left for the 
denial or affirmation of a universal claim about how all heavy bodies 
behave. The assumption was that everyone, from everyday experience, 
already knows it to be true. The philosopher's job, according to Arístotle, 
was to show why it was true. This was a malter of giving appropriate causal 
explanations that would, in the ideal case, show why the fact to be 
explained was necessarily true given the attendant circumstances. Needless 
to say, ideal cases were seldorn, if ever, met with. 

Understanding the sway, in early-rnodem Europe, of Aristotelian ways 
of forrnulating such qucHtionH involvt'll sl'l'Íng how l'Vl'l1 tlw lTIost strongly 
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Figure 7.1 Galileo's use of lhe inclined plane lo slow down lhe acceleration of free-fall, thus 
making il easier lo measure. 

anti-scholastic oi philosophers could still take those ways ior granted, 
as foundational aspects oI their thought. For example, the dominant 
scholastic-Aristotelian way of conceptualizing and handling experience 
forms the backdrop to Galileo's famous work on the fall oí heavy bodies, 
finally published in the Discorsi of 1638 although reflecting work largely 
completed by 1609.6 Galileo tries at one point to establish the truth oi his 
claimed experience that a falling body accelerates as it descends, its dis­
tance from the place of release increasing in dírect proportion to the time 
elapsed. Trus experience takes the form of a standard Aristotelian general­
ization, describing how things behave in nature; Galileo does not describe 
a specific experiment or set of experiments carried out at a particular time, 
together with a detailed quantitative record of the outcomes. Instead, he 
simply says that, using apparatus of a kind carefully specified, he had 
found that the results of rolling balls down an incline and timing their 
passage yielded results that agreed exactly with his expectations, in trials 
repeated "a full hundred times." Thís last phrase (found frequently, in 
various forrns, in contemporary scholastic writings) means, in effect, 
"countless times." Galileo wished to persuade rus readers that the results 
amounted to common experience. Bis problem, however, was that the par­
ticular experience that he wished his readers to accept was not in fact one 
that is well known and familiar. 

The subsequent rise to dominance oí reported experimental events as the 
foundations of scientific argurnents would be attended by just these diffi­
culties. When a natural phenomenon was well known, ít could be adduced 
as part of natural philosophical reasoning with no difficulty, because no 
one would be likely to contest it. But if the phenomenon were not well 
known, and instead brought to light only through careful and unusual 
experimentation, how could the natural philosopher make it acceptable for 
use in creating philosophical explanations? Galileo wished to have his 
rcadern bt'lieve lhat thingH behnved in nnture just as Iw said they did. He 
l'Iluld not rcly on hlH fl'odl'rH oln'ndy lwlnp; dIHf'otll'd lo nú'''pt \111' \rllth of 
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the foundational natural behaviours Ihat he discussed (uniform accelera­
tion in fall), bul al the same time he could not allow the matter to rest on 
nothing more than his say-so. Sorne people might have been prepared to 
accept his claims on the basis of his own personal and institutional author­
ity, but that would not ha ve made his arguments scientífic. Galileo always 
adhered to a model of scientific demonstration that carne straight from 
Aristotle: a true scienlific explanation should be demonstrative, like the 
proofs of mathematics, and, like the mathematical theorems of Eudid, 
proceed on the basis of simple statements that all could accept as troe at 
the outset. Eudid had employed starting points such as "when equals are 
subtracted from equals, the remainders are equal"; they were intended to 
be so intuitively obvious that no one could in good conscience deny Ihem. 
When Aristotelian natural philosophers made arguments on the basis of 
empirical principies, such as "the sun rises in the east," or "heavy bodies 
faH," they too relied on the practical undeniability of such truths; everyone 
could be relied upon to accept them.7 Experimental results, however, lacked 
Ihat kind of obviousness, which is why Galileo attempted, in the presenl 
case, lo Tender them as routine as possible as quickIy as possible. CIaiming 
results Ihat accrued from trials repeated "a full hundred times" was a way 
of saying "things always behave in Ihis way," and hoping that the reader 
would believe it. 

René Descartes conironted similar problems. Like Galileo, Descartes 
finessed the problem of trust by refusing to acknowledge il as an issue. In 
the Discourse on the Method (1637), he invites other people to assist in his 
work by contributing "towards the expenses of the observations [expéri­
ences, which also means "experiments"l Ihat he would need:,a It was pre­
cisely the fecundity of his explanatory principIes that required experiments, 
beca use, as Descartes himself said, for any given natural phenomenon he 
could usually imagine more than one possible explanation. Experiments 
were therefore required to determine which of them might be the troe 
one. Descartes wanted to do all the actual work himself beca use, he says, 
receiving information about phenomena from other people would typically 
yield only prejudiced or confused accounts. He wanted to make the requi­
site experiences himse1f er e1se pay artisans to do them (since the incentive 
of financial gain would ensure that the artisans weuld do exactly what 
fuey were lold). Descartes was intent onIy on convincing himself. He 
sidestepped the problem of trust by adopting a supreme selfishness: what 
convinced him should be good enough for anyone and everyone. 

n Mathematical experimentation 

These were issues that needed especial confrontation in the mathematical 
sciences. As various kinds of "physico-mathematics" sprang up in the 
course of the seventeenth century, the methodological impetus that had 
driven the emergl'net' of tlw t'¡¡k~ory Hl'rV<'tj illHo lo l'mphnsizl' di(fil'lIllil'S 
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relating to experimental procedures.· The mixed mathematieal seienees had 
often, sinee their ancient inception, involved the use of speeially made 
apparatus to investigate natural behaviours tha! were not obvious from 
everyday experienee. Thus astronomy used spedalized sighting instru­
ments for measuring precise positions of bodies in the heavens (well before 
the appearance of the telescope, an additional instrumental resource, in the 
seventeenth eentury). Optics used spedal devkes for measuring angles in 
reflection and refraetion. Ptolemy had written important treatises, the 
Almagest and the Oplics, in both sciences, and he detailed the apparatus that 
was required for the proper conduet of work in eaeh. The eleventh-century 
Islamic philosopher known in Latin Europe as Alhazen had wlitten the 
most important oplical treanse used in Europe prior to Kepler's studies, 
and he too detailed the makeup and use of optical apparatus. 1O As a result, 
the tradition of mathematieal seienees practised by seventeenth-century 
Europeans in volved them by its very nature in questions concerning the 
vaJidation of artificially generated experienee - experience that was not 
generally known. 

Consequently, the ideal of an Aristotelian science, wherein the phe­
nomena to be explained were taken as established from the outset, did 
not in these cases apply. The issue became especially pressing by the 
beginning of the seventeenth century among people sueh as the Jesuit 
mathematicians, who wanted to show that the mathematkal disciplines 
were genuine sciences aceording to Aristotelian criteria Oike Galileo, they 
were coneerned about their status as mathematicians vis-a-vis the natural 
philosophers). Experimental apparatus gave them trouble beca use of its 
unobviousness. 

Galileo's was a popular solution to this problem among mathematidans. 
Thus }esuit mathematical sdentists, sueh as the astronomer Giambattista 
Riccioli, reported experiments that involved dropping weights from the 
tops of ehureh towers to determine their aeceleration. While, unlike Galileo, 
Riecioli gave places, dates, and names of witnesses to underwrite his nar­
ratives, the way he used those narratives was always to turn them into 
authoritative assertions of how sueh matters always turn out. Another, espe­
cially famous, example of this presentational trick took place in 1648. The 
mathematician Blaise Pascal, perhaps best known for the famous "Pascal's 
Triangle," wrote from París to hi5 brother-in-Iaw, Florin Périer, in the 
Auvergne distriet of provincial France, requesting him to carry out an 
experiment. Pascal asked him to carry a mercury barometer up a nearby 
mountain, the Puy-de-Dóme, in order to see whether the mercury's height 
in the glass tube would change as the trial was condueted at different alti­
tudes. Pascal hoped and expected that it would, beca use he was eonvineed 
thnt it wa~ the prl'ssure of the (lir thM sustains th(' column of mercury in 
L111' tllbt', imd thtll air-pn.'ssurt' dt'l'reasl!s th(' hi~lwr une gOl'S.1I The apP(l­
milis WilH iLSt'lf IHlVt'l, ImvlllH bt'('1l d('vl~('d In Lh(' 1ó40fi In ¡¡Iment'(' by 
1':vllnHI'IIHln 'lhrrkt'111. who hn,I Iwl'll 11 pml~H(I of (;nllk~I'PI In tlll' Intll'r'fi 
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Figure 7.2 Torricelli's experiment, in a varíant by Blaise Pascal. The double arrangement 
;5 ;ntended lo demonstrate ¡hat the mercury is ;ndeed supported by Ihe pressure of ¡he airo 

last years. Like Pascal, Torricelli aseribed the phenomenon to the weight, 
or pressure oi the air (disputes also existed over whieh oi the two, weight 
or pressure, was the eorreet way to speak oí these matters). 

Pascal published a narrative aeeount oi the experiment not long after­
wards, a report written by Périer with Paseal's introduetion and commen­
tary. Périer pro vides a detailed aceount oi his aseent and deseent oi the 
mountain, in the company of named witnesses, and reeords the height of 
the mereury that was found eaeh time the apparatus was set up at various 
stops along the way. At the end oi the story, which indeed showed that the 
mercury stood lower in the tube the higher up the mountain it was 
measured, Pascal proceeds to tUfns Périer's narrative into the keystone of 
a universal philosophical truth. First of aH, Pascal uses Périer's results to 
produce a quantitative correlation oi change in height of mercury with 
change in altitude, already taking it for granted that what Périer had 
recorded held true of aH such measurements. Pascal then predicts the 
smaller changes in mereury height to be expected if similar apparatus were 
to be lifted up from the ground to the much lower elevations provided by 
ehurch towers found in Pnris - él mon' ev(~rydny Hdting tbnn thM of 1'('ril~r'H 
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elabora te exploit. Finally, having made specific numerical predictions of the 
changes to be expected, Pascal then asserts that actual trials confirm the 
predictions. Like Galileo with his inclined-plane experiments on falling 
bodies, Pascal gives no details or particularities of these ecclesiastical ex­
periments; they just agree with expectations, as good natural regularities 
should. 

The two central difficulties raised up by experimental procedures, that 
of establishing trust in experimental narratives and that of establishing uni­
versality, or representativeness, for specific experimental outcomes, thus 
demanded answers with especial urgency in the mathematical sciences 
because these sciences often sought out unusual or unobvious phenomena. 
Opinions differed on what would happen to the height of mercury in the 
glass tube at increasing altitude, before Pascal's brother-in-Iaw ascended 
the Puy-de-Dóme in an attempt to answer the question - a question that 
did not already possess a generally accepted answer. The mathematical sci­
ences (which subsumed the work of Pascal and others on mercury barom­
eters) provided their practitioners with specialized knowledge that was 
hard to use as the basis for a demonstrative science because it was not 
rooted in universaIly accepted experience. Somehow, therefore, specialized 
knowledge had to be made into common knowledge. A frequent recourse 
for astronomers and other kinds of mathematicians was to rely on their 
individual reputations as reliable truth-tellers. In many cases (such as that 
of the Jesuit mathematicians), corporate reputations could also be drawn 
upon: professorships in universities and coIleges, or, as in Galileo's case, 
association with powerful sources of patronage, could lend subtle weight 
to empírical claims: challenge the result and you were challenging the insti­
tution that implicitly certified it. 

Astronomers, however, had additional, more concrete ways of bolstering 
their claims. This is because, traditionaIly, astronomers did not as a rule 
publish their raw astronornical data. They did not present lists of observa­
tional results, such as measurements of planetary positions, which would 
then have required acceptance based solely on the astronomer's authority 
(unless, extraordinarily, similar measurements had been made by others 
at exactly the same times).12 Instead, astronomers used their raw data 
to generate predictive tables of planetary, solar, or lunar positions, using 
geometrical models designed to mimic apparent celestial motions. This 
work was presented in such a way as to efface any formal distinction 
between observational astronomy (writing down the numbers that were 
measured using observational instruments) and those parts of the enter­
prise centred on the calculation of predictive tables from geometrical models 
- models that were themselvcs initialIy justified by their correspondence to 
the data. 

This latter work WilH tlw pnrt thilt mighl lw dl'l'n1l'd sllitabll' fOf publi­
c:atillll, but 110t tlll' forn1l'r. Tlw pn'dkllvl' Inbh'H, rnll11'r Ihnll 1IH' orif\lnil] 
rnw dnlo, Ill'rVl'd n~ llw /1It/1/1r wllrmnl ror 1111' ~OtldlH'tlN of 11ll' 1llo~h'lH fflllll 
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whieh they were eomputed, sinee anyone could check at any time to see 
how aeeurate those preclictions were. In the sixteenth eentury, after aH, 
Nicolaus Copernicus's reputation as an astronomer rested on his math­
ematical abilities, not his presumed competence as an observer; 
astronomers were mathematicians. Later on in the century, Tycho Brahe, 
although famous as an indefatigable observer, clid not publish his vast 
accumulation of observational results; instead, he published mathematical 
treatments, employing his observational data, of such things as the paths 
of comets, or of bis new earth-centred astronomical system. Tyeho hired 
Johannes Kepler to compute a more accurate model for the motion of Mars 
on the basis of his raw data, without at the same time allowing Kepler free 
access to his complete observational records. These records were so far from 
public that Kepler himself had great difficulty in gaining control of them 
from Tycho's widow following Tycho's death. 

"Experimentation" in the mathematical sciences, then, caUed on prob­
lems related both to trust and to the meaning of results re1ating to specific 
times and places. Astronornlcal practiee already addressed such difficul­
ties, as well as potential problems relating to the use of instrumentation in 
gathering data. In the latter case, instrumentation and apparatus, while 
usual for the mathematical sciences, were more problema tic for areas of 
inquiry related to qualitative sciences. Francis Bacon's refusal to accept the 
legitimacy of a distinetion between natural and artificial processes (as 
processes produced with artificial apparatus would be) thus plays an 
important role in the rhetorie, logic, and praetice of experimental scienee 
in the seventeenth eentury.13 

nI "Baconian" experimentation 

As wesaw in the previous chapter, Bacon's writings were used as an impor­
tant resource for justifying experimental investigations, especially by the 
Royal Society of London. Bacon' s own position on experiment as a scien­
tjfie tool is, however, more ambiguous than it at first appears. 

Bacon, like Aristotle, stressed the importance of experience in learning 
the ways of nature. The examples that Bacon used to illustrate a proper use 
of deliberately eontrived experience in making (bis kind oD natural philo­
sophical knowledge show exactly the same features of generality, or uni­
versality, that characterize the writings of scholastic philosophers. In Book 
JI of the New Organon (1620), Bacon presents two worked examples of his 
new logic oi investigation (usually referred to as his "method," although 
he never called it that). One of these examples eoncerns the nature of heat: 
among the listed "Instances meeting in the nature of heat" we find "the 
sun's rays, especially in summer and at noon"; "sol id s on tire"; "quicklime 
sprinkled with water"; and "horse shit, and similar exercment, whcn 
fresh." 1·1 Notiee how every one (Jf these is an assertiüll of il gl'neral trulh 
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applying to every case of each "instance"; Bacon evidently sees no need to 
adduce specific observations. Trus (in its own context, unremarkable) habit 
is seen again when he refers to sorne instances of variation in the degrees 
of heat found in varying circumstances. In giving examples, Bacon some­
times proposes tests the outcomes of which he already knows: 

Try an experiment with buming glasses in which (as 1 recal!) the fol­
lowing happens: if a buming glass is placed (for exarnple) at a distance 
of a span [i.e. nine inches] frorn a combustible object, it does not burn or 
consume as much as if it is placed at a distance of (for example) a half­
span, and is slowly and by degrees withdrawn to the distance of a span. 
The cone and the focus of the rays are the same, but the actual motion 
intensifies the effect of the heat. 15 

The universality of this description of an experirnent is part of its very 
effectiveness. By describing a trial the outcome of which Bacon claims to 
know, frem the warrant of personal experience ("as 1 recall"), he tells the 
reader about something that happens in nature without actually tying it 
down lo a specific event, an occasion on which this was tried with this 
outcome. Presenting experience in such a manner served to bypass, at least 
rhetorically, the difficulties that would arise if Bacon's argument had 
depended on taking his word for an historical event that lacked corrobo­
rating witnesses (recalJ, too, that Bacon was a lawyer). By telling you what 
happens rather Ihan what happened, and by giving an account in the forro of 
instructions as to what to do to produce this claimed effect, Bacon can crea te 
the illusion of having revealed to his reader a fact about the natural world, 
one that can then be used to undergird a philosophical argument about the 
nature of heat. 

The form oi "Baconianism" adopted, or asserted, or claimed, by the 
Fellows of the early Royal Society was one centred on the notion oi utility 
rather than of experimento Although the early Royal Society is often 
regarded as a bastion of experimentalisrn, the kind of experimentalism that 
it practised was difierent from that of Bacon, in the same way that it was 
diHerent from Aristotle's. Where the hallmark of Aristotle's, or Bacon's, 
kind of scientific experience was the universal generalization, the attempt 
to appeal to common experience, the hallmark of the Royal Society's was 
the particular event. When a Fellow of the Royal Society told his audience 
about an experiment, he did not usually provide a recipe that purportedly 
revealed a regular feature of the world, as Bacon might have done. Instead, 
he typically lold a story about an event that had happened in the past, lo 
him, at a specific time and place. He did not, that is, make an irnmediale 
jump from a particular personal experience to an account of how sorne 
aspcct of llature habitunlly bchaves. 

Hl'rc is a lluitl' lypirnl ('xnmph' fmm lhe writin~s of Robert BoyJe: 
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We took an open-mouthed glass, such as some call jars, and ladies ofien 
use to keep sweetmeats in, which was three inches and a half, or better 
in diameter, and somewhat less in depth, and had the figure of its cavity 
cylindrical enough. lnto this having put sorne water to cover the protu­
berance wont to be at the bottom of such glasses, we too k a convenient 
quantity of bees-wax, and having just melted it, we poured it cautiously 
into the glass, warmed before-hand to prevent its cracking, till ít reached 
to a convenient height. '6 

And so the account continues, circumstantially and with considerable 
detail, describing an experiment that was in tended to refute sorne critícisms 
levelled against Boyle's earlier experimental work by Henry More. Boyle's 
expositíon concludes in similar style: 11 And lastly, we took off by degrees 
the grain weights that we had put on, till we saw the wax, notwithstand­
ing the adhering lead, rise, by degrees, to the top of the water, aboye which 
sorne part of it was visibly extant:¡J7 

This style is quite standard for Royal Society publications, ineluding arti­
eles in its unofficial ¡ouma\, the Philosophical Transactions . The style went 
along with a determination on the part of the Fellows to steer clear of specu­
latíon or hypothesis, in favour of reporting solid facts. The purpose of 
such an ethic was not to prevent anyone from making conjectures about 
natural phenomena and their causes, but to avoid the appearance of a dog­
matic adherence to any particular hypothesis on the part of the Society 
itself. Thus the Society's Curator of Experiments, Robert Hooke, wrote to 
the Society at the start of his Micrographia (1665), that in the book 

there rnay perhaps be some Expressions, which may seem more positive 
then [sic] YOUR Prescriptions will permit: And though 1 desire to have 
them understood only as Conjectures and Quceries (which YOUR Method 
does not altogether disallow) yet if even in those l have exceeded, 'tis tit 
that 1 should declare, that it was not done by YOUR directions. IB 

And like Hooke himself, Boyle and other Fellows typically couched such 
cautious explanations in the terms of corpuseles and their behaviour. 

The Royal Society used talk of a Baconian eschewal of hypotheses (which 
Bacon had decried as "Anticipations of Nature") to retain the integrity of 
its enterprise: their work was to rely on building up solid accumulations 
of facts. For this purpose, the partícularities of reported, historical experi­
ments, with no positive guarantee that attempted replications would be 
successfu\, were the sirnplest and safest things to discuss. The work of 
building up reliable theories to subsume and explain those facts was not 
thereby abandoned, but Boyle and others often spoke of that following 
stage oí their work as residing in the future, to be tackled only when 
enough solid facts had been accumulated. 

The approach of the Royal Socicty was not lo Ihe likin¡; of n\l nnturnl 
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philosophers in this perlod, even in England. One of the fiercest critics of 
the Society was the philosopher Thomas Hobbes, later best known for his 
polítical philosophy. Hobbes had served as a secretary to Francis Bacon 
towards the end of the latter's life, yet despite this personal history, he was 
dismissive and scornful of the kind of "experimental philosophy" advo­
cated and practised by Robert Boyle and his kind. Hobbes's reasons for this 
came out most strongly in his critique of Boyle's experiments with air­
pumps, in which Boyle had conducted and written about the behaviour 
and properties of the space left inside an air-pump "receiver" (the glass 
globe from which the air was pumped). Hobbes poured scorn on Boyle's 
contention that he had, in these trials, removed practically aH the air from 
the receiver, and in so doing, Hobbes also denigrated the value of such 
experimental investigation in general. 

Hobbes's central objection was that the performance of experiments was 
not philosophical. Knowledge about nature was supposed to be natural phi­
losophy, after a11, and yet the kind of knowledge proposed by Boyle and 
others iailed to achieve the universality and necessity that true scientific 
explanations by definition required. In this, in other words, Hobbes 
remained wedded to the Aristotelian understanding of what made a true 
science. Boyle spoke about experiments as historical events, whereas 
Hobbes wanted to produce demonstrations that would prove their con­
c1usions with necessity, like mathematical demonstrations. Furthermore, 
Boyle's air-pump experirnents consisted oi trials conducted using compli­
cated apparatus; why, Hobbes wanted to know, would you examine the 
behaviour oi complex situations before you could make sense of simple, 
everyday ones? 

Boyle emphasized experiment as the best way to make knowledge of 
nature that wouId command general assent. Everyone would be able to see 
for themselves that what was c1aimed was actually true. Hobbes objected 
that the kind of knowledge that this represented failed to yield explanations 
for natural phenomena. At best, Boyle could display natural behaviours to 
which everyone might assent, but there was no way in experimental work 
to demonstrate what the causes of those behaviours must be. Hobbes 
stressed the point that, whatever interpretation Boyle might provide for one 
oi lús phenomena, Hobbes could always come up with several different 
ones, each as líkely as Boyle's. Hypothetical explanations were easy to 
make, but, for Hobbes, they were not sufficient to make a true natural phi­
losophy, and he accused Boyle of asserting the eXÍstence of a vacuum 
(which Hobbes denied to be possible) on insufficient grounds: 

The science of every subject is derived from a precognition of the causes, 
generation, and construction of thesame; and consequently where the 
causes are known, there is place for demonstration, but not where the 
causes Aft' to I-Il,t'k foro Gl'oml'try tlll'rdorc iB demol1strable, for the Unes 
¡)nd fip,un'l'¡ from whil'h WI' rt'I1HI1I11lrl' drnwn Illlli dl'lKrilwd by oursdvt,s; 
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and civil philosophy is demonstrable, because we make the common­
wea1th ourselves. But beca use of natural bodies we know not the con­
struction, but seek it from the effects, there lies no demonstration of what 
the causes be we seek for, but only of what they may be.19 

Consequently, for Hobbes, the best that couId be done in natural philoso­
phy was to postulate possible causes (he favoured mechanical ones) that 
were capable of explaining the observed phenomena; but the truth of those 
causes could never be demonstrated. 

Boyle, like most of the leading Fellows of the Royal Society, was himself 
cautious about hypotheses. His care to avoid dogmatic talk or to ascribe 
causal explanations in his work led him, for example, to refuse to speak 
positively on whether the action of the air-pump created a true vacuum in 
the receiver; that is, whether the space became truly empty. Instead, he 
spoke of the removal of the "ordinary air," leaving open the possibility that 
there might be some weightless, undetectable, aetherial medium still 
present. Boyle used the word "vacuum" to refer to the space inside the 
receiver when once it was emptied of air, but he made it dear that this 
operational vacuum was not to be confused with a "metaphysical," true 
vacuum. Whether a true vacuum existed was a question on which he 
refused to pronounce, Hobbes's charges to the contrary notwithstanding. 

Furthermore, Hobbes's own infatuation with the mathematical, demon­
sh-ative model of science was not one from which Boyle radically departed, 
insofar as this generally accepted ideal could be applied. As he wrote 
regarding work on buoyancy and displacement, "it is manifested by hydro­
staticians after Archimedes, that in water, those parts that are most pressed, 
will thrust out of place those that are less pressed; which both agrees with 
the common apprehension of men, and might, if needful, be confirmed by 
experiments."20 Thus, in establishing for practical purposes the truth of this 
hydrostatical principie, Boyle was as ready to use "the common appre­
hension of men" as his starting point as was Aristotle, or Eudid. Experi­
mental confirmation was simply something that was available "if needfuI." 
But in matters that were novel and unobvious, special experimental con­
trivances and their disciplined management were central to Boyle's view 
of how to learn things about nature.21 

The Saggi of fue Accademia del Cimento, published in 1667, were 
subsequently translated into English by another Fellow of the Royal 
Society, Richard Waller, and published in 1684 as Essayes of Natural Experi­
ments. The anonymity and recipe-like generality of many of the Saggi's 
experimental accounts are somewhat reminiscent of the impersonal recipes 
by which instruments and their proper uses were often described in 
mathematical treatises of astronomy or optics; but the first-person (albeit 
unnamed), circumstantial accounts of the conduct of very many of the 
experiments suited perfectly lhe model adhcrcd lo by llw Royol Socicty. 
For eXilmplc: 
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To throw sorne light on the question, whether the cooling of a body 
results from the entry of sorne kind of spedal atoms of cald, just as it is 
believed that it is heated by atoros of fue, we had two equal glass flasks 
made, with their necks drawn out extremely fine. These were sealed 
with the flame, and we placed one in ice and the other in hot water, 
where we let them stand for sorne time. Then, breaking the neck of each 
under water, we observed that a superabundance of matter had pene­
trated the hot one, blowing vigorously out of the flask. ... It seemed to 
sorne of us that the same thíng should have occurred when the cold one 
was opened, should the cooling of the aír in it have proceeded in the 
same way ... Le., by the intrusion or packing in of cold atoms blown by 
the ice through the invisible passages of the glass. But it turned out quite 
the other wayY 

The centrality of experiments and experimental reports to the business 
of the early Royal Society resonates awkwardly, therefore, with the work 
of one of the Society's most celebrated members, Isaac Newton. Newton 
was a university mathematician, from 1669 the successor to Isaac Barrow 
as Lucasian Professor of Mathematics in the Uníversity of Cambridge, and 
aman who first carne to the Society's collective attention in 1671. He was 
already familiar with the Royal Society and its work, having studied, 
among other things, volumes of the Philosophical Transactions in the 1660s. 
Newton evidently wanted to become associated with the group, and to that 
end sent them a small reflectíng telescope of his own design and manu­
facture. The Fellows rewarded the young Cambridge mathematidan with 
an election to the fellowship. Encouraged, Newton soon afterwards sent to 
Henry Oldenburg, in the latler's guise as the Society's secretary, a letter 
describing for the Royal Society sorne oi his studies on optics thal related 
to the ideas behind the telescope that he had sent them. 

Thís letler was not long after published in the Philosophical Transactions 
as "A Letler of Mr. Isaac Newton, Professor of Mathematics in the Uni­
versity of Cambridge; Containing His New Theory About Light and 
Colours."23 One of the many features of this celebrated paper i5 its use of 
a particularistic, event-focu5ed experimental formal lo present material 
that would normally have fallen under the heading of the mathematical 
science of optics. Thus Newton begins by tellíng a slory about events that 
had transpired back in 1666. He tells of how he had, for no good reason, 
got hímself a glass prism, and used it to cast a spectrum generated from 
the rays of the sun projected through a hale in the shutlers of a darkened 
room. (Newton was not the first to play with prisros in an optical investi­
gation; Descartes had used one in his essay "Dioptrics," for instance.) 
He says that he was "surprised" by the oblong shape of the spectral band 
of colours, "which accordin~ lo the received laws of refraction, 1 expected 
would have O(·(.'n circular," 4 The length of the spectrum was, he says, 
flve time/! ilH bn'ndth, "n ditlpl'llportion so ~'xtravagant, that it l'xcited me 
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to a more than ordinary curiosity oi examining from whence it might 
proceed."2S Newton's historical account of what happened, and what he 
did, leads the reader towards a general conclusion that the light from the 
sun spreads out into a band when refracted through a prism because it 
is composed of "difform rays, some of which are more refrangible [i.e. 
"able to be refracted"] than others: so that of those, which are alike 
incident on the same medium, some shall be more refracted than others, 
and that not by any virtue of the glass, or other external cause, but from a 
predisposition, which every particular ray has to suffer a particular degree 
of refractíon."26 

Furthermore, Newton proceeds to assert, those differing degrees of 
refrangibility correspond to differing colours of the light exhibiting them. 
Those rays which are refracted most exhibit the blue-violet colour charac­
teristic of one extreme of the spectrum, whereas those rays which are 
refracted the least correspond to the red colour visible at the opposite end 
of the spectrum. The refrangibility of each kind of ray is an unalterable 
property, remainíng constant throughout a number of successive refrac­
tíons and reflections; furthermore, the colour associated with any particu­
lar refrangibility of ray is similarly unalterable. Thus Newton could ascribe 
numbers to colours, by characterizing any spectraJ colour in terms of the 
degree oi refrangibility of its rayo 

Newton's optical paper to the Royal Society thus goes out of its way to 
appear non-mathematical. Newton does not pro vide a geometrical diagram 
to assist in hís preliminary exposition of these experiments; instead, he 
presents the first part of the paper as an experiment of the kind he 
knew the Royal Society preferred, an historical account of what he had seen 
and done on a particular occasion in the pasto A shift to a more typical 
mathematical format, in which general conclusions are stated, occurs only 
after the central experimental premises have been laid out in narrative 
form. Fittingly, Newton incorporates into his letter remarks regarding the 
problems caused by the differential refrangibility of light rays for making 
telescopes that will focus light-sources precisely rather than blurring them, 
and explains how he had come to make his reflecting, instead of refracting, 
telescope as a consequence. The practica!, operational, Baconian dimension 
of the new experimental philosophy was an important part of Newton's 
enterprise. 

Newton's own work came to represent a conception of scientific experi­
ence that departed considerably from the old scholastic model, therefore. 
For an Aristotelian philosopher, "experience" was the proper source of 
knowledge about the world's habitual behaviour. For Newton and his la ter 
followers (and see Chapter 8, below), experimental philosophy was now a 
means for interrogating nature that yielded, aboye a11, operational rather 
than essential knowledge - it told you how to do things, rather than what 
something truly was in itseU. Experimentation, as the Royal Society under­
stood it (lnd ¡"lB Newton rcfinC'd it, bec<lml' <In ¡¡pproach lo knowlcdgc that 
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accumulated records oí natural phenomena that owed their general credi­
bility to institutional authority or to the word of appropriate witnesses 
(Boyle's especial technique). 

IV Physiological experimentation 

William Harvey's investigations show once more the importan ce of the 
accepted, broadly Aristotelian framework for experimental studies in this 
period, as well as the specific difficulties of experimental study in physiol­
ogy. His work also further indicates the kinds of practical means available 
for dealing with problems of credibility. 

Harvey's De motu cordis of 1628 had opened, as we saw in the previous 
chapter, with two dedicatory prefaces, one to the king, the other to the 
College of Physicians. The laUer preface did sorne important work for 
Harvey, because he was proposing a view of the behaviour of the heart and 
blood that flew in the face of long-accepted Galenic teaching. Galen (like 
Aristotle) had taught that the heart is a kind of repository for the blood, 
which is communicated out to the rest of the body through the network of 
blood vessels. Galen's specific version of this view distinguished between 
the system of the arteries, branchíng out from the leít side of the heart, and 
the system of the veins, which connected to the right side of the heart but 
was regarded as having its "origin" in the liver. Arterial blood carried heat 
and pneuma (a kind of vitality derived from the air in the lungs) out from 
the heart to aH parts of the body. The veins had a different function, that of 
distributing nutrition around the body. Venous blood was created in the 
liver from ingested food, which is why the veins were seen as having their 
origin in the liver. Blood found its way into the arterial system, where it 
served its quite different distributive function, by seepage through pores 
in the wall of the heart. This wall, called the septum, divided the left side 
of the heart from the right, and the pores in the septum were the only means 
of commurucation between the one side and the other that Galen could 
imagine. The beating of the heart helped in expressing blood out from the 
heart, but there was no circulatory pumping. 

Harvey, by contrast, saw the arterial and venous systems as two com­
ponents of a larger circulatory system. Blood was pumped out from the 
left side of the heart through the arteries. The arteries, as they are traced 
out by the anatornist from the heart, branch out and become, as they do so, 
more numerous, smaller, and finer. Harvey held that the ultirnate status of 
these branching arteries was as invisibly small blood vessels that graduaIly 
linked together again to forro the venous system, which served to return 
the blood to the right side of the heart. So blood left the heart through 
the arteries and returned to the heart through the veins. Furthermore, there 
were no pores in the septum. Instead, venous blood found its way to the 
henrt's left side by milking n "pulmonnry transit" from the he«rt'H ri~ht 
~íde through Hpl'dal hloou WHHI'II-i \hl1l mrril'd iI \hrotl~h ll", Hllfl. HI'0I\f\Y 
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tissue of the lungs (with the blood vessels again having subdivided into 
invisible tubelets), before returning through appropriate blood vessels 
from the lungs to the left side of the heart. The fulI circulation then having 
been completed, the blood could thereafter be sent out once again via the 
arteries. 

The "pulmonary transit" was an idea that had already been put forward 
at Harvey's alma mater, the Universíty of Padua, in the later decades of the 
sixteenth century, and was the element of his mature ideas that Harvey had 
presented in his 1616 Lumleian lectures.27 The fuIl, or "general," circulation 
around the body was Harvey's real, and spectacular, innovation. 

Now, this picture was not one that could be demonstrated by simply 
opening a living animal body and looking. Its establishment required 
Harvey to make a large number of experiments on a wide variety of 
animals, from shellfish to human beings, and to elucidate what he saw by 
means of arguments. One of the chief difficulties of the work was in making 
it clear to others that he realIy had seen what he claimed to have seen, and 
that his inferences genuinely followed from that evidence. This is where 
the preface addressed to the College oi Physicians played an important 
role: 

The booklet's [i.e., De motu cordis'] appearance unde! yOU! aegis, ex­
cellent Doctors, makes me more hopeful about the possibility oi an 
unmarred and unscathed outcome for it. For from your number 1 can 
name very many reliable witnesses of almost all those ob5ervations 
which 1 use either to assemble the truth or to refute errors; you 50 
instanced have seen my dissections and have been wont to be conspicu­
ous in attendance upon, and in full agreement with, my ocular demon­
strations of those things fo! the reasonable acceptance oi which 1 here 
again most strongly press.28 

In effect, Harvey was informing potential critics that if they doubted or 
denied his assertions, they would at the same time be doubting or denying 
the "full agreement" oi the members of the most illustrlous medical insti­
tution in England. These sorts of social relationships, whether with a royal 
patron, a socially accredited professional society, or even with respected 
gentlemen, all served to render more plausible an individual's truth claims. 
Experimental assertions, in order to be treated as if they were philosophi­
cal assertions, needed as much shoring up as they could get, from what­
ever quarter available. 

Harvey himself, when later debating his views on circulation with a 
critic, stressed the fundamental issue at stake: "Whoever wishes to know 
what is in question (whether it is perceptible and visible, or not) must 
either see for hímself or be credíted with belief in the experts, and he will 
be unable to learn or be taught with greater certainty by any other mcans."2'J 
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Figure 7.3 An "ocular demonstra/ion" o[ Ihe function o[ lhe va/ves in /he veins, from 
Harvey's De motu cordis. 

Harvey wanted this necessary recourse to experience and accredited 
testimony to be accepted as legitimate in making natural philosophy. 
To establish the point, he appealed to the usual touchstone of certain 
knowledge, mathematics: 'lf faith through sense were not extremely sure, 
and stabilized by reasoning (as geometers are wont to find in their 
constructions), we should certainly admit no science: for geometry is a 
reasonable demonstration about sensibles from non-sensibles. According 
to its example, things abstruse and remote from sense become better 
known from more obvious and more noteworthy appearances."30 If 
mathematics can be accepted as certain and scíentific, so too should a 
properly conducled experimental science - such as his own work in 
physiology. 

The senses rernained paramount in the sciences revolutionized by Ihe 
new breed of philosopher in the seventeenth century, therefore, and one of 
the key tools for generating knowledge from them was the experiment. 
Experímcnt, undcrslolld i1S lJw making of specific trials of phenomena, 
typically with ('()nlriv\'<.Il'ir\'lImHhlnrt~H or nppnmtus, WilS i1 p¡¡rticuJ<lf kind 
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of sensory experience that went beyond a simple inventory of what all or 
most people already knew was in the world. In this sense, experiment was 
about discovery, about finding out new things. As such, it had to incorpo­
rate means of protecting the discoverers from being dísbelieved. 



Chapter Eight 
Cartesians and Newtonians 

1 Cartesian natural philosophy in France 

"Cartesian" natural philosophy, as it became established and practised in 
the last decades oí the seventeenth century, did not always follow closely 
the ambitions oí its originator. Two of the most prominent adopters of 
Descartes's approach to physical explanation, Christiaan Huygens and 
Jacques Rohault, departed significantly from the master's conception oí 
tme natural philosophy as represented in such works as the Díscourse on 
the Met/wd or the PrincipIes of Phílosophy. They did so by emphasizing the 
hypothetícal character of their explanatory mechanisrns. 

Huygens, as we saw in Chapter 6, beca me one oí the leading figures 
in the Royal Academy of Sdences, in París, in the 1660s. He had first 
become fasdnated by the physics oí Descartes in the late 1640s, when, as a 
teenager, he had become attracted to Descartes's mathematical, or quasi­
mathematical, approach to natural philosophy. Descartes was a personal 
acquaintance oE Christiaan's father, the prominent diplomat Constantijn 
Huygens, and Christiaan's exposure to a form oí Dutch Cartesianism had 
deep roots in his early life. His own response to such innovation was, 
however, more physico-mathematical than it was metaphysical. Descartes 
was centrally concerned with the establishment of a secure foundation tor 
an account of the physical world that could rely on mathematical reason­
ing wíthout leaving anything out (see Chapter 5, section IlI, above). But 
Huygens cared primarily about what mathematical and mechanistic 
approaches could be used for, and what they could achieve in the way oí 
practical results. Thus one oí his earliest forays into physico-mathematical 
work took the form of an analysis in 1646, when he was 5eventeen years 
old, which his proud father saw fit to send to Descartes's correspondent in 
Paris, Marin Merf*'nne, for Men;enne'~ evaluation. This was an examina­
tion of the implkntlonR of n pnrtkulnr mod¡'1 of grnvity¡ ou(' IhM ¡.¡nw itK 
dfl'ctH n¡.¡ bl'lng t111' l'lIllll1lntlvl' r('IIl111 of n rnpld IIl1Cl"l'lIlIlon of diHl'fI'l(' 
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impulses, for the acceleration of falling bodies. Christiaan had conc1uded 
that such a model should result in the steady, uniform acceleration of a 
falling body - just the result that Galileo (and, by this time, a good many 
others) had already suggested, although it is not c1ear whether Christiaan 
himself was aware of it at lhat time.' 

During the 16505, Huygens conducted much work (unpublished until 
1703, after his death) on mechanics and motion, ineluding the application 
of a formal principie of the relativity of motion to determining the outcome 
of collisions between perfectly elastic bodies (De motu corporum ex percus­
sione, "On Ihe Motion of Colliding Bodies," written in 1656). He also wrote 
during this same period anolher unpublished work called De vi centrifuga, 
"On Centrifugal Force," which analysed constrained motíon about a centre 
and gave the apparent outward tendency of the revolving body the name 
that it has retained ever since. Circular, or, specifically, vortical motion was 
of particular interest within Carlesian physics, as we have seen. 

Huygens's mature discussions of gravity, however, which were pre­
sented to the Academy of Sciences in 1668 and 1669, possessed much more 
explicitly hypothetical, conjectural characteristics !han these earlier studies. 
They concerned a theory of gravity derived from a basic idea owing to 
Descartes, which attempted to explain terrestrial gravity in termS of sub­
microscopic particles revolving around the earth at enormous speeds and 
in all planes of rotation about its centre. Huygens was thereby able to cal­
culate the necessary speeds of these particles such that the resultant gravi­
tational acceleration towards the earth's centre exhibited by ordinary 
bodies (equal but opposite in force to the centrifugal force of the tiny par­
tieles themselves) would equal the empirically determined figure. In the 
subsequent published version of this discussion, the DiscouTse on the Cause 
of Gravity, Huygens writes as follows: 

1 do not present [lhe hypothesisl as being free from al! doubt, nor as 
somelhing to which one could not make objections. It is too difficult to 
go Ihat far in researches of this kind. 1 believe, however, that if the 
principal hypothesis upon which 1 ground myself is not the truthful one, 
there is little hope that one could find it [Le. the correct hypothesisl while 
remaining within the lirnits of Ihe true and sound philosophy.2 

In exchanges about gravity among members of Ihe Academy in 1669, 
Huygens had also expanded considerably on the hypothetical nature of the 
.theory, its relation to Descartes's work on gravity, and what he meant by 
:"the true and sound philosophy." His remarks show the extent to which 
Descartes's search for certainty had become, in Huygens's watered-down 
ver5ion, a search for intelligíbilily instead. That is, Huygens had become 
convinced that a mechanical philosophy of the kind advocated by 
Descartes, while not provable as the necessarily true account of the uni­
Vl'rsc, was aL lenst privilc).wd ns bdn¡:; t11l' only lJIW thnt clluld providc 
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explanations that were truly intelligible; tha! is, explanations that made 
perfect sense. Thus Huygens presents his own "hypothesis" of the cause of 
gravity as one that accounted for the observed phenomena as weIl as (or, 
rather, better than) any other known account, and did so within the 
explanatory limits of a world-picture containing nothing but inert matter 
in motion. That world-picture defined what was and was not "intelligible." 
Huygens maintained that anything violating the explanatory limits of such 
a world-picture simply would not make sen se. 

This is how Huygens framed the issues in 1669, at the very beginning of 
his own paper: 

To find an intelligible cause of gravity, it's necessary to see how it can be 
done wIúle supposing [Le. postuIating] in nature only bodies made of 
the same matter, in which no qua lit y is considered, nor any inclination 
for each to approach the others, but only different sizes, shapes, and 
motions.3 

Huygens goes on to note how, of these few adrnissible properties of ma­
terial bodies, only motion seems to be suitable to explain an "inclination to 
motion" such as gravity. He continues by explicating his hypothesis, 
making frequent reference to Descartes's account of gravity, expIaining 
those points on which his díffered from Descartes's, and why. One part of 
his exposition involves citatíon of an experiment to display the inward ten­
dency on bodies generated by a rotatíonal movement of the fluid medium 
in which they swam; a two-dimensional parallel to Huygens's own three­
dimensional theory, this illustration nonetheless exhibits an authentically 
Cartesian approach to clarifying theoretical accounts using mundane 
examples.4 (See Figure 8.1.) 

That Huygens always saw what he was doing in relation to Descartes's 
example is further illustrated by remarks in the Preface to the 1690 
Discourse: 

Monsieur Descartes saw better than his predecessors that one could 
never understand anything more in physics than what could be referred 
to principIes that do not exceed the limits of OUT mind, such as those that 
concern [dependent des] bodies (considered without qualities) and their 
motions. But since the greatest difficulty consists in showing how so 
many difierent things are produced irom these principies alone, it's in 
that regard that he did not greatly succeed in several particular subjects 
that he set lúmself to examine: including, in my opinion, among others 
that of gravity.s 

Huygcns thus justificd his own attack on the subject with reference to 
Dl'8Cflrtes's projcct, which Ill' !lUW himsl'1f aH carryin~ forward. 

1'llIy~l'nH'H Hl'lf-pl'rn'pllon ns n ('nrll'sinn dll'NÍlllly diMn'~llrth'd ilsl't'cls 
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Figure 8.1 Huygens's account 01 gravity in terms 01 a spinnil1g fluid: the whole (horizontal) 
disc is rota/ed rapidly, and then halted. The fluid, }¡owever, continlles lo rota te, and the solid 
constrained body L is forced towards ¡he centre of the voy/ex. 

oí Descarles's thought that are nowadays regarded as central. Huygens rep­
resented Descartes as having embarked on a project in physics that was 
based upon "principies that do not exceed the limits oí OUT mind," rather 
than principies that were metaphysically grounded and absolutely certain. 
Huygens sought "intelligibility" in his physical explanations, as did 
Descartes; Descartes had recognized that explanations oi particular phe­
nomena might not themselves be certain even if they were constructed on 
the basís of starting principies that were - hence the need in many cases 
ior experiments. Descartes had used the metaphor oí a watch to explicate 
the poin!: we know that a watch operates on the basis oí cogs and wheels 
that serve to translate the action oi the mainspring ¡nto the motíon oi the 
watch's hands, but if all we can see from the outside is the movement oi 
those hands, while the arrangement and motions of the mechanism inside 
the watch-case rema in hidden to US, we cannot teH precisely what that 
internal mechanism is Iike. This is beca use it is always possible to imagine 
a variety of differenl armn¡;cments of cogs nnd whccls inHide tht, watch-
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case, a11 of which would be capable of producing the same external move­
ments of the hands. Such, thought Descartes, nUgh! also be the case for 
natural phenomena and their explanation in terms of invisible nUera­
mechanisms. Only carefully contri ved experiments might serve to distin­
guish between various possible alternatives, even then not rendering the 
favoured alternative certain (sinee still more alternatives might typically 
lurk unnoticed or unexamined). However, Descartes based all of this rea­
soning on the assumption tha! the basic explanatory principIes themselves 
(like the cogs and springs of a watch) were unquestionable; any explana­
tion would need to be consistent with them, because they were the meta­
physically certain foundations of all physical phenomena. 

Huygens did not agree; or, he chose not to understand Descartes in this 
way. Instead, Huygens took Descartes's metaphysicaI arguments regarding 
such things as the nature of malter to describe the limits of the human nUnd 
only: human beings cannot understand explanalions that are couched in 
terms other than those of inert matler in motion, and its behaviour, but 
there is no guarantee that that human inability reflects the true condition 
of reality. It could be that there are truer explanations of phenomena that 
will not serve us for explanations because they would make no sense to uso 
That is a human limitation, not a guarantee of how God chose to make the 
universe. 

Huygens expressed methodological views of a similar sort to those con­
cerning his explanation of gravity in another, similar study also written 
originally as a presentation to the Academy, read in 1679 and published in 
1690. At the outset oí this Treatise on Light, Huygens discusses his reasons 
for treating the behaviour of light as if it were a form oE motion: "It 15 incon­
ceivable to doubt," he says, "Ulat light consists in the motion oE some kind 
of matter." He describes the effects of heat, and its dissolution of ordinary 
matter by burning, because fire and flame are lhe means by which light i5 
typica11y engendered here on earth. "This is assuredIy the mark of motion, 
at Ieast in the true Philosophy, in which one conceives the causes of all 
natural effects in terms of mechanical motions." But he does not say that 
this "true Philosophy" of necessity tells us the lruth. Instead, he justifies the 
use of nothing but "mechanical motions" as one's explanatory principies 
as follows: "This, in my opinion, we must necessarily do, or e1se renOUllce 
all hopes of ever comprel\ending anything in Physics."6 There is a right way 
of philosophizing which represents the best we can do; but it provides no 
guarantees. And we are, so to speak, stuck with those principies, beca use 
of their peculiar intelligibility as shown by Descartes. 

The outcome of these considerations was an interpretation of light as con­
sisting of longitudinill waves in a fluid, aetherial medium, much like 
sllund-waves in ilir - the lalter idea having become a conventional under­
sl'élnding o( HOlmd durin).\ tl)(' st'vt'nt~'cnth century, following the work of, 
¡lmong olhcrl4, lHl,ac 1It'('ckmlln. C'uriouHly, p('rhaps, Huygens did not con­
Midl'.· lhl11 dlffl'rlny, Wllvl'l¡'ny,lhi'l mly,hl mrn'Hpond lo Hl'nsible differ(!ncc~ 
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in the appearance of light such as colours; instead, he put forward a 
view in wruch light was underslood as a kind Di jumble oi impulses prop­
agating through the fluid medium. It was the speed of Ihe waves (finite, in 
contrast lo Descartes's view Di the instan!aneous propagation of Iight­
pressure), and the way in which spherically expanding waves combined to 
constitute a wavefront, tha! centrally con cerned him. Wavelength was not 
a variable that was relevant lo the problems that Huygens was con cerned 
to address. This, indeed, may be !he most useful way to understand 
Huygens's version of "Cartesian" mechanistic physics: he treated in­
dividual problems, individual phenomena, as matters to be addressed in 
piecemeal fashion, conlrolled only by ¡he necessity to make sense of 
every one Di them by the peculiarIy intelligible Cartesian principIes of 
"mechanical motions." A perfect consistency among a11 the individual 
models invenled to deal with individual natural phenomena was not an 
immediate goal of the enterprise. Thus the subtle partic\es shooting around 
the earth that Huygens used to unders!and gravity did not have to be 
reconciled with the stationary medium that bore light waves. 

Huygens may have been Ihe more influential in serious naturaI­
philosophical circ\es such as the Academy of Sciences, but Jacques Rohault 
was surely the major exponen! of (a version oi) Cartesian natural philoso­
phy in educated Paris at large. Rohault became a prominent and successful 
public natural philosophy lecturer in the city in the 166Os, and promoted 
the ideas of Descartes in the contex! oi applied mathematical and experi­
mental demonslrations of physical phenomena, such as oplieal, baromet­
rie, and magnetie effeets. In 1671 he published his Traité de physique 
("Treatise of Physics"), a systematic discussion of the subject deriving from 
his lectures. In that work, Rohault stressed, conventionally enough, the 
importanee oi both reason and experience in creating knowledge abou! 
nature. He did so in a "Prefaee" that presents a discussion of the history of 
Jeaming since antiquity, an approach that we have already seen used by 
Bacon. Like Bacon, Rohault emphasizes the way in which, as time goes on, 
knowledge grows, and that therefore loo great a respect for the thinkers of 
antiquity, especially Aristotle, is misplaced. Echoing Descartes, RohauIt 
moeks the supposed obscurity and unintelligibiJity of Aristotelian philo­
sophicaI definitions (specifically, that of motion, precíseJy as Descartes had 
ridiculed it in Le monde). And eehoing Bacon, Rohault also repeats (again 
without attribution) Bacon's dismissaJ, in the Ne-w Organon, oí disputes on 
the divisibility of matter, saying, like Bacon, that such disputes are worth­
less because they have no practical implications at al!? This concatenation 
in Rohault of the supposed clarity of Cartesian explanatory principies 
with the operational criteria of Baconian natural philosophy is typieal 
of Rohault's practica!, unmetaphysical presentation of mechanistic ex­
planations for experimentally produced phenomena. In addition, Rohault 
stresses the importancc of mathcm[ltics for g(~ncrating underslanding in al! 
manner of invl'stigations, and in faeL hl'n1o[lns ti\!' usual l('ndl'ney lo Sl'P"-
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rate mathematics from the rest of philosophy, eriticizing "the Method of 
Philosophers" for "neglecting Mathematieks to that Degree, that the very 
first Elements thereof are not so mueh as taught in their SchooIs."s 

The body of Rohault's text eonsists of a systematic description of the 
principal divisions of nature, namely the eonstituents of physics in general 
(matter, the true nature of the qualities apprehended by the senses, and so 
forth); eosmography (i.e. the strueture of the universe as a whole, incIud­
ing planets, eomets, and stars), the earth (terrestrial phenomena, including 
meteorological matters), and finaJly the structure of the human body. Al! 
these topies are dealt with aecording to Cartesian principIes, folJowing the 
diseussions of them found in Descartes's naturaL philosophical writings, 
ehiefly the Principies of Philosophy and Descartes's L'homme ("Man"), whieh 
was originally written as a continuation of Le monde and finally published 
posthumously in 1662. 

Rohault's basic tactie in aIl his exposition is to present the ideas and argu­
ments as things that can be shown to carry inherent plausibility; he does 
not rely on invoking Descartes's name as an authority to support what he 
says (fittingly, given rus remarks in the preface). For example, in a chapter 
on the three material elements making up the world, Rohault follows 
Descartes's tactie of imagining how matter might have taken on its present 
form naturally, regardless of God's true róle in having shaped it as He 
willed. The relative motions of the parts of matter will have served, he says, 
to distinguish them from one another: 

This being supposed, it cannot be but that aH these Partic1es of Malter 
must be broken where-ever [sic] they are angular, or are intangled with 
those that join to them; so that those whieh were supposed before to be 
very small, must become still smaller and smaller, till they are got into a 
Spherical Figure. Thus we have two Sorts of Matter determined, whieh 
we ought to account the two first Elements. And of these two we here 
ca11 that which consists of the very fine dust which comes off from those 
ParticIes, which are not quite so small, when they are turned round, the 
first Element. And these particles thus made round, we call the Second 
Element. And because it may be, that sorne of the small Parts of Matter, 
either singly or united together, may continue in irregular and confused 
Figures, not so proper for Motion, we take them for the third Element, and 
join them to the other two.9 

Rohault's entire argumentative strategy is one that, unlike Descartes's, does 
not airn at producing a systematieally generated world-picture, but instead 
attempts to provide plausible, picturable, mechanistie explanations of phe­
l10mcna on a rilthcr piccl'rncal basis, sometimcs drawing on analogies with 
Il'chnical proCC¡'¡¡'¡l'¡'¡ . Likl' IllIy~I'"¡'¡, ]{ohallll promulga tes a version of Carte­
~iiln physil's Ihill sln'f!f!l'H il (¡lI1~l\ilgt' for lillking ilbout physical matten; 
inll'lIiHihly _. whirh I1Wi\l1H II/I'rllllJ/Mim/ly. 1\ IWfl'MHilry 11111'TI\illl'01lHiHll'IWY 
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or interconnectedness is not a major desideratum, just as long as every indi­
vidual explanation or exposition seems in itself to make sense. 

Rohault died in 1672, but his place as a leading French exponent of 
Cartesian-style mechanistic natural philosophy was taken by a man 
called Pierre-Sylvain Régis, who came to Paris in 1680. Régis differed from 
Rohault, however, chiefly in his retention of an authentically Cartesian 
concern with system, involving a concern with the more metaphysical com­
ponents of Descartes' philosophy. His great publíshed work, the Systbne de 
philosophie ("System of Philosophy," 1690), covered logic, metaphysics, and 
moral philosophy as well as physics. It attempted, by including material 
such as sorne of Robert Boyle's experimental studies, to consolidate and 
promote an entirely Cartesian kind of philosophy that, in this respect, 
lacked the pragmatism and non-dogmatism of the mechanistic natural phi­
losophy explored by Huygens and Rohault. 

As a serious Cartesian philosopher, however, Régis had already been out­
paced in France by another philosopher who, in the eyes of most of his con­
temporaries, was the pre-eminent exponent and developer of Descartes's 
philosophy in the final decades of the century. This was Nicolas Male­
branche, a priest who was aboye al! concerned with establishing a theo­
logically orthodox version of Cartesianism, the relígiously questionable 
character of which had proved troublesome on occasion for Rohault, 
among others. Malebranche's 1674/5 Recherche de la vérité ("Investigation 
of Truth") became an enormously important treatment of Cartesian phi­
losophy, albeit one that had little to say about the concrete physical ques­
tions of especial concern to working natural philosophers like Huygens. As 
a result of such attempts, fully Cartesian in spirit, to infiltra te traditional 
university philosophy curricula by speaking to questions already estab­
lished from Aristotelian texts, Cartesian ideas had begun to find their way 
into French university courses by the final decades of the seventeenth 
century. These ideas were not always cited with approval, but they were 
establishing themselves as genuine alternatives to older scholastic­
Aristotelian approaches. 

Cartesianism also found its champions in the fashionable salons of Paris. 
These upper-class retreats for intellectuals and would-be intellectuals grew 
in number and social significance in the second half of the seventeenth 
century (and on through the eighteenth), and became important shapers of 
opinion in the world beyond the universities and academies. In sharp dis­
tinction to those other forums for the discussion of ideas, the salons were 
presided over by women, and both men and women participated in their 
activities. The salons took the form of élite "open houses," generally occur­
ring during designated afternoons each week, at the home of some gentle­
man of note who was, more usually than not, uninterested in the whole 
business. The proceedings would typically be overseen by the nobleman's 
wife, and great social prestige attached to the iIlustriollsncss of tl1l' Iitl'rary 
and philosophieal figures whom HI1l' rould nttraet lo tlll' ~i1llwrinl-\H. S('vpral 
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women writers on phílosophical as well as literary subjects in France 
during this period were participants in the gatherings of Madeleine de 
Scudéry (sister of a dramatist and member of the Académie Fran<;aise, 
Georges de Scudéry) or oi the Marquise de Rambouillet. Salon culture gave 
such women an opportunity, rare elsewhere, to discourse on an equal 
footing with men on matters generally restricted, as regards formal educa­
tion, to a masculine clienteIe. Apart from closeted prívate reading rather 
than active exchange and discussion, the only other significant formal 
opportunity for women in France to come into contact with philosophical, 
and specifically natural-philosophical, learning was at some of the public 
lectures given in Paris: Rohault explicitIy opened his lectures to women in 
the mid-1660s. From this greatly circumscribed arena oi opportunity and 
perceived relevance there emerged, however, several women whose philo­
sophical views co-opted Cartesian arguments to justify their own place, as 
women, within philosophical conversation - in effect, underpinning their 
places in the new salon culture. 

In brief, one of!he inferences that could be drawn from Descartes's tea ch­
ings, and was in fact drawn by a few men as well as women in this period, 
was this: because the mind is distinct from the body - being res cogitans 
rather than the ordinary matter of our corpoTeal frames - then there is in 
fact no fundamental difference between the minds of men and the minds 
of women: a mind is just a mind, with rationality as one of its hallmarks. 
As a consequence, women should be just as capable, intellectually, as men, 
and, with appropriate allowance being made for the universalIy accepted 
greater frailty oi women's bodies, could participa te in educational and even 
political pursuits like their male counterparts. Thus argued Fran~ois Poul­
lain de la Barre, aman whose talent ior catchphrases yíelded some popular 
success to his aphorism "!he mind has no sex." So me women of the salons, 
including Catherine Descartes, the great philosopher's niece, contested 
such a stark mind-body dualism while at the same time engaging with it, 
as had the Princess Elizabeth, an important correspondent of Descartes 
himself in his later years. Such contested arguments act as demonstrations 
of the great flexibility of any phiJosophical system in relation to social and 
political questions. 1O 

Within specifically natural-philosophical contexts, the kind of work done 
by Huygens left its mark, at !he end of Ihe seventeenth century and begin­
ning of the eighteenth, in mathematical-physical work (that is, "physico­
mathematics") by members of the Swiss clan of mathematicians, the 
Bernoullis. Members of the Bernoulli famíly, from the 1690s through much 
of the eighteenth century, carried out pioneering theoretical work in fluid 
mechanics as part of a fundamentally Cartesian physical research pro­
gramme that regarded al! physical action as explicable in terms of matter 
pushing on maller, and in which molions in fluid media, such as 
JeHcartelÚ¡ prolotypiml vorll'X mlltion, wI'n' of central theoretil'al impor­
.iU\('I'. Sophitlllclltt'd In 11 I h¡'l!lIIl h'1I1 work Ol! /lllid I1wdll\nil'~ ilrDl1l!d II\!' 
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middle of the eighteenth century was al so conducted by another Swiss, 
Leonhard Euler, as part of an enterprise that was known in that century as 
"rational mechanics." But the prime mover in the establishment of 
eighteenth-century rational rnechanics was not the work of Descartes or his 
direct followers, but the work of Isaac Newton. 

II Newtonian altematives 

It should first be stressed that by the end of the seventeenth century there 
were not simply two monolithic, competing schools of thought labelled 
"Cartesian" and "Newtonian." As we have just seen, the work of people 
who regarded themselves as Cartesians was by no means uniform in its 
stress or detailed content, and the same general point also applies to "New­
tonians." Before proceeding to Newton and his followers, however, notice 
must be taken of another important figure of the later seventeenth century 
who himself owed a lot to Descartes's example: the German philosopher 
Gottfried Wilhelm Leibniz. 

Leibniz was an extraordinary figure who aspired to mastery of practi­
cally a1l fields of learning, from mathematics and logic to history and Jin­
guistics. From the 16705 until his death in 1716, Leibniz was in the service 
of the ruling family of the German state of Braunschweig, or Brunswick, 
and based in Hanover. His importance as a philosopher derives especially 
from his critiques of Descartes and his rejection of some of Descartes' s most 
basic teachings. In natural philosophy, his most significant work occurred 
in theoretical physico-mathematical areas, especially mechanics, and in the 
latter he, rather than Newton, was responsible for sorne of the central con­
cepts of the rational mechanics of the eighteenth century. Leibniz's natural 
philosophy was, even more than Descartes's, oi a markedly metaphysical 
turn of mind. One of Descartes's most difficult and controversial doctrines 
had been the absolute distinction between mind (res cogitans) and body 
(ordinary matter / extension) in the human being, in which, nonetheless, the 
two were necessarily intimately conneeted. The philosophical difficulty 
that resulted from tlús position eoncemed how the mind and body could 
causally interact if they were utterly different from one another, the mind 
having no material, or meehanical, properties, and the material body 
having no mental properties. Descartes had never satisfactorily answered 
this question, as far as most subsequent philosophers were concemed, and 
Leibniz's solution was particularly radical. He proposed a "pre-established 
harrnony" between rnind and body, whereby God had arranged rnatters 

, sueh that whatever the mind wills or experienees is exaetly, but in faet 
causally-independently, matched by the physical goings-on of the material 
world. Thus, when 1 decide to kick a stone, and do so, and the stone moves 

. (which 1 also observe to happen), aH the physiea 1 eomponenls of that 
sequence occur utterly indcpendently of tl1<' nlPnt'llcompnl1l'llls. I.l'ibniz's 
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solution to Cartesian mind-body dualism was thus a kind oi shadow­
boxing. 

Leibníz's quarrels with Newton were much more direct and vicious; not 
least, perhaps, because of the criticisms unleashed on Leibniz's character 
by Newton's cronies over priority in the invention oi the calculus. Newton 
had first invented a form of the infinitesimal calculus in the 1660s, 
developing rus first ideas on the subject in 1665--6, the same year that saw 
his original work on light and colours, discussed above in Chapter 7. That 
year is often called Newton's annus miral:rilis, or "wonderful year," because, 
as well as those two signal inventions, he also began at that time the work 
on gravitation for which he is most famous. 

By the mid-1660s Newton was well-versed in contemporary natural 
prulosophy, inc1uding that of Descartes. His notebook froro that period still 
survives, containing ideas, reflections, observations on reading, and ex­
periments. The year 1665--6 was one that he spent in exile from the Uni­
versity of Cambridge (where he had just graduated BA) due to the presence 
in the city of the plague; Newton fled to rus family estate in Grantham, Lin­
colnshire. Newton's ideas about gravity developed initially froro his 
speculations on a problem posed by Galileo in his 1632 Dialogo, wruch had 
recently been translated from !talian into English. Galileo had considered 
why, if the earth spins on its axis, objects on its surface do nol fly off, much 
as they will from a potter's wheel. This question prompted Newton lo 
wonder what the centrifugal force at the earth's surface would be. (His con­
siderations were independent oi Huygens's still-unpublished work oi the 
1650s on centrifugal force, and its associated terminology.) Newton then 
also wanted to compare this outward-tending force with the force of 
gravity that nonetheless drew bodies inwards to the centre of the spinning 
earth. 

The outcome was an analysis of motion in a circ1e that mirrored 
Huygens's (both being versions of the familiar formula F = (mv2)/r). 
Newton used the motion oi the moon around the earth as a check on this 
result, since he knew both the speed oi the moon in its orbit and its approxi­
mate distance in terms of earth radii. If the moon behaved in the same kind 
of way as a body near the earth's surface, and its centrifugal tendency was 
exactIy balanced by its gravitational tendency towards the earth, then 
Newton's formula implied that the gravitational force acting upon the 
moon had decreased from its measurable strength at the surface of the earth 
by a factor of (1/r2-1/R2), wherer is the earth's radius and R the moon's 
orbital radius. Newton c1aimed in after-years that he dropped the analysis 
at this point because he had used an erroneous figure for the earth's radius, 
which had thrown off the agreement between the inverse-square result and 
the observed bchilviour oi the moon. However that may be, Newton does 
nol ilppeilr lo hilVl' ('OIm' hilCk lo tlws(' lJl1l'stions in ilny seriot1s way untíl 
tlw lilll'¡ h70H. 
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Edmund Halley's famous visit to the now-celebrated Lucasian professor 
of mathematics at Cambridge in 1684 was what prompted Newton to com­
menee work on his great work Philosophiae naturalis principia mathematica 
("The Mathematical PrincipIes of Natural Philosophy"), published in 1687. 
HalIey, acting as a sort of emissary of the Royal Society, wanted to know 
what resultant path would be traced out by a body in orbit around a 
statíonary central body, if the moving body were attracted to the station­
ary one by a force that varied inversely as Ihe square of their separatíon. 
The question assumed what we now know as "rectilínear inertia" for the 
motíon of a body unaffected by any force acting on it from outside; that is, 
the body will contínue to move in a straight line unless anything acts on it 
to deviate it from that course. This was a well-accepted principIe by now, 
having been published by Gassendi in 1642 and, most notably, by Descartes 
in his 1644 Principies of Philosophy, and Newton too took it for granted. 
Newton answered Halley that the path would be an ellipse, just like the 
planets around the sun, and Halley encouraged Newton to publish the 
resulto Doing so took Newton another two years' hard work, because he 
needed now to iron out the principies of an entíre system of mechanics and 
motíon, and coordinate it with experimental and observatíonal data so as 
to apply it to the earth and solar system. 

Not only Descartes's much-criticized rules of motíon and collision, but 
Huygens's results on centrifugal force, first published without proofs in 
1673, formed the background to Newton's work. Besides rectilinear inertia, 
the rules oi collision that Huygens had already derived found their coun­
terparts in Newton. What was oi greatest importance for Newton in this 
work was to cast the entire treatment in classical geometrical form, to estab­
lish with solidity and mathematícal rigour his comprehensive treatment of 
motíon, intended to culmina te in a "system of the world." His manuscript 
drafts oi material found in the Principia are known, collectively, as "De 
motu" ("On Motion"), and date primarily from 1685. It was once thought 
that Newton must have derived his theorems using the calculus, only sub­
sequently translating them into the terms of classical geometry to render 
them more acceptable to his contemporaries. All the evidence of the manu­
seripts, however, shows that he worked in the c1assical style from the begin­
ning. Deductive, Euclidean-style geometry was still the appropriate 
language in which to perform such work, just as Latín was still the appro­
priate language in which to write mathematical texts. 

One of the most notable features of the Principia mathematica, in contrast 
to Descartes's Principia philosophiae, is that it does not require its analyses 
to make use of direct contact between bodies as the means oi transferring 
action. Newton speaks of "forces," prototypically understood in terms oi 
diserete impulses, which ad on a body so as to change its velocity O.e. its 
speed or directíon oi motíon, or both). He does not ieel it incumbenl upon 
him to provide a mechanism by which the force is communicated, or cvcn, 
in al! caSCH, lo idcnlify iLs sourn'. 'n,k\', fur \'x<lmpl\', ti\\' CilSl' of ti\\' l'rohl\'tn 
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Figure 8.2 Proposition 1, Theorem 1, from Newlon's Principia, showing the general equal­
aren law. Note lhe impulse approach lo centripetal force. 

brought to him by Halley, that of determining the path of a body orbiting 
a second, fixed body with an inverse-square law force acting between the 
two. Newton treated the path as if it consisted of successive rectilinear 
inertial motions punctuated by periodic discrete impulses towards the 
central body. This yielded a polygonal path which, when taken to the limit 
(a polygon with an infinite number of sides), yielded the curve that Newton 
sought. Newton disregarded the source or cause of the impulses in such 
analyses: in the Principia's Proposition 1, Theorem 1, concerning what 
amounts to Kepler's second (equal-area) law, Newton simply identifies 
each of these discrete forces as "a centripetal force [that acts] at once with 
a single bul great impulse."11 Notice, however, that in leaving asid e 
questions of causation, Newton appears to avoid the issue of whether 
ilny such fOTce is an ilttractive force or ¡¡ repulsive one. That is, the "great 
impulse" towards tlw n'l1lml body might be sorne kind of attraction 
('X('rtl'tj (¡y 1I11' l'('nlm] body, or il mi)!,hl 111' il J!lIoh from outsidl' fowllrds 
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the central body; Newton's analysis sidesteps any determination of the 
question. 

However, Newton's original consideration in the mid-1660s of the 
moon's centrifugal force and the gravitational force acting so as to balance 
it clearly treated gravity as an attradion towards the earth. Newton's quali­
tative natural philosophy, as laid out in various places, but especially 
and most publicly in parts oí his later book Opticks, makes it quite 
clear that he imagined gravitational attraction to be just that - a mutual 
attraction of one body for another whereby the attracted body is, so to 
speak, drawn in by the attractor. This is in contrast to the Descartes­
Huygens way of understanding gravity, whereby heavy bodies are pushed 
towards the centre by the action of matter that is further away from that 
centre than they are. 

Newton's complete "System of the World," which constitutes Book 1lI of 
the Principia, shows with especial clarity the difficulties to which Newton's 
attempted finessing of the subject led him. Book III applies Newton's earlier 
mathematical investigations to the observed behaviour of bodies in the 
solar system, and shows how Kepler's laws of planetary motion could be 
derived from Newton's physico-mathematical assumptions once it was 
accepted that all material bodies attract one another as the inverse-squares 
of their distances (more precisely, that any two bodies attract one another 
with a force that varies as the inverse-square of the distance between their 
centres of gravity). But Newton would not specify what the cause oí such a 
force was. Thus in the Principia: 

1 use the word "attraction" here in a general sense for any endeavor 
whatever of bodies to approach one another .... I use the word 
"impulse" in the same general sense, considering in trus treatise nol the 
species oí forces and their physical qualities but their quantities and 
mathematical proportions. 12 

And later, in his Opticks, where he discusses distance-forces in general, 
whether gravitational or not: "How these Attractions may be perform' d 1 
do not here considero What 1 call attraction may be perform'd by impulse, 
or by sorne other means unknown to me. 1 use that Word here to signify 
only in general any Force by which Bodies tend towards one another, what­
soever be the Cause."13 

Part of Newton's difficu1ty was the mechanical philosophy itself. In one 
form 01" another - but always with at least implicit reference, whether 
approving or not, to Descartes's influential version - the mechanistic 
explanatory ideal hung over huge areas oi non-Aristotelian, especially 
physico-mathematical, natural prulosophy. Newton had absorbed its tenets 
and sensibilities as much as anyone else, and it WélS clearly difficult for him, 
in Pllblic at least, to deny them lIncquívocaIly. In 1692, in prívate corrc-
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spondence on the subject, he wrote to Richard Bentley (la ter Master of 
Trinity College, Cambridge) as follows: 

It is inconceivable that inanimate brute matter should, without mediation 
of something else which is not material, operate upon and affect other 
matter without mutual contact. ... Gravity must be caused by an agent 
acting constantly according to certain laws, but whether this agent be 
material or immaterial 1 have left to the consideration of my readers. '4 

Newton's need for something to media te between attracting bodies might 
be considered the ghost of strict mechanism: íf nol matter as the mediator, 
then something else that plays the same role? Newton at one point played 
with the idea that God Himself brought about gravitational behaviours, by 
making bodies move according to the gravitational laws directly and 
without use of any intermediate physical cause whatsoever. Thal !atter idea 
chimes nícely with Newton's famous remark, in the "General SchoJium" to 
the Principia's second edition (1713), concerning God: "He endures always 
and is present everywhere, and by existing aIways and everywhere he 
constitutes duration and space .... God necessarily exists, and by the same 
necessity he is always and everywhere. It follows that aIl of him is like 
himseIf: he is aH eye, aH ear, aIl brain, a1l arm, aH force of sensing, of under­
standing, and of acting, but in a way not at aH human, in a way not at 
a1l corporeal."'5 In Query 31 to the Opticks, he wrote that the evidentIy 
designful properties of animaIs, just like similar features of the solar 
system, "can be the effect of nothing else than the Wisdom and Skill of a 
powerful ever-living Agent, who being in aH Places, is more able by his 
WilI lo move the Bodies within his boundless uniform sensorium."'6 

The natural-philosophical doctrine, or position, or ideology, known as 
"Newtonianism" Iargely revolved around these sorts of issues rather than 
around technical mathematical questions. Among Newton's earliest fol­
lowers were such churchmen as Bentley, who promulgated versions of 
Newton's world-picture in order to promote particular theoIogical and 
políticaI goals. A prominent early forum for the promulgation of Newtoní­
anism was an annual lectureshíp established by the wilI of Robert Boyle 
(who died in 1691), known, unremarkably, as the Boyle Lectureship - which 
still exists. Bentley was the first Boyle Lecturer, and he corresponded with 
Newton to get tips on how to use natural philosophy for supporting the 
Christian religion "against notorious infidels," as Boyle had put it. Newton 
was aH in favour, telling Bentley: "When 1 wrote my treatise upon our 
Systeme [i.e. the Principia] 1 had an eye upon such PrincipIes as might work 
with considering men for the beliefe of a Deity & nothing can rejoyce me 
mOTe than to find it uscfuIl for that purpose."'7 

Subsequent Boyle lecrurers ¡ntn the early eighteenth century, such as 
Samlll'l Clarkl', Willimn Whtslol1, ami (particularly popular) William 
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Derham, also made use of versions of Newton's views on nature and on 
God's relationship to it. The importance of the various series of Boyle Lec­
tures for the promulgation of Newtonianism lay in part in the fact that 
nearly every one of the sets of lectures was published in book formo Thus 
the first exposure to Newtonian natural-philosophical ideas for many 
members of the educated classes in Britain at the beginning of the eigh­
teenth century carne from their theological packaging by certain of the 
Boyle lecturers. 

111 Newtonianism 

Newtonianism as an identifiable movement, with its characteristic philo­
sophical style and its loya] adherents, really took shape after Newton 
became President of the Royal Society in 1703. (He had been living in 
London since his departure from Cambridge in the 1690s to take charge 
of the mint.) He ruled the Society until his death in 1727, and a sort of 
philosophical orthodoxy was Ihe resulto The establishment of this ortho­
doxy occurred to a significant extent through the actions of surrogates 
oi Newton's in combating criticisms of Newton's work from other, 
usually Continental, philosophers. Of these critics, Leibniz stood first and 
foremost. 

Leibniz, Huygens, and other Continental phílosophers such as Régis had 
reacted critically when Newton published the Principia in 1687. Their main 
objections amounted to dismissing the pretensions of Newton's book: 
rather than presenting a true work on natural philosophy, Newton had 
simply presented mathematical description dressed up as natural phíloso­
phy. The author (perhaps Régis) of a review in the Journal des S~avans, the 
leading philosophical journal in France, summed up his criticisms in this 
way: "In order to make an opus as perfect as possible, M. Newton has onIy 
to give us a Physics as exact as his Mechanics. He wilI give it when he 
substitutes true motions for those that he has supposed.,,18 The criticism 
denies that a purely mathematical description ("Mechanics") can yield a 
physical explamztion. The "true motions" sought by the reviewer would be 
ones Ihe causes for which have been provided; Newton had merely "SUp-
posed" (that is, postulated) motions corresponding to gravitational {orces 
without accounting for those forces in any way. Huygens's response was 
similar; we have already seen his explanation of gravity, developed origi­
nally well before the appearance of the Principia, and what he sought with 
his own account of gravity was what he failed to find in Newton's work­
a physical explanation of gravitational behaviour. 

Leibniz confronted relevant questions oi planetary orbital motion in his 
Ten/amen de moluum coelestium causis ("Essay on the Causes of Celestial 
Motions"). This monograph appeared in 1689 in the Acta erudilorum, a new, 
learned German review journal (by no means restricted to natural phi­
losophy) based in Leipzig. Leibniz's essay was writtt'11 partly in response 
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to a review of the Principia in the Acta, and before, he implied, he had seen 
the Principia himself. While acknowledging the existence of gravitational 
attraction as apparently demonstraled by Newton, Leibniz was, like 
Huygens, concerned to exp/ain it. He attempted lo do so in terms of "lines 
of impulse" tending outwards from an attracting body through sorne kind 
of vortical fluid; this outward, centrifugal tendency brought about in turn 
reciproca! tendencies inwards by "terrestrial bodies" towards the centre -
much as in the models of Huygens and Descartes. 

Leibniz's subsequent batUes with Newton occurred via proxies, and 
really carne to a head two decades after this first, glancing encounter 
between the two. In the second edition of the Principia, in 1713, Newton's 
disciple, and the editor responsible for much of the work of producing the 
new edition, Roger Cotes, struck back at Cartesian-style critics of Newton's 
achievement. Cotes's preface ridicules the attempts of those, including 
Leibniz, who had postulated aethers and atmospheres of various kinds to 
account for the phenomena, accusing them oi generating "an ingenious 
romance" on the basis of their (likely, false) conjectures. Explicitly naming, 
as enemíes, those who follow "the opinions of Descartes," Cotes sternly 
asserts that: 

It ís the province of true philosophy to derive the natures of things from 
causes that truly exist, and to seek those laws by whích the supreme artí­
ficer willed to establish this most beautiful order of the world, not those 
laws by which he couId have, had it so pleased hirn.19 

Leibniz, in picking up this gauntlet not too long afterwards, therefore 
assailed the underlying metaphysical and theological assumptions of 
Newton's philosophy as a means of exposing its own erroneous "presup­
positions" - Newton might want to hide behind a claim of causal nescience, 
restricting his arguments onIy to manifest and demonstrable facts, but 
Leibniz would show that Newton presupposed all manner of highly 
questionable positions concerning space, time, matter, and the Creator. 

The ensuing debate took place through the medium of a published cor­
respondence between Leibniz and Newton's surrogate, the former Boyle 
Lecturer Samuel Clarke. In the course of this exchange, which began in 1715 
and was ended by the death of Leibniz in 1716, the most fundamental ideas 
in Newton's world-picture were placed under scrutiny. Leibniz character­
ized Newtonian gravitation as a "perpetual miracle," an unphilosophical 
concept that evaded the proper goals of philosophy. Newton's ideas of 
absolute space and absolute time were also, according to Leibniz, deeply 
flawed; Leibniz preferred relativity. Newton, egregiously, even regarded 
God as an imperfect clockmaker. This last brickbat was directed at 
Newton's bclief, as exprcsscd in the "General Scholium" to the Principia's 
seconu edition, lhólt tlw fwrft'l'lion of the solar system was compromised 
by thl' O1\Jtuíll )-\ri\vllntionnlnllrnl'tion lwtwl'l'n [he pl¡¡nds, which should 
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di5turb their regular orbits and ultimately throw the solar system into 
chaos. Newton liked this imperfection, because it allowed him to argue that 
God's active inlervention was needed to prevent such a catastrophe: once 
in a while, God would fix the whole system up again before it got loo much 
out of kilter, thereby evidencing his continuous presence in the universe 
and the existence of Divine Providence. For Leibniz, however, the neces­
sity for such providence would be an imperfection in God, Ihe clockmaker 
of the world mechanism. 

The mustering of support for New!on's position5 Ihat occurred in the 
decades following Newton's ascent to the Presidency of Ihe Royal Society 
was remarkably organized, in ways that are no! a1ways easy to explain. 
Newton carefully fostered his institutional power as Ihe domineering presi­
dent of the Sodety, the aulomatic deference shown him by most Fellows 
being translated into the encouragemen! and promotion of protégés who 
owed their own positions to Newton personally. This kind of personal 
patronage both within and without the Royal Sodety bred extraordinary, 
and deeply rooted, loyalty, as indicated in the roles of Cotes and Clarke in 
combating crilies of the Principia's natural philosophy during the second 
decade of Ihe eighteenth century.20 Newton's work in optics, particular/y 
as it appeared in his 1704 Opticks, met wíth simiJarly vigorous defences 
against foreign critiques of Newton's experimental inferences on the nature 
of light and colours. The Royal Society's official experimental demonstra­
tors during Newton's presidency, holding the posUion of "Curator of 
Experíments", were, first, Francis Hauksbee, and la ter, from 1714, John 
Desaguliers (an Englishman of French Protestant - Huguenot - back­
ground). Both were loyal Newtonians who frequently used their experi­
mental work lo ilIustrate Newlonian ideas on such esoterica as the 
underlying nature oi matter, and the attractive and repulsíve forces that 
Newton conjectured, especially in later editions of the Opticks, to exist and 
opera te at short ranges to produce such phenomena as electIical and 
chemical effects. Beyond the confines of the Royal Sodety, Desaguliers 
gave regular public lectures in London and published a widely read lext­
book, which went through several editions, called A Course of Experimenta/ 
Philosophy. This printed version oí his experimental demonstrations and 
philosophical teachings promoted to a much wider audience the New­
tonian world-picture, based on distance-forces between particles, empty 
space, and the experimental foundations of natural philosophy. Like 
Newton, Desaguliers continued to contrast that picture with the Cartesian, 
with its contact-action transmission of forces between bodies, its universal 
space/matter, and its (supposecUy) rationalist approach to understanding 
the universe. 

In the eighteenth century, the spread of Newtoniarusm in England and, 
increasingly, in continental Europe, accompanied its association with the 
philosophy of John Locke, as laid out in Locke's F..qSIIY COllccrnillS ///111//111 

Underst(lndin~ (16~0). L()('kl~ hild made iL his pusilll'l-ls lo invl'Hli~illl' ll1l' 
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proper foundations of knowledge, and to act, as he put it, as an "under­
labourer" to the work of the Royal Society's experimentalists (he was a per­
sonal acquaintance of Boyle and Newton, and even assisted the former in 
sorne of his publications). The chief confluence of Locke's philosophy and 
the natural philosophy of Newton lay in Locke's stress on empiricism as 
the route to knowledge. Newton himself always characterized his dis­
coveries as being founded on experiment and observation rather than on 
"innate ideas" of the sort chased by Descartes (think of the role of cogito 
ergo sum). Locke was generally read in the eighteenth century as having 
supported the same view of the sources of knowledge, constructed with 
much more elaborate arguments. 

Two major areas of Newton's own thought and work, however, were 
largely purged from the Newtonianism of the eighteenth century: theology, 
including Newton's studies of biblical chronology and interest in biblical 
prophecy, and a1chemy, which occupied him for many years, especially in 
the 1670s (see Chapter 1, section IV, above, for more on alchemy). Newto­
nianism after Newton stressed the kind of rational empiricism found in 
Newton's publications and in the elaborations of his followers - including 
particular kinds of theological inferences favourable to the new Anglican 
orthodoxy that had followed the Glorious Revolution of 1688, a polítical 
event that Newton himself, as a member of parliament for the University 
of Cambridge, had wholeheartedly supported. 

The story of the continuing debates between "Cartesians" and "Newto­
nians" in the eighteenth century carries us well beyond the confines of trus 
book. But it is worth observing that the story was not to be a simple one 
of Newtonian "truth" beating out Cartesian "romance" (as sorne crilies 
liked to characterize Descartes's mechanical universe). The complexity and 
interweaving of arguments, mathematical, metaphysical and experimental, 
meant that even when, in the later decades of the eighteenth century, 
Newton's name was generally invoked as the winner of the supposed 
contest, what counted as "Newtonianism" was in many ways quite differ­
ent from what Newton rumself had believed and argued. The "Newtoni­
anism" of the later eighteenth century was itself a hybrid of Newton's, 
Descartes's, Leibniz's, and many other people's work and ideas. 



Conclusion 
What was Worth Knowing by 

the Eighteenth Century? 

By the time of Newton's death, the educated European outlook on the 
natural world had changed beyond all recognítion from what it had been 
in 1500. The new ideology of natural knowledge was now one firrnly, 
though not exclusively, associated with practical, operationa! capabilíties. 
The greatest physico-mathematicians of the later seventeenth century, 
Huygens and Newton, both took an active interest in practical, non­
contemplative matters. SigIÚficantly; in the 16508, Huygens had devoted 
much attention to the problem of the determination of longitude at sea, a 
problem of especial concern to the new mercantile states of Western Europe 
such as Huygens's own nation of Ihe Netherlands (United Provinces). In 
addressing it, Huygens not only dealt with the theoretica1 problems 
relating to pendulum mobon (the use of the pendulum as a timekeeper 
had earlier been suggested by Galileo), but also worked on the details of 
actually constructing a marine chronometer Ihat would continue to keep 
regular time on ocean voyages: Huygens's chronometers were actually put 
to practica! trial on long voyages by French naval ves seis. The incessant 
rhetoric of BacoIÚan practicality that domina tes the first decades of the 
Royal Society was also important for Huygens and the Roya! Academy 
of Sciences in París, and it remained crucial in the early decades of the 
eighteenth century with the establishment of a Nev.'!onian natural­
philosophical ideology. 

The major development of the two centuries covered in this book was, 
therefore, the rise to a position of prominence of a "natural philosophy" 
that was directed towards control of the world. European knowledge in 
1500, as it existed in formal, official settings such as universities, placed a 
premium on abstract, contemplative understanding. This is not to say that 
there were no social implications of such a focus, but it is to say that those 
implications were mediated through institutions (especiaJly Ihe Church) 
whose power did not noticeably involve ambitions lo increasl' the me<1n~ 
(Jf control over the natuml world itself. During the sixte<'.'l1th <1nu Hl'Vl'll-
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teenth centuries, however, European nations began to spread their power 
to other parts of the world to an extent unprecedented in history. Conse­
quently, valuations of knowledge began very gradually to shift towards 
those kinds of knowledge that could bring the world beyond Europe back 
home (as with geography and natural history), or that would enable a more 
effective reaching out to other parts of the world with the intention of ma­
terial and cultural domination (as with such sciences as navigation or 
mechanics - or even with Matteo Ricci's use of mathematics to impress the 
Chinese court). The rise of a Baconian rhetoric of utility during the seven­
teenth century, associated with the welfare of the sta te, miITored closely 
these large-scale changes in European life. 

Significantly, it was the mercantile sta tes of western Burope that played 
the greatest role in revolutionizing the sciences during this periodo Spain, 
the greatest colonial power of the period in terms of wealth acquired and 
land conquered, but no! the greatest as an active mercantile power, did not 
follow the same direction as countries such as France, England, or the 
Netherlands, except perhaps in studying the natural rustory of the New 
World. England and the Netherlands in particular illustrate well the 
associations between mercantile colonial expansion and the new ambitions 
of European knowledge in these centuries. 

Concomitantly, while the sixteenth century had witnessed a form of intel­
lectual endeavour that was dominated by humanism, and by the explicit 
aim of recovering the civilization of classical antiquity, the seventeenth 
century saw the appearance of a new ambition, exemplified by Descartes 
and Bacon, to forge ahead with professedly novel intel!ectual programmes. 
The sanction of antiquity remained an important rhetorical resource for 
many, but it now competed with claims oí novelty that often justified 
approaches to nature by talk of "method" instead of talk about classical 
precedent. The evidence that such methods were efficacious was argued to 
reside in the practical acruevements that the method supposedly enabled, 
whether it was Bacon's inductive method leading to "works," or 
Descartes's method leading to improved optical lenses (as in his essay 
"Dioptrics") or, as Descartes also hoped, to lengthened human lives. 

AH the same, the category of endeavour known as "natural philosophy" 
retained certain fundamental features right through all the changes that 
occurred during this periodo From beginning to end, natural philosophy 
involved Cod, whether Thomas Aquinas's medieval Cod of an Aristotelian 
universe or the Cod oI the Newtonians, free to do whatever He wanted 
and continually, providentially aware of everything in the universe due to 
His omnipresence throughout al! of (absolute) space - what Newton called 
Cod's "universal sensoriurn." Natural philosophy bred very few genuine 
atheists in the sixleenth or seventeenth cenluries, although matters changed 
in the eighteenth. 

It would be foolish lo see the so-c<1lled Scienlific Revolution OIS nothing 
but <1 strnightforwmd prodllcl of F.lIr(lp(·~n (·xpilnsi(\ll. TI\(' l'n\('rgl'nn' in 
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the seventeenth century of the infinite universes oi Descartes and oi 
Newton, with the earth a planet orbiting a star called the sun, can stand for 
enormous intellectual shifts in the kind oi universe that educated 
Europeans saw themselves as inhabiting. Nonetheless, at the heart of these 
shifts are the operational, mathematical, and (in the case of natural history) 
enumerative or cataloguing enterprises of the period, enterprises that 
underpinned the creation of a new universe and a new natural philosophy. 
European learned culture, in regard at least to an understanding of the 
natural world, had undergone a shift from a stress on the vita contempla­
tiva, the "contemplative life," to a stress on the víta activa, the "active life," 
to use a Latin terminology familiar to the humanist scholars of the period. 1 

"Knowing how" was now starting to become as important as "knowing 
why." In the course oí time, those two things would become ever more 
similar, as Europe learned more about the world in order to command it. 
The modern world is much like the world envisaged by Francis Bacon. 
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12 See discussion in William R. Shea, Galileo's Inlel/ectual Revolution (London: Macmillan, 
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lanon authorized by Descartes, 1647. 
12 Le monde, chapter 6 and ff. See also the similar slatemenl in the Principia philosophiae, Pt.lI1, 
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Meteorology, transo Paul J. Olscamp Ondianapolis: Bobbs-MerriJl, 1965), pp.263-361, on 
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New Homes for Natural Knowledge 
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Deve/opment of Wes/ern Thought (Cambridge, Mass.: Harvard University Press, 1957), 
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4 Robert S. Weshnan, "The Astronomer's Role in the Sixteenth Century: A Pre1iminary 
Study," History 01 Science 18 (1980), pp.105-47, esp. p.107. 
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Donahue (Cambridge: Cambridge University Press, 1992), p.26; and see Figure 6.1. 
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9 Galileo Calilei, Sidereus nuncius, or, The Sidereal Messenger, transo Albert Van Hcldl'n 
(Chicago: University 01 Chicago Press, 1989), p.62. 
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16 !bid., p.6. 
17 See Paolo Rossi, Francis Bacon: Froln Magic to Sciet/ce, transo Sacha Rabinovitch (Chicago: 
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and Chapter 4, section IV, aboye. 
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311 knowledge, such as Jean Bodin: see Ann Blair, The Thealer o/ Na/lIre: lean Bodil! and 
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natural history, see Paula Fíndlen, Possessing Na/ure: Museums, Collechng, and Scienl.ific 
Culture in Early Modern Italy (Berkeley, etc.: University 01 California Press, 1994), 
pp.31-3. 
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ences, 1666-1803 (Berkeley, etc.: University 01 California Press, 1971), p.25. 
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24 Thomas Sprat, History o{ Ihe Royal Society (London, 1667; facsimile reprint, Saint Louis: 
Washington University Press, 1958), p.53 
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Tite Prínciples of lhe Mosl Ancienl and Modern P¡'ilosoplry, ed. Allison Coudert and 
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Cavendish, Paper Badies: A Margare! Cavendish ReadeT, ed. Sylvia Bowerbank and Sara 
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Pickering, 1992), this latter volume containing imaginative and moral writings. See 
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21i QlICltpd in SVI'llana Alpcr", Th,' Ar/ nf Dcsrribin¡¡: Oll/eh Arl in /he Sevenleen/h Cenlury 
(Chit'llllo: lInlV!'l'Hity or Chi"ollo I'rl'"., 1983),1'.17. 

27 S".' "hoY!', ('h"I'II'r :\, "",'Ih", 111. 
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Chapter 7: Experiment: How to Learn Things about Nature in 
the Seventeenth Century 

See Paul CranefieJd, "On Ihe Origins of the Phrase Nihil est in inteU~clu quod non prius 
fuerit in sensu," Journal of Ihe HisúJnJ 01 Medicine, 25 (1970), 77-80. 
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Stoothoff and Dugald Murdoch, 3 vols (Cambridge: Cambridge University PIesS, 
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12 Steven Shapin, A Social HislOl1J 01 'fruth: Civilily und Science in Se-venteenlh-Century Engúmd 
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14 Bacon, New Organon, Book 1I, aph.11. 
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16 Robert Boyle, An Hydroslatical Discourse, in Roberl Boyle, The Works of the Honourable 

Roberl Boy/e, ed. Thomas Bireh, 6 vols (London, 1772; facsimile reprint, Hildesheim: Georg 
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18 Roberl Hooke, Micrographia, or Sorne Physiological Descriptions of Minute Bodies Mnde by 
Magnifying Glusses (London: 1665), "To Ihe Royal Society." 

19 Thomas Hobbes, 111e E"gUsh Works of Thomas Hobbes, ed. Sir William Molesworth, 11 vols 
(London: 1839-1845), vo!.7, p.184 (from 5ix Lessons lo the Mathematicians). 

20 Bayle, Works, vol.3, p.610. 
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tions, but only challenged Boyle's causal understanding of!he phenomena. In Ibis regard, 
Hobbes's objection lo the "experimental philosophy" was not that it yielded false results, 
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22 From!he Saggi, translation in W. E. Knowles Middlelon, The Experimenters: A SIl/dy af the 
Accademia del Cimento (Baltimore: The Johns Hopkins University Press, 1971), pp.246-7. 
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terms of the introduction of particles of fue inlo the warmed body. 

23 See the reprint in Marie Boas Hall, Nature and Nalure's Laws: Documenls 01 the Scienlific 
&volution (New York: Walker and Company, 1970), p.250. 

24 lbid. 
25 ¡bid., p.251. 
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28 William Harvey, The Circulation 01 /he Blood and Olher Writings, transo Kenneth J. Franklin 

(London: Dent, 1963), p.5. 
29 !bid., p.166. 
30 Ibid., p.167. 

Chapter 8: Carlesians and Newtonians 

See Peter Dear, Mersenne and the Learning 01 /he Schools (lthaca: Comell University Press, 
1988), pp.210-11. 

2 Christiaan Huygens, Oeuvres complétes de Christiaan Huygens, 22 voIs (The Hague: Nijhoff, 
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p.A6r. O. aboye, Chapter 3, section lu, p.60 for Bacon's remarks. 

8 Rohault's System, vol.l, p.blr. 
9 !bid., p.115. 

10 A celebrated work by Bemard Bouvier de Fontenelle, Entretiens sur la plurali/é des mondes 
("Conversations on the PIurality of Worlds," 1686), presents fictional, polite conversations 
about natural philosophy between a philosopher (the author) and a young lady. The 
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11 Isaac Newton, The Principia: Mil/herna/ual Principies 01 Natural Philosophy, transo 1. Bernard 
Cohen and Anne Whitman (Berkeley, etc.: University of California Press, 1999), p.444. The 
terro "centrípetal force" ("centre-seeking" force) was Newton's coinage, intended as a 
correlate to Huygens'salready-published term "centrifugaI force" ("centre-fleeing" force). 

12 Newton, Principia, p.588. 
13 Isaac Newton, Oplicks, or A Trealise of the Reflecliolls, Refraclions, Inflec/ions & Colours of 

Lighi (New York: Dover, 1952), p.376 (Qu.31), as found in the 1717 third edition, trans­
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14 Quoted in Alexandre Koyré, From the CJosed World /0 /he [nfini/e Universe (Baltimore: The 
Johns Hopkins University Press, 1957), p.178. 
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19 Newton, Principia, p.393. 
20 Recall too that il w_s Clarke' s Labn edition {l697l, wilh its copious Newlonian annota­

lions, ol Rohault's Carlesian lextbook oí 1671 thal was lranslated iolo English in 1723 as 
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Conclusion 

1 See Chapter 3, section Il, aboye. 
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Further Reading 

The Iiteralure on the so-called Scientific Revolution is enOrmous. The following material serves 
as íuller documentation to individual chapters, indicaling sorne 01 lhe chief secondary sources 
to which my own text is indebted in addition lo those ciled in the notes. The relerences given 
will a1so serve readers who wish to investiga te in greater depth any 01 the issues ",ith which 
my aceount deals. With very lew exceptions, all the literalure cited is in English. 

Three recent accounts 01 the period giving a variety al diflerent perspectives are 
James R. Jacob, The Scien/ífic Revolulion: Mpira/íons and Achievemen/s, 1500-1700 (Atlantic 
Highlands, N.J.: Humanities Press, 1998); John Henry, The Scientific Revolutio/l .nd the 
Orig;.J5 o{ Modem Science (London: Macrnillan, 1997), wilh valuable annotations to its many 
bibliographical references; and Sleven Shapin, The Scientific Revolulion (Chicago: University 
01 Chicago Press, 1996), containing bibliographical essays on major historiographical themes. 
Lisa Jardine, lngenwus Pursu;/s: Building the Scientífic Revolulion (London: LitUe, Brown, 1999) 
is a readable general acroun! 01 the period, while at a more comprehensive level, H. Floris 
Cohen, The Scientific Rcuolulion: A Hiswriographical Jnquiry (Chicago: University 01 Chicago 
Press, 1994), deals al length with the historiography prior lo abaut 1990. Among many 
older sludies, Edwin Arthur Burtt, The Me/aphysical FOlmda/ions o{ Modern Physical Science 
(Garden City, N.Y.: Doubleday Anchor, 1954 [1932]) is 01 particular influence on the present 
work. 

Introduction 

On the eighteenth-cenlury concept 01 the Scienlific Revolution, and mucll else, see l. Bernard 
Cohen, Revolu!ion in Science (Cambridge, Mass.: Harvard University Press, 1985). For an 
excellent overview of recent trends in Ihe history 01 science, see Jan Golinski, Making Na/ural 
Kl1owledge: History of Science after Conslruc/ivism (Cambridge: Cambridge University 
Press, 1998). On historiographical issues in general, a useíul recent text is Beverley C. South­
gate, His/ory, Whal and Why' Ancienl, Modern, Ql1d Pos/modern Perspectives (London: Routledge, 
1996). For those interested in the period immediately preceding that discussed in the present 
!>ook, Edwilrd Gran!, The Foundalioll5 of Modem Science in the Middle Ages: Their Re/igious, 
lllsti/I/lional, nlld ¡l1td/eL'tl/al Cantox!s (Cambridge: Cambridge University Press, 1996), is an up­
tu-linte Llvervi,'w Ihat looks townrds the Sdentific Revolution. Aristotle's natural philosophy 
i, best npp",nd\l'tI viII tI", daN.k by c" E. R. Lloyd, Aristatle: Tlle Grawtll and S!ruc/ure of His 
'/'Ilftl/ght (C'umhrlell\": C,,,,,hrlall(" LJlliv"'"Hily 1".''''', 19(11) , Lilcrnlurc un I'ronci" 130('(1\\ i~ 

¡'''"Hlel,'n'tI !>,'Iow, 1I11a1I'!" ('h"I'II"· :\, 1)" 1111' ""'pI' (Ir dlHmVl'ry nwllIl'hor" In Ihl. ¡w,'lod, " 
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suggestive .rliele is Amir Alexander, "The Imperialist Space of Elizabethan Mathematics," 
Sludies in History and Philosoplty of Science 26 (1995), pp.559-91. 

Chapter 1 

Gran!, The Foundatiolls of Modern Science in the Middle Ages, is the best general introduction on 
the Middle Ages; it may be usefully supplemenled by the same author's suggestive arlicle, 
Edward Grant, "Aristotelianism and Ihe Longevity of Ihe Medieval World View," HislOry of 
Science 16 (1978), pp.93-106. David F. Noble, A World Witlwul Women: Tite Christiall Clerical 
Culture of Westem Science (New York: Knopf, 1992), explains some of Ihe social realities of the 
medieval and early-modern wuversities in an accessible style. 

Barry Barnes, "On U1e Conventional Characler of Knowledge and Cognition," in Karin 
Knorr-Cetina and Michael Mulkay (ed .), Sci",ce Observed: Perspec/ives on the Social 5tudy o{ 
Science (London: Sage, 1983), pp.19-51, explains some of the basic conceptions on which "con­
structivist" approaches to science, which emphasize the socio-cultural shaping of scienlific 
knowledge, are hased. On Ihe issue of whether Ihe "Scientific Revolution" is properly named, 
see 5tephen Pumfrey, "No Science, Therefore No Scientific Revolulion? Social Construclion­
istApproaches lO 16th and 17th Century Studies of Nature," in Dorninique PeSlre (ed.), L'étude 
sociale des sciences (París: Centne de Recherche en Histoire des Sciences el des Techrtiques, 1992), 
pp.61-86. On the eategory of "natural philosophy" and its difference from the modern cate­
gory of "science," see Andrew Cunningham and Roger French, Before 5cience: TIte l"vention o{ 
the Friar's Natural Philosophy (Aldershot: Scolar Press, 1996), and Andnew Cunningham, "How 
the Principia Got its Name; or, Taking Natural Philosophy Seriously," History of Science 29 
(1991), pp.377-92. 

Giovanna Ferrari, "Public Anatomy Lessons and the Carnival: The Anatomy Theatre 01 
Bologna," Post and Presen!, no. 117 (1987), pp.sO-106, c. D. O'Malley, Andreas Vesalius o{ Bru.­
seIs 1514-1564 (Berkeley, etc.: University 01 California Press, 1964), and Jerome J. Bylebyl, 
'lnterpreting the 'Fasciculo' Anatomy Scene," Journal of the His/ory o[ Medicine and A1lied Sci­
",ces 45 (1990), pp.285-316, provide various perspeclives on the world 01 sixteenth-century 
anatomical praclice. On the background to astronomy in this period, Liba C. Taub, Plolemy's 
Universe: Tite Nat"ral, Philo50phical and Ethical FoundatiollS of Plolemy's As/ronomy (Chicago: 
Open Court, 1993), Owen Gingerich, "The Accuracy of the Toledan Tables," in PRlSMATA: 
Festschrift fü,. Willy Hartner, ed. Y. Maeyama and W. G. Saltzer (Wiesbaden: Steiner, 1977), 
pp.151-63, and !he classic Thomas S. Kuhn, The Copernican Revolu/ion: Planetary As/ronomy in 
the Development o{ Westem Thought (Cambridge, Mass.: Harvard University Press, 1957). 
Edward Grant, "Celestial Orbs in Ihe latin Middle Ages," lsis 78 (1987), pp.153-73, provides 
imporlant discussion of the legacy of the Middle Ages to sixteenth-century views on Ihe rela­
tionship of the natural philosophy of the heavens to mathematical astronomy, which contex­
tualizes the discussions of Nicholas Jardine, "TheSígnificance of the Copernican Orbs", Journal 
for the History of AstrO/wmy 13 (1982), pp.168-94, and Robert S. Westrnan, "The ASlronomer's 
Role in Ihe Sixteenlh Century: A Preliminary Study," History o[ Science 18 (1980), pp.10S47. 
The technical details 01 classical astronomy are impressívely introduced by James Evans, The 
Hislon} alld Practice o{ Ancient Astronomy (New York: Oxford University Press, 1998). 

On the character of Aristotelian natural philosophy and its crilies, see Keith Hutchison, 
"Dormitive Virtues, Scholastic Qualitíes, and the New Philosophies," His/ory o{ Scimce 29 
(J991l, pp.24S-78. The role of printing in restructuring perceplions of knowledge during 
the Scíentific Revolulion are discussed in Adrian Johns, The Na/ur. 01 lhe Book: Print ond 
KtWWledge in the Making (Chieago: University of Chicago Press, 1998), and Ihe c1assic 
Elizabeth L. Eisenstein, Tite Prillting Press as on Agent o{ C//aI1¡(c: COl/l/ll1mi"atiolls "1111 
Cul/llml Transforma/ion. ill Enrly-M,Jtlml EIIYIlpC, 2 vols (Cambridge: CambrilJf;c UniwT!!ity 
I'n.':I.',19RO). 
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Important discussions Ibat inaugurated the close exarnination of magical traditions in the 
origins of modern science indude Frances A. Yates, Ciordano Bruno and the Hermetie Trodi/ion 
(Chicago: University of Chicago Press, 1979 [1%4]); Yates, "The Hermetic Tradition in Renais­
sanee Science," in Charles S. Singleton (ed.), Art, Scimce and History in /he Renaissance (Balti­
more: The Johns Hopkins University Press, 1968), pp.255-74; Eugenio Carin, ''Magic and 
Astrology in the Civilization of the Renaissance," in Carin, Science and eivie Ufe in Ihe l/alinn 
Rmaissnnce (Carden City, N.Y.: Ooubleday Anchor Books, 1%9), pp. 145-65. A more recent 
overview and critique is Brian Copenhaver, "Natural Magic, Hermetism, and Occultism in 
Early Modero Science," in Reappraisals of lhe Scimtifíc Revolulion, ed. David C. Lindberg and 
Robert S. Westrnan (Cambridge: Cambridge University Press, 1990), pp.261-301; see also 
W¡]liam Eamon, Science and Ihe $ecrels of Nature: Book$ of Secrels in Medieval and Early Modern 
Culture (Princeton: Princeton University Press, 1994). 

For studies of alchemy in the seventeenth eentury, see Betty Jo Teeter Oobbs, The Founda­
tíons of Newlon's Alchemy, or "The Hunting of tI,e Creene Lyon" (Cambridge: Cambridge Uni­
versity Press, 1975); Oobbs, The Janus Face of Geni1ls: The Role of Alchemy in Newlon's Thought 
(Cambridge: Cambridge University Press, 1991); and more recently William R Newman, 
Gehennical Fire: The Uves of George Slarkey, a" American Alchemist in Ihe Scienlific Revolulion 
(Cambridge, Mass.: Harvard University Press, 1994), and Lawrenee Principe, TIte Aspiring 
Adept: Roberl Boyle alld His A/chemienl Ques!, inc/uding Boyle's "LosI" Dialogue on Ihe Transmu­
!alian of MelJlls (Princeton: Prineeton University Press, 1998). 

Cabalism is lreated in Gershom Scholem, Kabbnlnh (New York: Meridian, 1978); ils specifie 
role in the life of the Elizabethan magus JOM Oee is considered in Oeborah Harkness, John 
oee's Conversa/ÍiJns Wi/h Ange/s: Cabala, A/chemy, and lhe End of Nall/re (Cambridge: Cambridge 
University Press, 1999). On early-modern astrology, see Pah'ick Curry, Prop/¡ecy and Power: 
Astrology in Early Modern England (Princeton: Princeton University Press, 1989); aIso Pah'ick 
Curry (ed.), Astrology, Science, and Society: Historienl Essnys (Woodbridge, England: Boydell 
Press, 1987). 

Chapter 2 

On the academic background lo Ihe period, David L. Wagner (ed.), The Seven Liberal Ay!. 
in ¡he Middl, Ages (Bloomington: Indiana University Press, 1983), discusses Ihe foundations 
oi medieval learning. Two articles by Paul Oskar Kristeller, "The Humanisl Movemenl" 
and "Humanism and SchoIasticism in Ihe ltalian Renaissanee," both in Kristeller, 
Renaissance Thought: The e/assic, Scholaslic, and Human;st Slrains (New York: Harper 
Torchbooks, 1961), pp.3--23 and pp.92-119, are classic introduclions lO the modern historieal 
understanding of renaissance humanism, as also il; Jerrold E. Seigel, Rhetoric and Philosaphy in 
Renaissance HumalliS!n: The Union of Eloquence and Wisdom (Princeton: Princeton University 
Press, 1968). 

JiIl Kraye (ed.), The Cambridge Companíon lo Renaissance Humanism (Cambridge: Cambridge 
University Press, 19%), and Anthony Crafton and Lisa Jardine, From Humanism /o Ihe Human­
i1ies: Eduention and the Uberal Ar/s in F;fteentl,- and Sixleenlh-Cenlllry Eurape (Cambridge, Mass.: 
Harvard University Press, 1986), are good places to star! in underslanding Ihe general impact 
of humanist pedagogy. On scienee, humanism, and lhe renaissanee, see Brian Copenhaver, 
"Oid Science have a Renaissance?", lsis 83 (1992), pp.387-407; Vivian Nutton, "Creek Science 
in Ihe Sixleenlh-Century Renaissanee," in J. V. Field and Frank A. J. L. James (eds), Renaissnnce 
and Revo/utioll: Humanisls, Scho/ars, Craftsmen and Natural Philosaphers in Early Modem ElIrope 
(Cambridge: Cambridge University Press, 1993), pp.15-28. More disciplinarily-specific studies 
indude Paul 1~,wn'nC<.' ({o~e, T/,e Itnlinll RCl1aissnnce of Mnlhemalics: Sludies on Humanists and 
Mnllrellmlidllll~ (mili 1','Imrl"Ir lo Gnllll'o (el'lleVa: Oroz, 1975); Robert S. Westman, "Prool, 
l'twUrtl¡ nnd )'l1lrul1"H": ('o1',41'1\1&'\IH'f'! PI\~rl1t'(' Itl 1 J" n'l'iJ/"f¡'JHilJJI~/' in David ('. l.indhf..\rF; and 
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Robert S. Westman (eds), Reapprnisnls o{ Ihe Scienhfic Rroolution (Cambridge: Cambridge Uni­
versity Press, 1990), pp.167-205; Karen Reeds, "Renaissance Humanism and Botany," Atina/s 
af Science 33 (1976), pp.519-42. Peter Dear, Discipline and Experienee: The Malhernalical Way in 
lhe Scienlific Reuolution (Chicago: University 01 Chicago Press, 1995), pp.1l5-23, contains 
further discussion and references. 

William Eamon, Serenee and ¡he Seerels af Nature: Books of Seere/!; in Mediroal and Early Modern 
Culture (princeton: Princeton University Press, 1994), is an important study of a significant 
genre of the period relating lo natural knowledge. 

Several recenl studies stress the humanistic aspects 01 renaissance anatomy: Andrew Cun­
ningham, Tile Ana/amical Renaissance: The Resurrec/ion ai Ihe AnatDmical Prajecls o{ Ihe Anóenls 
(Aldershol: $colar Press, 1997); R. K. French, Dissection and Vivisechon in Ihe Europwn Renais­
satlee (Aldershot: Ashgate, 1999); Andrew Wear, R. K. French and 1. M. Lonie (eds), The Medical 
Renaissonee of Ihe Suleenlh Century (Cambridge: Cambridge University Press, 1985). For more 
on mathematics and method, loAnn S. Morse, "The Reception 01 Diophantus' 'Arithmetic' in 
the Renaissance" (Ph.D., Princeton University, 1981); Jaako Hintikka and Unto Remes, The 
Method 01 Analysis: lis Geometrical Origin and ils General Significance (Boston Studies in the PW­
losophy oí Science, vol.25) (Dordrecht: Reidel, 1974). 

Kuhn, The Capemican Revolulion, is basic lar an inlToductíon lo sixteenth-century aslTon­
omy. In addition to Jardine, "Significance oí the Copernican Orbs," see also Robert S. Westman, 
"The Me1anchthon Circle, Rheticus, and the Wittenberg Interpretation oí the Copernican 
Theory," lsis 66 (1975), pp.l65-93; Westman, "The Copernicans and the Churches," in God atui 
Nature: Historiea/ Essays on fhe Encounler be/ween Christianity atld Science, ed. David C. Lind­
berg and Ronald L. Numbers (Berkeley, etc.: University 01 California Press, 1986), pp.76-113. 
SacWko Kusukawa, The Trans{onnation o{ Nalllral Philosophy: The Case of Philip Melanehthon 
(Cambridge: Cambridge University Press, 1995) and Charlotte Methuen, Keple,'s Tiibingen: 
Stimu/us lo o Theologita/ M11thema/ics (A ldershot: Ashgate, 1998) are important discussions oí 
a specifically Lutheran context lor natural philosopWcal and aslronomícal work in the si x­
teenth century; for a more general overview oí religious dimensions 01 early-modern sdence, 
see John Hedley Brooke, Science and Religion: Some Hisloriea/ Perspeelives (Cambridge: Cam­
bridge University Press, 1991), chs.2-4. 

Chapter 3 

On Roger Bacon: Jeremiah Hackett, "Roger Bacon on 'scientia experimentalis'," in Jeremiah 
Hackett (ed.), Roger Bacon ond /he Sciences: Commemaralive Essays (Leiden: Brill, 1997). A good 
general account oí the medicine oí the Middle Ages may be íound in D.vid C. Lindberg, The 
Beginnitlgs 01 Wes/ern Science: The Europea n Scientific Tradilion in Phi/osophical, Religious, and 
Insti/I/lional Conlexl, 600 Be. lo AD.1450 (Chicago: University of Chic.go Press, 1992), and espe­
cially in Nancy G. Siraisi, MedielJal olld Early Renaissance Medicine: An lnlroductioll to Kllowl­
edge and Proehee (Chicago: University oí Chicago Press, 1990). 

On Paracelsus and Paracelsian;sm: Charles Webster, From Parace/sus lo Newlon: M11gic and 
Ihe Makillg a{ Modern Science (Cambridge: Cambridge University Press, 1982); Walter Pagel, 
Parace/sus: Al! Inl roducl ion lo PhilosophieaJ Medicine in Ihe Era of Ihe Renaissanee, 2nd rev. edn 
(Basel and New York: Karger, 1982); Andrew Weeks, Parace/sus: Speculalive Themy olld Ihe Crisis 
o{ Ihe Early Refom/Olion (Albany: State University of New York Press, 1997); Allen G. Debus, 
The FTeneh Parace/sians: The Chemiea/ C111ll/cmge lo Medical and Seienlifie Tradilion in Ear/y Modern 
Franee (Cambridge: Cambridge University Press, 1991); Allen G. Debus, Tite Englislt Parare/­
sians (London: Oldbourne, 1965). Other aspee!s 01 the practica) dimensions of the study of 
nattITe are Pamela )-1. Smith, TI,e BIISilleSl' DI Aleltell'!!: Scienee alld CI/I/ure il/ llre Holy I~","all 

ElIIl'in' (['rinreton: l'rincclon Univcn;ity rres .. , 1'l94); Owcn Ha"noway, "(; .. "r~iu~ Agrícolo OH 

Ilumi1l\i~I," ¡""rlml "[11/1' /li'/"I"!! "f 1,11"11, .r;1 (1""2), l)p5!'1-(~); nnd 11\1' l'x,''''I""t ('nulu Ru""l, 
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PhUosophy, Tec1mologtj, find the Al'ts in the Early Modern Era, transo Salvator Atlanasio (New York: 
Harper & Row, 1970). 

The cultural forms of natural knowledge are considered in Owen Hannaway, "Laboralory 
Design and the Aim oi Science: Andreas Libavius versus Tycho Brahe," Isis 77 (1986), 
pp.S85-610; Sleven Shapin, ""fhe Mind is lts Own Place': Science and Solitude in Seven­
teenth-Century England," Scienee in Con/ex! 4 (1991), pp191-218; Eamon, Scienceand the Secrets 
01 Na/ure. On Libavius and Paracelsianism, Owen Hannaway, The Chemis/s and the Word: The 
Didactic Grigins of Chemis/ry (Baltimore: Johns Hopkins University Press, 1975). Katherine Park 
and Lorraine Daston, Wonders and the Order 01 Na/ure, 1150-1750 (New York: Zone Books, 
1998), is an impressive study of the sensibilities brought to natural phenomena over the eourse 
of an extended period in Europe. 

On Francis Bacon and his immediate context, Gad Freudenthal, '''fheory of Matter and Cos­
mology in William Gilbert's De Magnete," Isis 74 (1983), pp.22-37; Edgar Zilsel, '''fhe Origins 
of Wílliam Gilbert's Scientifie Method," Journal 01 the History of Ideas 2 (1941), pp.1-32; Julian 
Martin, Francis Bacon, the Sta/e, and the Relorm 01 Natural Philosophy (Cambridge: Cambridge 
University Press, 1992); J. R. Ravetz, "Franeis Bacon and the Reform of Natural Philosophy," 
in Science, Medicine, and Society in the Renaissance, 2 vols, ed. AlIen G. Debus (New York: Seienee 
History Publicabons, 1972), vol.2, pp.97-119; Graham Rees, "Franeis Bacon's Semí-Paraeelsian 
Cosmology," Ambix 22 (1975), pp.81-101, 161-73. The monumental work on the subsequent 
career of Bacon's proposals is Charles Webster, The Grea! lnstauraticm: Science, Medicine, and 
Reform 1626-1660 (London: Duckworth, 1975). 

Chapter 4 

Methodologieal and intelleetual eontexts for Galileo's work are diseussed in Nicholas ]ardine, 
"Epistemology of the Seienees," in The Cambridge Hislonj of Renaissance Philosophy, ed. Charles 
Sehmitt, Quentin Skinner, Eekhard Kessler and JiU Kraye (Cambddge: Cambridge University 
Press, 1988), pp.685-711. Dear, Discipline and Experience, considers Jesuit colleges and the teach­
ing 01 mathematical sciences, as does William A. Wallace, Galileo and His Sourees: The Heri/age 
of the Collegio Romano in Galileo's Science (Princeton: Prineelon University Press, 1984). For more 
on the Jesuit tradibon, Steven J. Harris, "Transposing the Merton Thesis: Apostolie Spiritual­
ity and !he Establishment of the Jesuit Scientifie Tradition," Science in Con!ex! 3 (1989), 
pp.29-M. 

Of very many works on Galileo, the following are of particular use and relevanee here: 
Stillman Drake, Galileo at Work: His Scientific Biography (Chicago: University of Chicago Press, 
1978); Michael Sharratt, Galileo: Decisive Innovalor (Cambridge: Cambridge University Press, 
1994); Maurice Clavelin, The Natural PhiJosophy 01 Galileo: Essay on Ihe Origins and Forma/ion of 
Classica1 Meehanics, transo A. J. Pomerans (Cambridge, Mass.: MIT Press, 1974); Stillman Drake 
and 1. E. Drabkin (eds), Mechanics in Sixleenth-Cenlury Italy: Selections from Tarlaglia, Benedetti, 
Guido lIbaldo, and Galileo (Madison: University of Wisconsin Press, 1969) for early Galilean 
writings; Martha Fehér, "Galileo and the Demonstrative Ideal of Scienee," Studies in History 
und Philosoplnj 01 Seience 13 (1982), pp.87-110 considers the relation of Galileo's mathematical 
work to issues of essences in natural phílosophy. 

Stillman Drake (ed. and trans.), Discoveries and Opinio»s of Galileo (Carden Cíty, N.Y.: 
Doubleday Anchor, 1957), contains mueh translated material with commentary; William R. 
Shea, Galileo's Inlellectual Revolution (London: Macmillan, 1972), is especia1ly useful on 
Galileo's enrlic,' col1trovel'"ics. Mario Blagioli, Galileo, Courtier: The Practice 01 Seience in the 
CI/ltl/re nI t\b.t1lllli.1II ((,hil'Ol~(l: Univcrsity of Chicago Press, 1993), is a valuable perspective 
on GalilL'o'H work In IIU' <'Onll'xl of hiK palronage strategies. More generally, Shapin, The 
Sd/'lllific 1<,"",111/101/, I'hol'l.·,. :\, wIlHld,''''' llw f\(lnl~ and scttings for scientific activities in this 
f",rlntl. 
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On Tycho and Kepler, see Victor E. Thoren, The Lord al Uraniborg: A Biography of Tycho Brahe 
(Cambridge: Cambridge University Press, 1990); Max Caspar, Kepler, transo e. Doris Hellman, 
new edition with notes by Owen Gingerich (New York: Dover, 1993); Nichola. Jardine, The 
BiTlh of Hislory and Philosophy of Scienee: Kepler's "A Defenee of Tycho against Ursus" with Essays 
on lis Provenance and Significance (Cambridge: Cambridge Uruversity Press, 1984); J. V. Field, 
Kepler's Crome/rica! Cosmo!ogy (Landon: AtWone, 1988); Bruce Stephenson, Kepler's 
Physical Astronomy (Princeton: Princeton Uruversity Press, 1987); Robert S. Westman, "Three 
Responses to the Copemican Theory: Johannes Praetorius, Tycho Brahe, a"d Michae! 
Maestlin," in Robert S. Westrnan (ed.), The Copernieatl Achievemenl (Berkeley, etc.: University 
oí CaliforNa Press, 1975), pp.285-345. 

Siraisi, Medieval and Early Renaissance Medicine, touches on medical astrology; for a slightly 
different perspective on this, see also Lynn White, "Medical Astrologers and Late Medieval 
Astrology," Via/or 6 (1975), pp.295-308. 

Mathematical practitioners in England are discussed in the c1assic E. C. R Taylor, The Malh­
ematical Prac/ilioner. of Tudor ana Stuarl England (Cambridge: Cambridge U"iversity Press, 
1954). More recently, see J. A. Bennett, "The Mechanics' Philosophy and the Mechanical Phi­
losophy," History of Science 24 (1986) pp.1-28; J. A. Bennett, "The Challenge of Practical Math­
ematics," in Science, Culture and Popular Be/ief in Renaissance Eurape, ed. Stephen Pumfrey, PaoJo 
L. Rossi and Maurice Slawinski (Manchester: Manchester University Press, 1991), pp.176-90; 
Lesley B. Connack, Charting atl Empire: Geography al lite English lInroersities (Chicago: Univer­
sity oí Chicago Press, 1997); Stephen Johnston, "Mathemancal Practitioners and Instruments 
in Elizabethan England," Annals of Science 48 (1991), pp.319-44; Stephen Johnston, "The Iden­
tity of the Mathemancal Practinoner in 16th-Century England," in Irmgard Hantsche (ed.), 
Der "ma/hema/icus": Zur Entwicklung und Bedeuhmg einer neuen Berufsgruppe in der Zeil Cerhard 
Mercators (Bochum: Brockmeyer, 1996), pp.93-120; Katherine Hill, "1uglers or Schollers?': 
Negotianng the Role of a Mathematical Practitioner," Brilish ¡aurnal for the History of Science 
31 (] 998), pp.253-74. 

Chapter 5 

Recent biographies of Descartes are Stephen Gaukroger, Descartes: An In/ellec/ual Biography 
(Oxford: Clarendon Press, 1995); WiUiam R. Shea, The Magic al Numbw; and Molion: The Sci­
enlific Career of René Desearles (New York: Science History Publicanons, 1991), with especial 
concentration on the scientific work; Daniel Garber, Desear/es' Metaphysical Physics (Chicago: 
University of Chicago Press, 1992); Genevieve Rodis-Lewis, Descar/es: His Life and Thought, 
transo Jane Marie Todd (!thaca: Comell University Press, 1998). 

Descartes's contemporaries are díscussed in R. Hooykaas, "Beeckman, Isaac," in Charles 
e. Gillispie (ed.), Diclionary of Scientific Biography, vo\.l (New York: Scribner·s, 1970), pp.566-8; 
Richard H. Popkin, The Hislon) al Scepticism from Erasmus lo Spinoz;a (Berkeley, etc.: University 
of California Press, 1979); Lynn Sumida Joy, G.ssendi the Alomist: Advocate of Hislo,,) in a11 Age 
of Science (Cambridge: Cambridge University Press, 1987) 

Specific aspects of Descartes's work are analysed in Bmce S. Eastwood, "Descartes on 
Refracnon: Scientific versus Rhetorical Method," Isis 75 (1984), pp.481-S02; A. Mark Smith, 
"Descartes's Theory of Light al\d Refrachon: A Discourse on Method," Transac/ions of /he 
American Philosophical Society 77, Part 3 (1987); Peter Calison, "Descartes' Comparisons: From 
the Visible to the Invisible," Isis 75 (]984), pp.311-26; Étienne Gilson, "Météores cartésiens et 
météores scolastiques," in Gilson, Études sur le r61e de la pensée médiévale dans la [arma/ion dll 
systéme cartésien (Paris: J. Vrin, 1930), pp.102-37; Desmond Clarke, Desearles' Phi/osop"!! nI 
Science (Manchester: Manchester University Press, 1982). Intellectual context ror Dl',co"ll's's 
hugely expanded universe is provided by Steven J. Dick, PllIrnli/l¡ uf Wnrlds: TI", Origills oII/", 
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Extraterrestrial Lile Debate from Democritus to Kant (Cambridge: Cambridge University Press, 
1982), 

A classic accowlt 01 English cOll'uscuJar mechanism is Robert Kargon, Atomis1tl in England 
from Hariot ID Newton (Oxford: Clarendon Press, 1966), The mechanical philosophy 01 Robert 
Soyle has been recently considered in the contexl 01 his experimentalism and hypothetical­
ism by Rose-Mary Sargent, The Dilfidenl Naturalisl: Rober! Boyle and tire Philosophy DI Experi­
men! (Chicago: University 01 Chicago Press, 1995), 

Chapter 6 

On the social and institutional places available in the early-modern period lor philosophers 
01 nature, see Westman, "Astronomer's Role"; essays in Bruce T, Moran (ed,), Palronage and 
Insti/u/ions: Science, Technology, and Medicine al/he European Court 1500-1750 (Woodbridge, 
SuHolk: The Boydell Press, 1991); John Gascoigne, "A Reappraisal 01 the Role of the Univer­
sities in Ihe Scientific Revolution," in David C. Lindberg and Robert S. Westman (eds), Reap­
praisals ollhe Scientific Revolution (Cambridge: Cambridge University Press, 1990), pp.207-ó0. 
Biagioli, Galileo, Courtier; Richard S. Westfall, "Science and Patronage: Galileo and the Tele­
scope," Isis 76 (1985), pp.11-30; Mario Biagioli, ''TIte Social Status 01 ltalian Mathematicians, 
1450--1600," History of Science 27 (1989), pp.41-95, all consider Ihis ¡ssue with especial refer­
ence to Galileo. 

On Galileo's conflicts with the Catholic church, see for a general discussion Peter Dear, 
''TIte Church and the New Philosophy," in Stephen Pumfrey, Paolo Rossi and Maurice Slaw­
inski (eds), Science, Culture anJi Papular Belie! in Early Modern Europe (lItlanchester: Manchester 
University Press, 1991), pp.119-39. There are several accounts 01 Ihe details 01 Galileo's diffi­
culties, including the classic account by Giorgio De Santillana, The Crime af Galileo (Chicago: 
University 01 Chicago Press, 1955); also Richard J. Blackwell, Gnlileo, Bellnrmine, and Ihe Bible 
(Notre Dame: University of Nolre Dame Press, 1991); Jerome J. Langford, Galileo, Science, and 
/he Church, 3rd edn (Ann Arbor: University 01 Michigan Press, 1992); Rivka Feldhay, Galileo 
and fiJe Church: Political Inqllisition or Critical Dialogue? (Cambridge: Cambridge University 
Press, 1995), Maurice A. Finocchiaro (ed.), The Galileo Affair: A Documentary His/onj (Berkeley, 
etc,: University of California Press, 1989) is a useluJ source book. 

On John Dee, see Nicholas H. Clulee, John Dee's Natural Philosophy: Between Science and 
Religion (London: Routledge, 1988); Harkness, John Dee's Conversaliotl5 Wi/h Angels. For 
other patronage beneficiaries in England, John Shirley, Thomas Harriot: A Biography 
(Oxford: Clarendon Press, 1983); Tom Sorell, Hobbes (London: Routledge & Kegan PauJ, 
1986). 

Biagioli, "Scientific Revolution, Social Bricolage, and Etiquette," in Porter and Teich, The 
Scientific Revolution in Nationat Context, touches on a number of diflerent natíonal settings. 

On Harvey, see especially Roger French, Wil.liam Hal1Jet/s Na/ural Philosaphy (Cambridge: 
Cambridge University Press, 1994); other useful material appears in Kenneth J. Franklin, 
"Introduction," in Franklin (ed.), William Harvey: The Circula/ion ollhe Blood and Other Writ­
ings (London: Everyrnan, 1963); Gweneth Whitteridge, William Harvey and the Circulation 01 the 
Blood (London: Macdonald, 1971); Walter Pagel, William Haruey's Biological Ideas: Selected 
Aspects and Historical Background (New York: Halner, 1967); Walter Pagel, Nw Lighl Otl William 
Harvey (Basel: Karger, 1976). An important study of English philosophical comportment in 
this period i" SIl'wn Shapin, A Social History DI Trulk Civility and Science in Seventeenth-Century 
El/SIl/l/ti « 'hi'"'f\''' (InlVl'roity of Chicago Press, 1994), 

Usdlll in"lflhtH n" 11,.. I\l't'ndemia dei Lincei appear in Pietro Redondi, Galileo Herelic, transo 
]{ilymolHl RO"'I,lh"l (l'rlnl"l'lon: I'rlncdclll University Press, 1987), and Paula Findlen, Pos­
",',;,<1"8 NI/lllrf: MIIHI'I/IIlx, (',,/k .. 1i1/8, I/I/t! Sril'lllilic CI/lrl/re' i/1 rarl!l Moda/1 Unl!! (13erkeley, etc.: 
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University of California Press, 1994). On a later Italian academy, see W. E. Knowles Middle­
ton, TIIe Expenmel1ters: A Sludy of Ihe Aceadem;. del Cimento (Baltimore: The Johns Hopkins Uni­
versity Press, 1971), Biagioli, "Scientific Revolution," and Jay Tribby, "Cooking (with) Clio and 
Cleo: Eloquence and Experiment in Seventeenth-Century F1orence," Journal of /he Hislory of 
Ideas 52 (1991), pp.417-39. 

The Parisian Royal Academy of Scienees has been exantined al lenglh in Roger Hahn, The 
Anatomy of. Scíentific Instilulion: The Paris Academy of Sc;ences, 1666-1803 (Berkeley, elc.: Uni­
versily oE Calilornia Press, 1971); Alice Stroup, A Company of Sc;en/;sls: Bolany, Patronage. and 
Community at ¡he Sevenleenlh-Cenlury Parisian ROl}al Academy of Sciences (Berke1ey, etc.: Uni­
versity oí California Press, 1990). More generally on Freneh seientifie academies in the sev­
enteenth century, David s. Lux, ''TIte Reorganization 01 Science, 1450-1700," in Bruce T. Moran 
(ed.), Patronage alld lnstitutions: Science, Technology, and Medicine al/he European Cour/, 
1500-1750 (Rochester, N.Y.: Boydell, 1991), pp.185-94; David S. Lux, "Societies, Circles, Acad­
emies, and Organizations: A Historiographic Essa y on Seventeenth-Century Science," in Peter 
Barker and Roger Ariew (eds), Revolu/ion and Continuity: Essays in the His/ory and Philosophy 
of Early Modem Science (Washington, D.e.: Catholic University of America Press, 1991), 
pp.23-43; David S. Lux, Patronage and Royal 5cience in Seventeenlh-Cen/un} France: The Académie 
de Physique in Caen (llhaca: CorneU University Press, 1989). The character 01 much 01 the work 
done in the early Academy is discussed by Christian Ucoppe, ''TIte Crystallization 01 a New 
Narrative Form in Experimental Reports (1660--1690): Experimental Evidence as a Transaction 
Between Philosophical Knowledge and Aristocratic Power," Science in Context 7 (1994), 
pp.205-44. 

On the Royal Society oi London: Michael Hunter, Science a>uf Sociely in Res/ora/ion England 
(Cambridge: Cambridge University Press, 1981); Margery Purver, The Royal Society: Concept 
and Creation (London: Routledge & Kegan Paul, 1967), bul note Ihe serious criticisms oí 
Charles Webster, review 01 Margery Purver, The Royal Society, in Hislory of Science 6 (1967), 
pp.l06--28. 

Elsewhere in the British Isles, K. Theodore Hoppen, The Common Scienlisl in Ihe Seoenleenlh 
Centun;: A Sfudy of /he Dublin Plulosophical Socie/y, 1683-1708 (London: Routledge & Kegan 
Paul, 1970); much material in Webster, Creal lnstauration; also in Shapin, Social Hislory of 
Truth. The Oxford group of physiologists in the 1650s is examined in Robert G. Frank, Jr., 
Harvey and the Oxford Physiologists: Scientific Ideas and Social Inleraclúm (Berkeley, etc.: Univer­
sity 01 California Press, 1980). For importanl light on Boyle, see William R. Newman, "The 
Alchemical Sources 01 Roberl Boyle's Corpuscular Philosophy," Annals of Science 53 (19%), 
pp.567-85. On Hooke's mosl lamous work, see Michael Aaron Dennis, "Graphic Under­
standing: Instruments and Interpretalion in Robert Hooke's Micrographia," Science in Con/exl 
3 (1989), pp.309~4, and John T. Harwood, "Rhetoric and Graphics in Micragraphia," in Michae1 
Hunter and Simon Schaffer (eds), Robert Hoake: New Studies (Woodbridge, Suifolk: The Boydell 
Press, 1989), pp.1l9--47. Caro1yn Merchant, The Dealh of Nature: Women, "Ecology and the Scien­
tific Revolution (New York: HarperCollins, 1990), chapter 11, discusses Anne Conway, her phi­
losophy and its influence, Margarel Cavendish, and olher issues regarding Ihe role oí women 
as participants in and audiences foc natural philosophy in the later sevenleenth century and 
early eighteenth century; for more on Cavendish and the Royal Sodely, see Auna Battigelli, 
Margaret Cavendish and the hiles of the Mind (Lexington, Ky.: University Press oí Kentucky, 
1998), ehapler 5. See a1s0 in general Londa Schiebinger, The Mind Has No Sex? Women in /he 
Origins af Modern Science (Cambridge, Mass.: Harvard University Press, 1989). 

On the home as a locus for philosophical activity, see Deborah E. Harkness, "Managing an 
Experimental Household: The Dees oi Mortlake and !he Practice of Natural Philosophy," lsis 
88 (1997), pp.247~2; Steven Shapin, "The House of Experiment in Seventeenth-Centllry 
England," Isis 79 (1988), pp.373-404. On "invisible technicians," Sh"pin, Sodal Hislory "fTrI/I/I, 
chapter 8. 

TI", illfilitl1l;o",,1 power of 11ll' J"HuILH iN t111' HllbJ""1 nf Sh'v"1\ J. 11111·I"IH, "( 'nllr"HNinll-
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Building, Long-Distance Networks, and the Organization 01 Jesuit Science," Early Seience and 
Medicme 1 (19%), pp287-318; see also Jonathan Spence, The Memary Palace 01 Malleo Ricei (New 
York: Viking Penguin, 1984). 

On natural history collections, see Findlen, Posses5ing Na/ure. On European attitudes to the 
peoples 01 the New World, the dassic treatment is Lewis Hanke, Aristotle and /he American 
[ndians: A 5tudy in Race Prejudice in /he Modem World (Landon: Hollis & Carter, 1959); see also 
Anthony ragden, European Encoun/ers wi/h Ihe New World: From Renaissance lo Roman/icism 
(New Haven: Yale University Press, 1993). Two useful approaches to natural history and its 
significance are Harold J. Cook, "The New Philosophy and Medicine in Seventeenth-Century 
England," emphasizing the medical side oE the Scientific Revolution, and WiJliam B. Ash­
worth, Jr., "Natural History and the Emblematic World View," both in David C. Lindberg and 
Robert S. Westman (eds), Reappraisals o[ Ihe Scientific Revolulion (Cambridge: Cambridge Uni­
versity Press, 1990), pp.397-436, 303--32, respectively, while the best introduction to the entire 
subject is provided by the essays by Ashworth, Cunningham, FmdJen, Whitaker, Cook, and 
Johns, in Part I ol N. Jardíne, J. A. Secord and E. C. Spary (eds), CulhlTes o[ Nah,ral Hislory 
(Cambridge: Cambridge University Press, 1996); see also the survey in Allen G. Debus, Man 
and Na/ure in Ihe Renaissance (Cambridge: Cambridge University Press, 1978), chapter 3. On 
the establishment oE the Jardin du Roi (jardín des Plantes) in Paris, Rio C. Howard, "Guy de 
La Brosse and the Jardin des Plantes in Paris," in Harry Woolf (ed.), The Ana/y/ic Spiril: Essays 
in Ihe Hislon) 01 Science in Honor of Henry Cuerlac (Ithaca: Cornell University Press, 1981), 
pp.195-224, and Rio C. Howard, La bibliot/reque el le laboraloire de Cm) de La Brosse au Jardin des 
Plantes á Paris (Geneva: Droz, 1983), are basic sources. 

Later seventeenth-century philosophical conceptions of natural history and c\assification 
are discussed in Mary M. Slaughter, Universal Latlguages and Scienlific Taxonomy in Ihe Seven­
leenlh Cen/ury (Cambridge: Cambridge University Press, 1982); see also Phillip R. Sloan, "John 
Locke, John Ray, and the Problem 01 the Natural System," Joumal o[ Ihe Hislory o[ Biology 5 
(1972), pp.I-53. 

Chapter 7 

A c\assic starting point in understanding philosophical conceptualizations oi experience is 
Charles B. Schmitt, "Experience and Experiment: A Comparison oC Zaharella's View with 
Galileo's in De molu," S/udies in Ihe Renaissance 16 (1969), pp.80--138; much else is relerenced 
ín Dear, Discipline and Experience. In addition, Daniel Garber, "Descartes and Experiment in 
the Discourse and Ihe Essays," in Stephen Voss (ed.), Essays on Ihe Philosophy atui Science o[ René 
Descartes (Oxford: Clarendon Press, 1993), and Garber, Descarles' Me/apm)sical Physics, are valu­
able studies 01 Descartes's approach to these rnatters, as is Clarke, Descartes' Phi/osophy of 
Science. A detailed investigation covering a longer time-span than Ihat considered here is 
Christian Licoppe, La formalion de la pratique scienlifique: Le discours de l'expmence en France el 
en Anglelerre, 1630-1820 (Paris: Éditions La Découverte, 1996). 

Alexandre Koyré, "A Docurnentary History of the Problem 01 Fall from Kepler to Newton: 
De motu gravium naturaliter cadentium in hypothesi terrae motae," Transac/ions of Ihe 
American Philosophical 50ciety n.s.45 (1955), Pt.4, discusses the work oi Riccioli. On Torricelli 
and barorneters, see W. E. Knowles Middleton, The Hislory ollhe BaTarneIer (Baltimore: Johns 
Hopkins University Press, 1964). 

In addition to Shapin, Social Hislory 01 Truth, Steven Shapin, " 'A Scholar and a Gentleman': 
The Probl~m~tic Identity of the Scientific Practitioner in Early Modem England," Hislory 01 
Sciellú' 29 (1 <)<)1), 1'1'.279-327, also considers the place oE philosophy and truth-telling as part 
of the p,'rHOI\I1 "f" l'hi"-"'pher in England. The Royal Society's attitude towards observa­
honi\1 i\nd 1'~l'rrill\l'I\"11 "'I'OI"tH aH a central part of its enterprise is considered in Peter Dear, 
"·liJli"./1/1lI'I"/m: IU1~1"1"h" 111111 Aulhorily in ti", Enrly Royal Society," Isis 76 (1985), pp.145"'('1; 
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aboye all, see Ihe classic Steven Shapin and Simon Schaffer, Le¡¡ialha/1 and ¡he Air-Pump: Hobbes, 
Boyle, alld Ihe Experimental Life (Princeton: Princeton University Press, 1985). 

On Newton: rus early studies are presented and diseussed in J. E. McGuire and Marlin 
Tamny, Certain Philosophical Questions: Newton's Trinity Notebook (Cambridge: Cambridge Uni­
versity Press, 1983). Ajan E. Shapiro, Fits, Pass;ans, and ParoXljSms: Physics, Merhod, and Chem­
isln) and Newton's Theories of Colored Bodies and F;ts of Easy Reflection (Cambridge: Cambridge 
University Press, 1993), eonsiders in addition Newton's mature oplica! studies. Simon Seha/­
fer, "Glass Works: Newton's Prisms and the Uses of Experiment," in Davíd Gooding, Trevor 
Pinch and Simon Schaffer (eds), The Uses oi Experiment: Studies in the Natura/ Sciences (Cam­
bridge: Cambridge Universíty Press, 1989), pp.67-104, looks al tite reception of Newton's 
oplica! ideas, as does Zev Bechler, ''Newton's 1672 Oplical Controversies: A Study in the 
Grammar of Scientific Dissent," in Yehuda Elkana (ed.), Tlle Interaetion Between Science and Phi­
/osophy (AUantic Highlands, N.J.: Humanities Press, 1974), pp.l1S-42. Alan E. Shapiro, "The 
Gradual Acceptance of Newton's Theory of Light and Color, 1672-1727," Pel"spectives 0/1 
Science: Histol"ical, Philosophica/, Social 4 (l996), pp.59-140, takes issue with Schaffer on the issue 
of the primacy of theory. 

On Harvey, in addition to the essential French, Harvey, see the fascinating artiele by Andrew 
Wear, "William Harvey and the 'Way of the Anatomists' ," Hislory of Science 21 (983), 
pp.223-49, which presents Harvey's work as lhe approach of an anatomist intent on "seeing" 
ralher than on testíng h ypotheses. 

Chapter 8 

On Descartes's work in relation to Ihat of his scholastic contemporaries, see Roger Ariew, 
Descartes and Ihe Last Seho/as/ics (Ithaca: CorneU University Press, 1999); Ihe scholastic context 
for much of the prulosophical work of Descartes and rnany others in this period ís valuably 
surveyed in Christia Mereer, "The Vitality and Importance of Early Modern Aristoteüanism," 
in Tom Sorell (ed.), The Rise o/ Modern PhiJosophy: The Tension Belween the NeIV and Traditional 
PhiJosophies from Machiavelli lo Leibniz (Oxford: Clarendon Press, 1993), pp.33-67. The early 
reception of Descartes's ideas in the Netherlands ís the subject of Robert S. Westman, 
"Huygens and the Problem of Carlesíanism," in H. J. M. Bos el ajo (eds), St"dies 011 Christiaan 
Huygens: I/lvi/ed Papas from /he Symposium on Ihe Life and Work o/ Christiaan Huygens, Amsler­
dam, 22-25 August 1979 (Lisse: Swets & Zeitlinger, 1980), pp.83--103, and Theo Verbeek, 
Descar!es.nd Ihe Dutch: Early Reae/ions lo Cartesian Phi/osophy, 1637-1650 (Carbondale: South­
ern Illinois University Press, 1992). The influence of Descartes's ideas in England is the subject 
of Laurens Laudan, "The Clock Metaphor and Probabilismo The Impact of Descartes on 
English Methodological Thought, 1650-65," Annals of Scienee 22 (966), pp.73-104, which is 
disputed by G. A. J. Rogers, ''Descartes and the Method of English Scienee," A/lna/s Di Science 
29 (1972), pp.237-55. Further investigation 01 Boyle's methodologícal views may be found in 
Jan Wojcik, Roba! Boy/e and Ihe Limits o/ Reoson (Cambridge: Cambridge University Press, 
1997). 

Huygens's mechanics is studied in JoeUa G. Yoder, Unrollillg Time: Christiann Huygens and 
the Malhematization of Nature (Cambridge: Cambridge Universíty Press, 1988), while contex­
tualization of his work appears in Geoffrey V. Sutton, 5cience for a Polile Sociely: Cendey, Culture, 
and the Demanslra/ion 01 Enlighlenmenl (Boulder, Col.: Westvíew, 1995). The older English biog­
raphy, Arthur BeU, Christiaan Huygens and the Deve/opmenl o/ Science in /he Seventeenlh Celfillr!! 
(New York: Longrnans Creen, 1947), is still of some value as a bíographíca! overvíew. On 
Huygens's theory of gravity, see E. J. Mlon, The Vorlex Theory of Planelnry Motiolls (London: 
Macdonald, 1972). Huygens's theory of light ís discussed in Alan E. Shapiro, ''Huy¡;ens' KinL~ 
matic Theory of Light," in Bos, Siudies on Christian n Huygms, pp.200-20. 

On Rohaultl se€' Sutton, !id/'nCl' ¡flr rl Poli". Soril'ly; tlw clas..~il' sllHly on lnll'r Ci\rLl~ii\l\jHI1l 
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in France is Paul Mouy, Le développement de la physique carlésienne, 1646-1712 (Paris: J. Vrin, 
1934). L. W. B. Brockliso, "Arislotle, Descartes and lhe New Science: Natural Philosophy al 
the University of Paris, 1600-1740," Annals 01 Science 38 (1981), pp.33--69, and Brockliss, 
Freneh Higher Education in lhe Seven/eenth and Eighteen/h CenluTies: A Cultural Hislcrn¡ (Oxford: 
Clarendon Press, 1987), are useful insights into the adoption of Cartesian ideas by French 
universities. 

Erica Harth, Carlesia;, Women: Versions and Subversions 01 Riltional Diseourse in lhe Old Regime 
(!thaca: Cornell University Press, 1992), like Sutton, Scienee for a Polite Society, discusses the 
place of Carlesianism in salon culture and among women, as does Schiebinger, The Mind Has 
No Sex? 

Useful introductions to Leibniz are E. J. Aiton, Leibniz - A Biography (Brislol: Adam Hilger, 
1989); essays in Nicholas Jolley (ed.), The Cambridge Componion to Leibniz (Cambridge: Cam­
bridge Universily Press, 1995). 

On Newton, besides McGuire and Tamny, Cer/ain P/lilosophical Questions, concerning his 
early work, see the now-standard biography by Richard S. Wesúall, Never al Resl: A Bwgraphy 
01 Isaac Newlon (Cambridge: Cambridge Universily Press, 1980). 

The dearest accounl 01 the dassic view of the Scienl"ilic Revolution as proceeding via Kepler 
and Galileo to Newton is 1. Bernard Cohen, The Birth o{ a New Physics, rey. and updated edn 
(New York: W. W. Norton, 1985), while philosophical and metaphysical dimensions 01 [he 
story are examined in Alexandre Koyré, From Ihe Closed World lo Ihe 1nfinite Universe (Balti­
more: Johns Hopkins University Press, 1957). Richard S. Westfall, Force in Newton's Pin¡sics: 
The Science of Dynamics in Ihe Sevenleenlh Cenlury (London: Macdonald, 1971), presents a 
similar view oi Newton in an accessible yel tecOOical style. 

The rise oi "Newtonianism" in the eighteenth century is lhe subject oi Betly Jo Teeter Dobbs 
and Margaret C. Jacob, Newton aud Ihe Culture o{ Newlonianism (Atlantic Híghlands, N. J.: 
Humanities Press, 1995), chapter 2; Margaret C. Jacob, The Newlonians and Ihe English Revolu­
Iwn 1689-1720 (Ithaca: Cornell University Press, 1976); also Margaret C. Jacob, "The Truth 01 
Newton's Science and the Truth oi Science's History: Heroic Seience at its Eighteenth-Century 
Formulation," in Margarel J. Osler (ed.), Relhinking Ihe Scienlific Revolulion (Cambridge: Cam­
bridge Universily Press, 2000), pp.31S-32; Larry Stewart, TI1e Rise of Publie Science: Rhetoric, 
Technolot'¡, and Natural Philosophy in Newlonian Brilain, 1660-1750 (Cambridge: Cambridge 
University Press, 1992). The dominance oi Newton as president oi lhe Royal Society in Ihe 
earJy eighteenth century is also examined in Schaffer, "Glass Works"; John L. Heilbron, Physics 
at Ihe Royal Socien¡ During Newlon's Presidency (Los Angeles: William Andrews Clark Memor­
ial. Library, 1983); and in the lalter chapters of Marie Boas Hall, Promoling Experimental Learn­
ing: Experiment and Ihe Royal Sociely 1660-1727 (Cambridge: Cambridge University Press, 
1991); see also JoOO L. Heilbron, Eleclricily in Ihe Sevenleetllh and Eighleenlh Centuries: A Study 
in Early Modern Physics (Berkeley, etc.: Universily oi Calilornia Press, 1979). 

Aspects of Newlon's natural philosophy in this period, and their Jater repercussions, are 
discussed in P. M. Heimann [Harman], " 'Nature is a Perpetual Worker': Newlon's Aelher and 
Eighteenth-Century Natural Philosophy," Ambix 20 (1973), pp.I-25; P. M. Heimann [Harman] 
and J. E. McGuire, "Newtonian Forces and Lockean Powers: Concepts of Matter in Eighteenth­
Century Thought," HisloricaJ Sludies in lhe Physical Seiences 3 (1971), pp.233-306. Criticisms 01 
Newton' s doctrines 01 space and gra vity are examined in Alexandre Koyré, "Hu ygens and 
Leibniz on Universal Attradion," in Koyré, Newlonum Sludies (Chicago: University of Chicago 
Press, 1965), pp.llS-38. On the famous Leibniz-{:Jarke debate, see Koyré, Closed World, 
chapler 11, fOI" more on the contextof wlúch seeA. Ruperl Hall, Philosophers at War: The Quarrel 
Bcho(','" NI'I,'III" /I"o! /.¡oí/llliz (Cambridge: Cambridge University Press, 1980); Domenico 
Bertol""i MI·II, 1 :"""'/11,'''('(' /lIII¡ I'riori~,¡: Newlon versus Leibniz. Includi"g Leibniz'. Unpublished 
MOI/"".,.i!'t., "" /1/(' l'rl""i/,l/I « >.f",.d: Clnrendon Pres~, 1993), and particularly Steven Shapin, 
"()I" (;,,11" ",111 1(1111\0: N"I'u',1i 1 'hli'IH"l'hy ""d P"litics in the l.eibniz-Clorkc Disputes," lsis 72 
(I')HI), 1'1'.1117 n~. 
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Conclusion 

Michael S. Mahoney; "Christiaan Huygens: The Measurement oí Time and Longitude at Sea," 
in Bos, Studies on Cllrisliaan Huygms, pp.234-70, is a study oi one of the mos! plausible 
attempts al utilizing theoretical scientific work in the service oi practical slate interests. On 
the use 01 "method" as justification lor novel approaches lO natural philosophy in the seven­
teenth century, see Peter Dear, "Method and Ihe Study oi Narure," in Daniel Garber and 
Michael Ayers (eds), The Cambridge Histanj af Seventanlh-Cmlury Philasaplty, 2 vols, vol.1 
(Cambridge: Cambridge University Press, 1998), pp.147-77. Margare! C. Jacob, Scimlific 
Culture and Ihe Making af llre Industrial Wesl (New York: Oxforo University Press, 1997), argues 
for direct connections between science and the industrial revolution in lhe eighteenlh cenlllry. 

For Ihe most recen I attempl al encompassing Ihe shape of science in the eighleenth century, 
see now William Clark, Jan GoJinski and Simon 5chaffer (eds), The Sciences in EnJightened 
Europe (Chicago: University 01 Clúcago Press, 1999). 



Dramatis Personae 

This Iist includes mosl 01 !he individuals mentioned in the tex!. It is certainly not exhaustive 
01 significant people involved in !he sciences during Ihe sixteenth and seventeenth centuries. 

An exceHent source for detailed biographieal and bibliographical en tries conceming nearly 
aH oi the iollowing, and many others, is Charles C. Gillispie (ed.), Dictionanj of Scientífic 
Bíography (New York: Charles Scribner's Sons, 1970-80). 

(AH dates are AD except where noted.) 

Agrieola, Georgius (1494-1555): Gerroan author 01 De re metallica (1556), a work on mining 
and metalturgy. 

Aldrovandi, Ulisse 0522-1605): Italian botanis!. 
Apollonius oi Perga (second hall oi third century to early second century Be): ancient Greek 

astronomer and mathematician. 
Aquinas, Thomas (c.1224-1274): Roman Catholic theologian and Aristotelian philosopher. 
Archimedes (c.287-212 Be): Greek mathematician who wrote on centres 01 gravity and 

buoyancy. 
Aristotle (384-322 Bel: Greek philosopher, 01 enormous importance lor medieval and 

early-modem universities, who stressed the senses as the saurce 01 knowledge. 
Averroes [lbn Rushd] (1126-1198): Arabic commentator on the works oi Aristotle. 
Avieenna [lbn Sina] (980-1037): Arabic medical writer and commentator on Aristotle. 
Bacon, Francis 0561-1626): English statesman and promoter oi natural knowledge as useful 

ior human life. 
Bacon, Roger (c.1219-<:.1292): English Franciscan priest who argued lor knowledge leading to 

practical inventions (scientia experimenllllis). 
Baldi, Bemardino (1553-1617): Humanist mathematician and collaborator 01 Guidobaldo dal 

Monte. 
Beeckman, Isaac (1588-1637): Dutch schoolmaster; a ccrpuscularian, and an early influence 

on Descartes. 
Bentley, Richard (1662-1742): English iollower 01 Newton. 
Bemoulli (Iater scventeenth century through eighteenth century): a clan of Swiss 

mathenliltit:iíl1H;, 
Binncnnl, (aIlM.'!'!'" (156(,-1624): Italian Jesuit mathematician. 
llirill)\lI1'do, V'II\IIl¡¡"'lo (l1HO·,..l!i:llJ): Italian author oi Pirotee/mía (1540), a work on metal­

hl1')\Y .IUlIld!" to 111\1 ", .. 1,,', (q.v.). 

1'1.1 
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Borelli, Giovanni Alfonso (160&-1679) ; Italian member of Aeeademia del Cimenlo; mathemati­
dan and physiologist. 

Boyle, Robert 0627-1691); pronúnent English member oí the Royal Society, experimentalist, 
and promoter of the "mechanical philosophy." 

Bruno, Giordano (J54&-1600); Italian supporter of unorthodox views abollt the llniverse, 
which included a moving earth and the denial 01 the Holy Triníty, and bumt by the Catholic 
Chu reh in Rome for his heresy 

Campanella, Tommaso (J568-1639); Italian author of Ci/y of ¡he Sun (1623), a utopían work, 
and a Ireethinking member oi the Calholk Domínican Order who spent mueh of his life in 
prison beca use oí his polítical víews. 

Cardano, Gírolamo (1501-1576); Italian mathematicían, philosopher, and astrologer. 
Casaubon, Isaac (J559-1614): Huguenot humanist seholar who first províded evidence that 

the hermetie writings were 01 mueh later date than Ihe Mosak period 01 origin prevíously 
ascribed to them. 

Cassiní, Gían Domenico (1625-1712); Italian aslronomer and oríginal member of the Royal 
Academy of Seienees in Paris. 

Cavendish, Margaret (1623-1673); Duchess oí Neweastle, English writer and anti-
experímentalist, materialis! philosopher. 

Cesi, Federico (1585-1630): Italian iounder oi the Aeeademía dei Lyneei. 
Cicero, Marcus Tullius (106-43 BC); Roman statesman and orator. 
Oarke, Samuel (1675-1729); English supporter oí Newton, Boyle leeturer, and disputant wíth 

Leibniz over Newton's natural philosoph)'. 
Clavíus, Christoph (1537-1612): German Jesuit mathematician al the Collegio Romano. 
Commandino, Federico (1509-1575); Italian mathematician and translator Di Archímedes. 
Conway, Anne 0631-1679); English philosopher, friend oi Henry More, studenl oi cabalism 

and denier of Cartesian dualism. 
Copernicus, Nicolaus (J473-1543): Polish anti-Ptolemak aslronorner; wrote De revollltionibus 

(1543). 
Cosimo II de' Medici (1590--1621); Grand Duke of Tuscany and Florentíne patron oi 

GaWeo. 
Cotes, Roger (1682-1716); English iollower of Newton and editor oi the Principia's second 

editíon (1713). 
Crol!, Oswald (c.I560-1609); German Paracelsian alchemist. 
Dee, John (1527-1608); Englísh mathematidan and mystic. 
Desaguliers, John Theophilus (1683-1744); Curator of Experiments lor the Royal Society and 

popular Newtonian public scíence lecturer. 
Descartes, René 0596-1650); Freneh philosopher and mathemalician. 
Descartes, Catherine (1637-1706): niece o/ René and critie of mínd-body dualísm. 
Digges, Thomas (154~1595): English mathemalicían and early adherent of Copemicanism. 
Diophantus oi Alexandría (fl. c.2501); Greek mathematidan whose work (the Arithmelic) stim-

ulated the development oi algebra. 
Dioscorides (fl. 50--70); Greek botanist and physícian. 
Elizabeth 01 Bohemia (1618-1680): philosophícal correspondenl oí Descartes, dedicatee of his 

P=ions of lhe Soul (1647), and princess-daughter 01 the briefly reígning King of Bohemia 
Frederíck V. Later an abbess. 

Epícurus (341-270 Be); Greek philosopher and atomist. 
Euelid (fI. c.295 BC); Greek malhematician, author 01 Ihe Elemen/s. 
Fíeino, Marsilio 0433-1499); Italian philosopher, Platonist, and translator of PI"to al1d t,'xI, 

of Hermes Trismegístus. 
Galen (129-<:.200); Greek physician iIJ1d analomist. 
Gnlil(\(} Gnlilei (15f>4-Hí42): Italiall ilstronoml'l~ mc1tlwmntiriilll, ilnd 1\¡)llIrill philuHnplu'r, 
(:nl'l.·U'ndi, (,h'rn' (l!)42 ·lh~!1): Fn'lwh ,"w('PIh',,1 philu."Iopl\l'r Ilnd l'l'viv('1' or Eplnlrl'uu IIlomhllu. 
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Gübert, William 0544-1603): English natural philosopher best known ior his work on mag-
netism (De ",agnele, 1600). 

Halley, Edmund (1656-1743): English astronomer and natural philosopher. 
Harriot, Thomas (c.1560-1621): English mathematician. 
Harvey, W¡J!iam 0578-1657): English physician and anatomíst who argued ior Ihe cireulation 

oi the blood. 
Haul<sbee, Franeis (c.1666-1713): English experimentalist, Curator oi Experiments to the Royal 

Society in early years oi Newton's presideney. 
Hermes Trismegistus: mythical supposed Egyptian author oi the so-caUed hermetic corpus oi 

writings, whieh were thought to date from the time oi Moses until Casaubon's work (q.v.). 
Hobbes, Thomas (1588-1679): English philasopher and rnathematician. 
Hooke, Rober! (1635-1702): English experimentalist; assistant to Roberl Boyle (q.v.) in the 

165Os, then the first Curator oi Experiments to the Royal Society. Aulhor of Micrograpl,ia 
(665). 

Huygens, Chrisliaan 0629-1695): Dutch mathematician and mechanieal philasopher. 
Huygens, Constanlijn (1596-1687): Duteh diplomat and iather oi Christiaan. 
Kepler, Johannes (1571-1630): German mathernatidan/astronomer. 
Kireher, AthanasiliS (1602-1680): German Jesuit philosopher and polymath; spent mast oi his 

career in Rome. 
Leibniz, Gottfried Wilhelm (1646-1716): German philosopher and mathematician. 
Leopold de' Medid (1617-1675): Florentine noble founder of Aceademia del Cimento; later a 

Cardinal. 
Libavius, Andreas (c.I560-1616): German chemist. 
Locke, John (1632-1704): English philosopher, author oi Essay Concerning Human Understand-

illg (1690). 
Luther, Martin (1483-1546): German religious reiormer and founder oi Lutheranism. 
Malebranche, Nicolas (]638-1715): French philosopher and follower of Descartes. 
Mastlin, Michael 0550-1631): German aslronomer and teacher 01 Kepler (q.v.); early 

Copernican. 
Melanchthon, PlúJip (1497-1560): German follower of Martin Luther (q.v.) and Lutheran edu­

calional reformer. 
Mersenne, Marin (1588-1648): French mathematician and chief correspondent oi Descartes. 
Mondino de' Liuzzi (c.1275-1326): Italian physician and anatomist; wrote standard digest of 

Galenic anatomy. 
Monte, Guidobaldo dal (1545-1607): ltalian nobleman, mathematician, and friend of Galileo. 
More, Henry (1614-1687): English philosopher ("Cambridge Platonist"). 
Mydorge, Claude (1585-1647): French mathematician and friend of Descartes. 
Newton, Isaac 0642-1727): English mathematician and natural plúlosopher; author of Prin­

cipia (1687) and Opticks (1704). 
Nicholas of Cusa (c.1401-1464): Cardinal in Catholic Church; philosopher and propaser of an 

infinite universe. 
Oldenburg, Henry (c.1618-1677): Expatriate German in England, first secretary oi lhe Royal 

Society and prodigious philosophical correspondent. 
Osiander, Andreas (]498-1552): German Lutheran theologian who wrote anonymous preface 

to Copernicus's De revolutionibus (1543). 
Paracelsus (c.1493-1541): Swiss medical reiormer and mystic. 
Pascal, \llaisl' (1621-1662): French malhemalician. 
PCUCl'f, (''''par (1 S2'i-16(2): German astronomer who used Copernícus's De ,·evol .. tionibus at 

LIIIIlt'r,1II IIl1ivl'r .. ity ,,1 Witlenberg. 
l't'urhilrh, (;(,I)r)l. (1,12.:' l~h2): (:t'rmiHl PtoJemakélstronOn1l'r; wrote Tlteorirae novar planclanllH. 
1'1I"",lollllnl, AI""MIUllll (l!illH IWH): Ilali;lI\ philo"opllt'r who ,kni,'tl s,'icnlific .. Ialll.' to 

I11nllwII1I111"III. 
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Pico della Mirandola, Giovanni (1463-1494): Italian neo-Platonísl. 
Plato (c.427-347 Be): Greek teacher of Aristotle and the original !'ationalist philosopher; taught 

that matllematies is important in natural philosophy. 
Pliny the Elder (c.2~79): Roman author 01 the Natural Hislory. 
Plutarch (c.46-c.120): Roman biographer and gossip. 
Power, Henry (1623-1668): English natural philosopher and author 01 Experimental Philosophy 

(664). 
Ptolemy, Claudius (c.l00-<:.170): Greek astronomer. 
Pyrrho 01 Eüs (c.360-270 Be): Greek sceptical philosopher; lounder of Pyrrhonísm. 
Rambouillet, marquise de 0588-1665): French hostess 01 finst major Parísían sa.!on. 
Ray, John (1627-1705): Engüsh naturalist. 
Recorde, Robert (c.1510-1558): English mathernatica.! practitioner. 
Redi, Francesco (1626-1697): Italian physician .nd zoologist; member 01 Accademia del 

Cimento. 
Regiomontanus, Johannes (1436-1476): German humanisl mathemalician/astronomer. 
Régis, Pierre Sylvain (1632-1707): French Cartesian lecturer. 
Reinhold, Erasmus (1511-1553): German astronomer at University of Wittenberg; produced 

Prulenic tables based on Copernicus's De revolulionibus. 
ReuchUn, Johannes (J455-1522): German Christian Cabalist. 
Rhares [Al-RaziJ (865-925): Arabic medica.! writer. 
Rheticus, Georgius (1514-1574): German mathernatician. Disciple and publicist 01 

Copemicus. 
Ricei, Matteo (1552-1610): Italian lesuit missionary to Olina. 
Riccioli, Giambattista 0598-1671): !ta.!ian Jesuit astronomer at Bologna. 
Remer, Ole (1644-1710): Danish astronemer; original member of Royal Aeademy of Seiences. 
Rouhault, Jaeques (1620-1672): French Cartesian lecturer. 
Scheiner, Christoph (157~1650): German Jesuit astronomer. 
Scudéry, Madeleine de (1607-1701): French salon hostess. 
Sexlus Empiricus (11. e.200): Greek sceplic ane! loltower 01 Pyrrho of Elis (q.v.). 
Socrates (e.470-399 se): Greek moral philosopher, teacher oi Plato. 
Sprat, Thomas (1635-1713): English Feltow oI Ihe Roya.! Society and author 01 Hislonj of the 

Royal Society (667). 
Tournefort, Joseph Pitton de 0656-1708): French naturalis!. 
Tycho Brahe 0546-1601): Oanish astrencmer, noled for his precise observational work. 
Urban V11I (1568-1644): Pope, e1ected 1623 (previously Maffeo Bilrberini); gave Galileo the 

impression that the latter could once again speak openly aboul Copernicanism. 
Valla, Lorenzo (e.1406-1457): Italian humanist. 
Van Helmont, Johannes Baptista (1579-1644): physícian and alchemical philosopher in the 

Spanish Netherlands (now Belgium). 
VesaJius, Andreas (1514-1564): 01 Brossels; physician, surgeon, and anatomís!, author oi De 

humani corporis fabrica (1543). 
Viele, Fran~ois (1540-1603): French mathematician and developer of algebra. 
Whiston, Willíam 0667-1752): English Newtonian philosopher and matheroatician. 
Wilkins, John (1614-1672): English mathematician, one of the lounders 01 Ihe Royal Society. 
Witelo (c. 1230-afler c.1275): Polish writer on optics. 
Wren, Christopher (1632-1723): English mathematician and arehiteel, member of Royal 

Sociely. 
Wríght, Edward (1561-1615): English mathematical praetitioner. 
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absolulism: a political ideal or arrangement in which alJ power in the sta te ullimately resides 
in the monarch; there are no independent sources of authority. 

Accademia dei Lincei: a natural-philosophical society to which Galileo belonged; the name 
signifies "Academy of the Lynx-Eyed." 

Accademia del Cimento: a priva te "academy" of experimenters founded in Florence by Prince 
Leopold ol Tuscany in 1657; published its Saggi di nalurali esperíenze ("Essays oC Natural 
Experimen 15") in 1667. 

ae/he,.: originally, Ihe Arislotelian matter composing the heavens; subsequently also applied 
by analogy to Ihe matter of the Cartesian heavens, or lo any very subtle, invisible form of 
malter. 

alchemy: Ihe esoleric study of malter and its qualitalive changes, chiefly as brought about by 
Ihe action of heal, and directed towards Ihe purificalion oC matter as represented by Ihe 
creation of gold (rom lesser ("base") metals. The purification carried with it spiritual con­
notations, such that the stale oC the a\chernist's soul was 01 relevance lo the successful 
accomplishment oi Ihe goal. 

Almagesl: Plolerny' s great astronomical work that defmed astronomy in the ¡slamíe world and 
in Christian Europe until Copemicus. 

Arislolelianism: a style of philosophy based on Ihe writings of the andent Greek philosopher 
Aristotle, and incorporating sorne of Ihe central elements of his approach lo knowledge. 

a/omi.m: the philosophical doctrine that the u1timate constituents of all malter are 
indivisible corpuseles whose properties serve to determine those of the bodies composed 
of thern. 

Averroj"m: a forro of Aristotelianism due to Ihe commentaries 01'1 Aristotle of the Arabic 
philosopher Averroes. 11 was a "fundamentalist" interpretation 01 AristoUe's philosophy 
that left no room lor compromise with religious doctrine. 

Cabnlism: an occult philosophy, of Jewish origin, which held !hat lhe Hebrew words for things 
encoded profound knowledge discoverable through correct manipulation 01 Iheir Hebrew 
lelters_ 

Carlesinnism: a strain 01 philosophy owing its central tenets lO René Descartes. Descartes's 
main doctrines as discussed in the seventeenth cenlury concerned his mechanistic expla­
nntim1" of physicnl phenomena as well as his argumenLs for the separability of the human 
mllld frolll llll' hndy, 

Ct"·'I'~ltllj d""Il~j,,, I)".",,,·\<-,;'H pOBition that the minó ond body are entirely diHtincl kÍl1LiH of 
thll111' 
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Collegio Romano: the flagship college 01 the early-modem Jesuit college system, located in 
Rome. 

contextualism: a modero historiographical term used to designate attempts to understand the 
rustory oi ideas by relerence to the social and political contexts in which Ihose ideas were 
promoled. 

Copernicanism: Copernicus's doctrine that the earth orbits around a stationary sun once ayear, 
or an adherence to the geometrical models given in Copernicus's De r,,"olutiemibus lar cal­
culating celestial appearances. 

corpuscular; corpuscularism: reierring to a view oi matter as composed oí minute partieles, 
regardless 01 whether ¡hese are in principie divisible (a "corpusele" is, Iiterally, a "little 
body"); d. "atomism." 

cosmology: Ihe philosophy 01 the universe as a whole and ils structure; the physics 01 the 
heavens. 

empiricism: a prulosophical stance that holds that all knowledge is rooted in the senses and 
Ihe experience tha! they provide. 

Enlightenment: a term describing a dominant philosophical and cwtural movement in 
eighteenth-century Europe that stressed the power 01 reason and experience in establish­
ing reliable and sound knowledge, venerated the seventeenth-century Englishmen Isaac 
Newton and John Locke, and lhat saw such reason as a weapon against superstition altd 
the political power 01 entrenched traditional authorities, induding the Church. 

experimental philosophy: a term used by Robert Boyle and other Fellows oí the early Royal 
Socie!y to refer to a nalural prulosophy that relied on gathering faets from experimental 
and observafional work. 

groemtrie: centred on the earth; used in astronomy. 
helioeen/ric: centred on the sun; used in astronomy. 
henneticism: the doctrines promulgated in the writings 01 the hermetic corpus, supposed to 

date from distant antiquity; malter was held to be a1ive and occult sympalhies ran through 
¡he universe. See a1so "Hermes Trismegistus." 

Holy Roman Empire: a loose political un.ion of central European, mostly Gennan, states. Its 
head was the Holy Roman Emperor, who was elected by the rulers of the more important 
01 the constituent sta tes. 

humanismo a cultural movement originating in ltaly in the late lourteenth century ñnd the fif­
teenth century. lt consisted 01 a reverenee for and close study 01 the writings of Greek and 
Roman antiquity, and promoted altempts at the emulation 01 andent cultural achieve­
menls. Educationally, it involved a stress on the teaehing oí classical rhetoric. 

¡nduetion: a term Irom elassicallogic and rhetorie, used by Francis Bacon to mean a process 
ol inlerence based on an exhaustive collection 01 empirical lacts, and by Isaac Newton to 
reler to the generalizalion 01 properties from one experiment lo all situations deemed 
similar lo it. 

Jesuils: the in!ellectual élite of the Roman Catholic Church in the later sixteenth century and 
the seventeen!h century. The Jesuils ran a network 01 prestigious colleges throughout 
Catholic Europe; many Jesuits were prominent practitioners of the various mathematical 
sciences, as well as oi branches ol natural philosophy. 

"",Ieria medica: something from which medical remedies can be prepared. 
mathemaiics: in this period, a general term referring both to "pure" mathematies and "mixed" 

mathematies. The fust category included geometry, arithmetie, algebra and (by the end oi 
the seventeenth century) the calculus, the last two known eollectively as "analy.i • . " The 
second category induded all studies tha! involved the use of quantity and the technic¡ul's 
01 the "pure" btanches in studying actual, non-abstraet things in I'he world, e"pcci~l\y 
mathematical astronomy, music theory, mechanics, and geDlnetrical optic •. A.,¡ N",omc" 
were often called "ma!hematician •. " 

/l/cchO/lÍra' r',iln.n/lhy: o ter m coinl~\ by Rol,,"·¡ lJoyl,' lo d",,'ril,,' ,lI1y ~"Ill',,,,l ,'xl'lilnlllo,'Y 
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system oí Ihe physical world thal trealed its phenomena as due lO nOlhing bul pieces 01 
iner! matter interaet¡ng with one ano!her by virtue of their shapes, sizes, and motions. 

mechanism: a term slressing the explanalory ideal of !he "mechanical philosophy." 
melaphysics: tha! branch 01 knowledge which eonsiders the fundamental ealegories of reality, 

sueh as existenee, being, matter, space, etc. 
micra-mechanisms: explanations for phenomena which posit submicroseopic meehanical 

arrangements oí material parts. 
natural history: a deseriptive aocount of things in the physical (non-human) world; partieu­

lady, but by no means exclusively, applied to systernatie description of plants and animals. 
natural philosophy: a category, also know as "physies," approximately equal to Aristotle's term 

physis. It referred lo syslematic knowledge of all aspects oí Ihe physical world, including 
living Ihings, and in the sixteenth and seventeenth centuries routinely understood that 
world as being God's Creation. It therefore possessed strong !heological implications. 

lIeo-Plalonism: a philosophy deriving [rom lale-antique followers oí Plalo such as Plotinus or 
Proclus. lt slresses Plato's praise of ma!hematies as a means of knowing the world, and 
transforms il inlo a kind 01 malhematical mysticism. 

Newloninnism: a style of philosophy, (irsl developing in England in Ihe 16905, Ihat claimed lO 
follow the doctrines 01 Isaac Newton regarding the right way to learn aboul nature (empiri­
ci,m and induction; malhematies) and Ihe content and struclure 01 the physical universe. 

occu/(: literally, "hidden ." A lerm used in Arislolelian philosophy lo refer to inaccessible and 
presumably unknowable causes of evident Phenomena, SUCh as magnetismo 

operaliollalism: a philosophical ideal whereby Ihe Irulh of a statemenl is shown by the possi­
bility of putting it lO practical use (to work). 

Paracelsianism: the medical philosophy 01 Paracelsus and his followers, which stresses occull 
sympathies between various parls of Ihe world as the key to curing aUmenls. 

philosopher: in Ihe early-modern period, a term with much wider scope than nowadays. A 
philosopher could be anyone who thoughl aboul and sought knowledge in any area; as, 
natural philosopher, moral philosopher, political philosopher. Rather like Ihe modern term 
"intellectual." 

physico-mathematics: a coinage of Ihe seventeenth cenlury, indicating the use 01 mathematics 
in the study of physical things, and llSUally carrying the implication that malhematical 
understanding could provide knowledge oC the physical causes oí Phenomena. Cf. 
"mathematics." 

physics: a general term lor the study 01 the natural world, whether animale or inanimale. A 
praetical synonym for "natural philosophy." 

Pyrrhonism: A form 01 philosophical scepticism ascribed lO Pyrrho 01 Elis, and promulgated 
by Sextus Empiricus. It heJd that nothing can be known with cerlainty, and thal we should 
therefore suspend judgement regarding aJl truth-e1airos whatsoever. 

rationnlism: a philosophical stance that holds that Ihe key to knowledge is the corree! use of 
reason; that we learn truths by reasoning our way lo Ihem. 

Renllissance: the historieal period from 1400 or so to around 1600, depending on the 
particular region of Europe. The word means "rebirth," and refers lo the period in which 
high culture devoted itself to Ihe recovery of the civilization of elassical antiquily. Cf. 
"humanism." 

Royal Academy af Sciences (Académie Raya/e des Sciences): lounded in 1666 as an arm 01 the 
French state. lts restricted and paid membership conducted inquiry into mathematieal 
studies such es nstronomy and navigation, and natural-philosophical ("physical") inquiríes 
such ilH l'h(\mi~(Ty ,lnd zoo!ogy, 

I~"'/III SO"il'ly: tl1<' i{oy.1I SIll'¡t'ly of LOl1don far the lmproving of Natural Knawledge wes 
,·sl.,bll"",,1 111 11,.. .·..,-Iy Ih(~ls . lis 1:"lIows nlmmitled themselve.; to self-deficribed (\.CO)\­

I"n "'I"'rlllI~lllnl ""11 1101111""1 hl"lorl<,,,1 in<luíry, wilh " ,In'"" on ti", I'r;.ctknl u"dull1''''" uf 
II,.t,"·,.ll'hll"'''l'h v. 
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sceptícism: the general philosophical position that denies or calls into absolute doubt al! claims 
to truth. 

scholasticism; se/tolastic: scholashcism is a term applied to the intellectual and academic style 
of lhe medieval universilies, a style stressing debate, dispulation, and the effective use of 
canonical lexts (such as those 01 Aristotle) in Ihe making oí arguments. A "scholashc" is a 
practitioner of lhis style. 

scholaslic Arislolelianism: Arislolelian philosophy pursued according lo scholastic procedures. 
scietllÍil: the Latín translahon of the Greek "episteme." Demonstrable, certain knowledge, as 

contrasled with opinio, "opinion." 
Stoic; Stoicism: An ancient Greek philosophical school lounded by Zeno 01 Cihum, which 

propounded ethical and natural-philosophical doctrines 01 considerable influence in the 
sixteenth and seventeenth centuries. Stoic physics regarded malter as active and seU­
moving, and space as being filled with a fluid substance (pneuma) which served to connecl 
al! parts of the universe lO all olheTs. 

syllogism: the central technical device in formal logic in !he universities of Ihe Middle Ages 
and early-modern period, derived from Arislotle's writings on logic, and consisting of a 
"major premise" (al! As are B), a "minor premise" (C is A), and a "condusion" (therefore 
C is B). 

Th<»nism: a philosophical approach based on the work of St Thomas Aquinas. 
vito activa: the "active life," a mode of living tha! involves engagement in the world, recom­

mended by many humanis!s, including Lorenzo Valla. 
vita contemplativa: the "contempla!ive life," recommended as bes! by Aristotle, in which one 

withdraws from society lO pursue self-improvement through exercise 01 Ihe inlellect. 
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rnagic as 25-45, 64; and 
mathematics 73,77--81; moral 
aspects of 49, 53, 60-1, 73; in 
Newton 144; in Paracelsus 
51-2; and Royal Society 117, 
119-20,129,139; and Vesalius 
38-9. See also knowledge. 

optics 135, 153-4; in Descartes 81, 
89-93,95-7,143,154, 169,175;in 
Kepler 77-8; in Newton 143-4, 
159, 166 

Osiander, Andreas 42-3, 102 

Paracelsus 49-52, 56, 126 
París Observatory 116-17 
Pascal, Blaise 135-7 
patronage: of corporate bodies 

112-18,120; of individuals 46, 
108-14,137, 166,177;and 
publication 109, 111-13, 116-17, 
120,122; and truth clairns 111, 
113-14, 137, 146 

Pereira, Benito 65-6 
Périer, Florin 135-7 
Peucer, Caspar 43-4 
Peurbach, Georg 22-4,33,42-3 
philosopher-engineers 46-7, 52 
physico-mathemahcs 134, 157--8, 162; 

and Beeckman 81,83;and 
Descartes 83, 86, 88; and Galileo 
72-3; and Huygens 115-16,149 

physics see natural philosophy 
Piccolominí, Alessandro 65 
Pico della Mirandola, Giovanni 25 
Plato 7,14,19,24,58,171 
Platonic solids 7~ 
Pliny the Elder 44,52, 126,173 
Plohnus 24 
Plutarch 35, 46 
pnellma 145 
PouUain de la Barre, Fran~ois 157 
Power, Henry 122 
Presocratics 58-9 
printing 24, 26, 28, 53; and scientific 

renaissance 37, 39, 46, 48. !-i,.,. (/Iso 
puhlicalioll. 



Index 207 

prism 143-4 
progress 60 
Ptolemy, Claudius 43, 76, 77; on 

apparatus 53, 135; and 
Copemieus 23-4, 35--{Í, 39, 42, 
47-8, 102-3; Geography 13, 124; 
and humanism 8, 3H, 38, 45, 
48, 102-3; Ptolemalc system 
19-24, 103 

publication 112-14,117,120,122. See 
a/so printing. 

Puy-de-Dome experiment 135-7 
Pyrrho of Elis 83 

quadrivium 17,30,66,105 
qualities: in Desealtes 85--{Í, 89; in 

Aristotelianism 65, 71 

Rambouillet, Catherine de Vivonne, 
marquise de 157 

rational mechanics 158 
Ray, John 127-9 
reason 83-4, 154 
Recorde, Robert 79 
Redi, Francesco (1626-1697): Italian 

physician and zoologist; member 
of Accademia del Cimento 114 

Reformation 28, 79. See also 
Lutheranism. 

Regiornontanus, Johannes 23-4,33-4, 
44 

Régis, Pierre-Sylvain 156, 164 
Reinhold, Erasmus 43 
Renaissance 8, 25, 30-1, 33, 37; in 

science 8, 33--7, 48, 52. See also 
Antiquity, humanismo 

renovation 8,32-9,41,45-9,59 
retrograde monon 19, 21 
Reuchlin, Johannes 28 
Rhazes 50 
Rheticus, Georgius 35,41-2, 103 
rhelorie 30-2 
Ricci, Matteo 125, 169 
Riccioli, Giambattista 135 
R0mer, Ole 115 
Rouhault, Jaeques 149, 154-7 
Royal Society of London 178; and 

Bacon 57,64,117,119-21,129, 
131,138-40,144,168;and 
discovcry Ií, 130; and 
('Xp('rillll'lllaliHlll 117, lit), 1."11\-40, 
142 !i, Ir,7; un" bYI'0IIIl'HIII HIl, 
142; I\m\ N,'w\oll 12\1, 122, I~:I r¡ , 

160, 164, 166-7; and palronage 
114,117-18,120,122,166;and 
publication 120, 122 

Ryff, Walther Herrnann 26 

salons 156-7 
scepticism (Pyrrhonisrn) 82-5 
Scheiner, Christoph 70-1 
scholasticism: in education 3-4, 10, 

12, 15, 66; and the Church 3, 15, 
36; and experience 131-3,138, 
144; and humanism 32,44; 
and logic H, 32,131-2; 
rejection of 9,14,49,51. See also 
Aristotelianism. 

science: Aristotelian mode! of 3-5, 
65-7; modern 1-2, 8. See also 
science, demonstrative. 

science, demonstrative: in Aristolle 
4--{Í, 65, 134; and causes 65--{Í; 
and certainty 4--{Í, 83; geomelry 
as medel for 5--{Í, 77, 160, 175; 
mathernatícs as 65--{Í,72, 79, 83, 
88, 137; mechanics of 46, 47; and 
Newton 160 

sciences, mathematical: in Academy of 
Sciences 115-16; and causes 18, 
57, 65--{Í, 81; experience in 135, 
137-8; and humanism 46-7; 
practical aspects 18, 46, 53, 55--{Í, 
77-8; status of 18,33,65-7,73, 
135,137; in universities 3,17-18, 
68, 101. See also astronorny, 
geometry, mathematics, rnixed 
mathematics, physico­
mathematics. 

Scientific Revolution 1-3,7-9,28-9, 
72,168-70 

Scudéry, Georges de 157 
Scudéry, Madeleine de 157 
senses 71, 83, 147-8; in Aristotle 

4-5, 10, 85, 131-2; in Descartes 
84-6, 89-90, 155. See a1so 
empiricisrn, experience. 

Sextus Ernpiricus 82-3 
Socra tes 58-9 
sou! 89-90 
spectrum 143-4 
Sprat, Thomas 118-21 
sunspots 70-2 
survcying 79 
Hylluflism 4,0-14, ól-2 



208 lndex 

taxonomy 126--9 
telescope 69, 107, 109, 135, 143--4 
theology 43,60-1,171; in Descartes 

87, 96, 98; and natural philosophy 
15-16,61; and Newtonianism 
163, 165, 167; in universities 3, 
15-16, 32. See also God, 
Lutheranism. 

Theophrastus 45,124 
Torricelli, Evangelista 135-6 
Tournefort, Joseph Pitton de 129 
trivium 30, 32 
Tycho Brahe 9,172; as court 

malhematician 72, 103--4, 108; 
and Kepler 76--7, 138; Tychonic 
system 76--7,88, 103 

universities: and Aristotelianism 3-4, 
9-13,15,168;astronomyin 17-19, 
21,34,41,102-3; and botanical 
gardens 125; and disciplinary 
status 3,18,21,101-5; dominance 
oi 3--4,10,24,99,103--4; Galileo in 
67-9,104-5,107-8; and humanism 
8,31-4,41,44,103; and Jesuits 66; 
and mathematical sciences 3,17-
18,101-5; and medicine 16--17,50, 
109-10; and natural philosophy 

3--4,12,16--19,21,101-5; 
organization oi 3,10,15-18,30, 
101; and religion 3,15-16; rivals 
lo 114-15,122,156; as souree oí 
authority 137; Wittenberg 41-4; 
and women 16,119 

Urban VIII see Barberini, Maffeo 
utility see operational knowledge 

vacuum 141-2 
Valla, Lorenzo 32 
Van Helmont, Johannes Baptisla 52 
Vesalius, Andreas 37-40, 45, 47-8, 59, 

110 
Viete, Fran<;ois 41, 45, 47 
Vinta, Belisario 104, 107 
vortices 87-8,95-7,99,150,157 

Waller, Richard 142 
Westman, Robert 43, 102-3 
Whiston, William 163 
Wilkins, John 118 
WiI1oughby, Francis 122 
Witelo 77,174 
women and science 16--17,118-19, 

122, 156--7, 172 
Wren, Christopher 122 
Wright, Edward 79 


	REVOLUTIONIZING THE SCIENCES
	Contents
	Preface
	Introduction Philosophy and Operationalism
	1. "What was Worth Knowing" in 1500
	2. Humanism and Ancient Wisdom: How to Learn Thingsin the Sixteenth Century
	3. The Scholar and the Craftsman: Paracelsus, Gilbert, Bacon
	4.
 Mathematics Challenges Philosophy: Galileo, Kepler,and the Surveyors
	5. Mechanism: Descartes Builds a Universe 
	6.
 Extra-Curricular Activities: New Homes for Natural Knowledge 
	7. Experiment: How to Learn Things about Nature in the Seventeenth Century 
	8. Cartesians and New
tonians
	Conclusion What was Worth Knowing by the Eighteenth C
entury?
	Notes and References
	Documentation and Further Reading
	Dramatis Personae
	Glossary of Major Terms
	Index



